
ABSTRACT 

BALBUENA, EMILIO JOSE. The Biochemical Effects of Carotenoids in Orange Carrots on 

Obesity-Associated Colonic and Hepatic Dysfunction (Under the direction of Dr. Abdulkerim 

Eroglu). 

 

Carotenoids are hydrophobic pigments naturally synthesized by plants and some 

microorganisms that are responsible for the vibrant coloration of orange-, red-, yellow- and 

green-colored fruits and vegetables. Among the main dietary carotenoids, α-carotene, β-carotene 

and β-cryptoxanthin are provitamin A carotenoids, meaning they can be converted by the body to 

retinol, while other carotenoids (lycopene, lutein, and zeaxanthin) are non-provitamin A. These 

carotenoids display antioxidant potential due to their characteristic extended, conjugated double-

bonded structures that can function as free radical scavengers in lipophilic environments. As the 

bio-accessibility and bioavailability can both be quite low for these phytochemicals, most dietary 

carotenoids can bypass absorption in the small intestine and, therefore, are available for 

biological activity throughout the large intestinal level, such as interactions with colonic 

enterocytes and the gut microbiota. Diet-induced obesity is associated with low-grade 

inflammation, increased intestinal permeability with tight junction dysfunction, hepatic steatosis, 

endotoxemia, and gut microbiota dysbiosis. Lipopolysaccharide (LPS), an endotoxin from the 

outer membrane of gram-negative bacteria, is a major driver of obesity-associated inflammation 

through the binding to toll-like receptor (TLR4) and stimulation of the nuclear factor kappa-

light-chain-enhancer of activated B-cell (NF-κB) signaling.  

The goal of this dissertation is to determine the effects of β-carotene, a major dietary 

carotenoid in orange carrots, on high-fat diet (HFD)-induced obesity and obesity-associated low-

grade inflammation in the large intestine. The project aimed to address the gaps regarding 

whether carotenoids are bioactive in the colon against inflammation in addition to investigating 



the efficacy of carotenoid-rich whole food sources compared to carotenoid-deficient ones under 

HFD conditions. The central hypothesis of the project is that carotenoid-rich dietary 

intervention from orange carrots can alleviate HFD-induced colonic inflammation, intestinal 

barrier impairment, and metabolic endotoxemia.  

The first study of the project demonstrated that β-carotene inhibited the LPS-induced 

TLR4/NF-κB proinflammatory pathway in human adenocarcinoma colon epithelial (HT-29) 

cells. β-Carotene also improved the intestinal barrier function of these colonocytes through 

increased expression of occludin and claudin-1 tight junction proteins. To explore the possible 

anti-inflammatory properties of carotenoids derived from whole foods and their role in altering 

obesity-induced dysfunction in vivo, two investigations employed a model of obesity brought on 

by a HFD in male C57BL/6J mice. For both studies, treatment arms included a low-fat diet 

(LFD, 10% calories from fat), high-fat diet (HFD), HFD with 20% white carrot powder (HFD + 

WC), or HFD with 20% orange carrot powder (HFD + OC); conducted with 60% HFDs for 15 

weeks and 45% HFDs for 20 weeks. The inclusion of the white carrot treatment arm acted as a 

carotenoid-deficient control and offered a unique perspective on the food matrix. The first in vivo 

study found that orange carrots, rich in α-carotene and β-carotene, alleviated non-alcoholic fatty 

liver disease severity brought on by high-fat (60%) diet-induced obesity to a degree better than 

carotenoid-deficient white carrots. Reduction of hepatic fat accumulation was achieved through 

elevated expression of proteins involved in β-oxidation and master regulators of hepatic lipid 

metabolism, especially peroxisome proliferator activated receptor alpha (PPARα). Furthermore, 

quantitative bottom-up proteomics of tryptic peptides from distal colon tissue in the subsequent 

in vivo study found that the carotenoids in orange carrots promoted the colonic barrier integrity 

through upregulated mucus synthesis and secretion.  



Altogether, this dissertation provided the first evidence that orange carrot-derived carotenoids 

can alleviate obesity-associated colonic inflammation, intestinal barrier impairment, and hepatic 

steatosis.  
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CHAPTER 1: Literature Review- Carotenoids and the Intestinal Barrier 

1.1. Carotenoid Classification 

Carotenoids are hydrophobic pigments naturally synthesized by plants and some 

microorganisms that are responsible for the vibrant colors of orange-, red-, yellow- and green-

colored fruits and vegetables [1, 2]. These diet-derived compounds are structurally defined as 

isoprenoids, which are polymers of isopentenyl diphosphate with 30, 40, or 50 carbon atoms 

composed of isoprene units, though C40 carotenoids (C40HX) with eight isoprene (C5H8)  units 

are typically found in the diet [3, 4]. Such isoprene units generate an extended polyene 

chromophore containing conjugated double bonds that can cyclize into terminal hexyl-rings [3, 

4]. These terminal rings may have additional functional groups corresponding to their 

classification.  Depending on the presence or absence of oxygen in the molecules, the 

carotenoids can be divided into xanthophylls that contain oxygen like β-cryptoxanthin, lutein, 

and zeaxanthin, or carotenes which lack oxygen, such as α-carotene β-carotene, and lycopene 

[3]. Among the main dietary carotenoids, α-carotene, β-carotene, and β-cryptoxanthin are 

provitamin A carotenoids, meaning they can be converted by the body to retinol, while other 

carotenoids (lycopene, lutein, and zeaxanthin) are non-provitamin A carotenoids because they 

cannot be metabolized to retinol (Figure 1.1) [1, 3]. Specifically, the provitamin A activity of 

carotenoids is dependent on whether the molecular structure contains at least one β-ionone ring 

that is unsubstituted as well as methyl groups in the appropriate number and location within the 

polyene chain corresponding to all-trans-retinal [2, 4]. Provitamin A activity of carotenoids can 

be represented comparatively to all-trans-β-carotene, as α-carotene and β-cryptoxanthin have 30-

50% relative activity though 9-cis and 13-cis isomers of β-carotene exhibit less than 10% [4].  
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In human plasma, β-carotene, α-carotene, β-cryptoxanthin, lutein, zeaxanthin, and 

lycopene are the major carotenoids that account for approximately 70% of all carotenoids 

identified [12]. Apocarotenoids, the cleavage products of the parent C40 carotenoids, represent 

less than 5% of carotenoid-related identified compounds. These carotenoid metabolites are 

present naturally in plant sources but can also be created during food processing. Common food 

sources include orange-, red-, yellow- and green-colored fruits and vegetables, with the 

carotenoid composition varying across the different pigmentations. For example, orange-yellow 

vegetables like carrots and pumpkin contain α-carotene, β-carotene, and β-cryptoxanthin, while 

lycopene is typically found in red plant sources like tomatoes and watermelon [3, 4]. Leafy green 

vegetables are rich in various carotenoids, including lutein, zeaxanthin, and others (i.e., 

neoxanthin and violaxanthin) [3, 4]. 

 

Figure 1.1: Structures and classification of major dietary carotenoids. Adapted from [1] 
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The biosynthesis of carotenoids stems from the methylerythritol 4-phosphate pathway, 

which generates 15-cis-phytoene through the condensation of two geranylgeranyl diphosphate 

molecules via phytoene synthase [3, 4]. The resultant phytoene is a colorless acyclic carotenoid 

composed of three conjugated double bonds in the center and three other unconjugated double 

bonds down each end of the molecule [3, 4]. Phytoene can be dehydrogenated into phytofluene 

by phytoene desaturase, which leads to other acyclic carotenoids, such as lycopene, and then can 

be cyclized into additional carotenes [3, 4]. Different cyclase and dehydrogenase enzymes 

generate these carotenes from lycopene, which can then be oxygenated into xanthophylls [3, 4]. 

The polyene chain, composed of the long-conjugated double-bond system, contributes to the 

phytochemical nature of carotenoids by absorbing light with UV absorption maxima in the 450-

570 nm range [2]. The double-bonds in carotenoids can take either the trans or cis configuration; 

natural carotenoids are typically all-trans molecules, though cis-isomers may be generated during 

heat exposure [5].  Furthermore, the cis-isomers of provitamin A carotenoids have decreased 

provitamin A potential compared to the trans-isomers [6]. Such isomerization can happen as the 

double-bonds are quite sensitive to exposure to light, heat/high temperatures, oxygen, acids, 

metals, and free radicals that can also induce other structural changes like cyclization, oxidation, 

and cleavage [6, 7]. The oxidation of highly unsaturated carotenoid compounds is a major 

contributor to the carotenoid content loss in fruit and vegetable products [7]. Such bleaching of 

carotenoids can be induced by auto-oxidation, the spontaneous free radical production in the 

presence of oxygen, and photo-oxidation, the addition of oxygen in the presence of light [7]. 

1.2. Digestion & Metabolism of Carotenoids  

Carotenoids, being fat-soluble molecules, follow the digestion route of lipids through the 

upper digestive tract. The first step of this digestive process of dietary carotenoids is the 
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dissolution in the fast phase of the meal, which is emulsified into lipid droplets within the 

stomach and duodenum [11]. The intestine is a major site of carotenoid absorption and 

bioconversion, where they form mixed micelles with amphiphilic and hydrophobic compounds 

such as bile acids, cholesterol and fatty acids [1]. Upon being made accessible in mixed micelles, 

carotenoids at physiological concentrations are typically absorbed by enterocytes with the 

involvement of the scavenger receptor class B type 1 protein (SR-B1), cluster of differentiation 

36 (CD36), and Niemann-Pick C1-Like 1 protein (NPC1L1) transporters [5, 8]. SR-B1 and 

CD36 are members of the ATP-binding cassettes superfamily and both, along with NPC1L1, are 

involved in cholesterol transport along the intestinal epithelium [5]. The expression profiles of 

these transporters differ along the intestinal tract as SR-B1 and NPC1L1 are present throughout 

the small intestine, yet CD36 is not detected in the duodenum, where carotenoid absorption most 

likely occurs [5].  

In humans, absorbed provitamin A carotenoids can be oxidized and cleaved by β-

carotene-15,15′-dioxygenase 1 (BCO1) to form all-trans-retinal/retinaldehyde (RAL), which can 

be further oxidized irreversibly to all-trans-retinoic acid (ATRA) by retinal dehydrogenases 

(RALDH) or reduced reversibly to all-trans-retinol (ROL) by retinol dehydrogenases 

(RDHs)/short chain reductases (SDRs) and cellular retinol binding protein (CRBP2) [2, 9]. 

BCO1 activity has been reported to regulate the activation of SR-B1 via homeobox transcription 

factor intestine-specific homeobox (ISX) [10], which is abundantly expressed within the 

epithelial cells of the brush border membranes but the regulation of SR-B1 in the large intestine 

remains enigmatic. Through negative feedback regulation, β-carotene in high doses can decrease 

BCO1 and SR-B1 activity; thus, the influx and production of vitamin A are downregulated when 

the vitamin A is at a sufficient level [1, 10].  
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Non-provitamin A carotenoids are primarily cleaved in an eccentric manner by β-

carotene-9,10-dioxygenase 2 (BCO2) at the 9,10 and 9’,10’ double bonds and may be cleaved by 

BCO1, though with little or no activity [11], to generate non-retinoid apocarotenoids [2, 12-14].  

This indicates substrate specificity of the cleavage enzymes since BCO1 catalyzes provitamin A 

carotenoids with higher affinity than with non-provitamin A carotenoids as the active site 

functions exclusively with unsubstituted β-ionone rings [15, 16]. Furthermore, BCO2 does not 

preferentially cleave all-trans-lycopene but rather targets cis-isomers of lycopene (i.e., 5-cis and 

13-cis), which also act as better substrates than all-trans-β-carotene [16]. Both BCO1 and BCO2 

are family members of nonheme iron oxygenase that are located at different sites within the cell, 

with BCO1 being a cytosolic protein and BCO2 located in the mitochondria [9]. By employing 

HPLC-mass spectrometry techniques, recent studies have found a wide range of non-retinoid 

apocarotenoids including β-apo-8′-, 10′-, 12′-, 14’-carotenal [17, 18], apo-6′-, 8′-, 10′-, 12′-, and 

14′-lycopenal [2, 12, 19], and oxidative metabolites of zeaxanthin and lutein in animal tissues 

[14, 20]. β-Apo-carotenals can either be further cleaved by BCO1 to produce retinol and retinoic 

acid (RA) or oxidized to their corresponding β-apo-carotenoic acids [11, 13].  

In the enterocytes, retinol (preformed or stemming from provitamin A carotenoid 

cleavage) bound to cellular retinol binding protein type II (CRBP2) undergoes esterification with 

long-chain fatty acids into retinyl esters via lecithin retinol acyltransferase (LRAT) or acyl-

CoA:retinol acyltransferase (ARAT) if not bound to CRBP2 [1, 21]. Retinyl esters, i.e., vitamin 

A storage forms, can be converted back to their transport form, i.e., retinol, via retinyl ester 

hydrolase (REH), as needed [1, 21].  Subsequently, retinyl esters formed in the intestine are 

incorporated into apolipoprotein B-containing chylomicrons and transported to storage sites of 

the liver (primary storage location), and adipose tissue or other organs as some tissues exhibit a 
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marked enrichment in specific carotenoids [1, 21]. For example, human skin is known to 

accumulate β-carotene and canthaxanthin in response to high dietary intake [22]. Lutein and 

zeaxanthin are selectively taken up into the macula of the eye, where they absorb blue light and 

help maintain optimal visual function [23]. In the hepatic stellate cells, retinyl esters are 

hydrolyzed to retinol and subsequently bind to retinol-binding protein (RBP), which supports the 

transportation of retinoids to other organs [24]. This process is regulated by retinoic acid gene 6 

(STRA6), especially under conditions of vitamin A excess and deficiency [24]. Studies have 

shown that β-apo-10’-carotenol, stemming from the BCO2 cleavage of β-carotene and β-

cryptoxanthin that generates β-apo-10’-carotenal that is then further reduced by an unknown 

mechanism, can be metabolized and transported courtesy of a similar mechanism to retinoids 

[25]. Therefore, β-apo-10’-carotenol is capable of being esterified by LRAT, bound to RBP, and 

taken up into target tissues via STRA6 [16, 25].  

Retinoic acid (RA) can be formed in the body by two sequential oxidation steps, which 

convert retinol to retinaldehyde by alcohol dehydrogenase and then to RA by RALDH [5, 15]. 

Naturally, RA has three isomers, including all-trans, 9-cis, and 13-cis, which present different 

capacities for modulating cellular growth, differentiation, and proliferation depending on their 

different affinities to the RA receptors (RARs; α, β, γ) and retinoid X receptors (RXRs; α, β, γ) 

[1, 2]. Heterodimerization of RAR-RXRs can function as ligand-activated transcription factors in 

target tissues once bound to a chromosomal RA-response element (RARE) [1, 26]. Notably, all-

trans RA binds only to RARs and induces RXR activation in an indirect fashion through 

isomerization into 9-cis RA, while 9-cis RA shows affinity to both RAR and RXRs [29]. The 

responsiveness of the ISX to vitamin A levels and the corresponding negative feedback loop 
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regulating BCO1 and SR-B1 activity is due to the presence of a RAR binding element in the 

promoter region of the ISX gene [10], for example.   

Intact carotenoids can be transported to peripheral organs following intestinal absorption 

by incorporation in chylomicrons for circulatory release [1, 2]. Upon arrival to peripheral tissues, 

carotenoids in chylomicrons can be absorbed via a lipoprotein lipase-mediated uptake and CD36 

activity [1, 5]. Carotenoids remaining in the resulting chylomicron remnants are sent to the liver 

for packing into very low-density lipoproteins (VLDL) for recirculation [1, 5]. Depending on the 

classification, carotenoids can be distributed differently amongst the lipoproteins as the 

hydrophobic carotenes are more present within low-density lipoproteins (LDL) and the 

hydrophilic xanthophylls are typically found in high-density lipoproteins (HDL) [1, 5]. Once 

delivered to peripheral tissues, the carotenoids in LDL are endocytosed via LDL receptors and 

uptake of carotenoids within HDL is facilitated by SR-B1.  

1.2.1 Carotenoid Bio-accessibility & Bioavailability 

The bio-accessibility of carotenoids, defined by the portion available to be intestinally 

absorbed due to the release from their dietary matrix and incorporated in the mixed micelles 

during digestion, and the resulting bioavailability, referred to by the ingested portion that reaches 

the circulation for bioactivity in peripheral tissues following intestinal absorption, can both be 

quite low for these phytochemicals [27, 28]. Bio-accessibility can vary amongst the structural 

classification of carotenoids as the hydroxylated functional groups of xanthophylls promote their 

incorporation into micelles, thus leading to greater bio-accessibility than the hydrocarbon 

carotenes [27, 29, 30].  In general, the high lipophilicity and low stability of carotenoids are 

factors that considerably contribute to the loss of retention throughout digestion and absorption 

[29]. The duration of dietary carotenoids within circulation (i.e., half-lives in the serum or 
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plasma) has been reported, ranging from 1-11 days for carotenes and longer for xanthophylls, 

such as 15-76 days for the macular pigments lutein/zeaxanthin and 12-39 days for β-

cryptoxanthin [28].  Clinical studies have utilized labeled β-carotene to determine bio-

accessibility and found that absorption efficiency varied from 3%-80%, which can be impacted 

by host-related factors, but typical values fell in the range of 10%-30% [27, 29].  A monolayer of 

differentiated Caco-2 cells (human intestinal enterocytes derived from colon carcinoma) is 

commonly utilized to model small intestinal nutrient uptake due to the presence of brush border 

absorptive properties [31] and studies incorporating this model for carotenoid uptake have found 

that xanthophylls are more efficiently absorbed than carotenes [32, 33]. Additionally, studies 

using in vitro digestion from whole food sources and Caco-2 cell modeling indicated that bio-

accessibility ranges from lutein being the highest (raw spinach 37% - boiled spinach 48%), β-

carotene in the mid-range (carrot puree 4% - carrot juice 14%), and lycopene being scarce (raw 

tomatoes 0.1% - 1.5% tomato puree) [34]. As these results indicate, the composition and 

processing of the food sources have an impact as matrix disruption and thermal treatment 

promote bio-accessibility.  

The co-consumption of dietary fat in a meal can help facilitate carotenoid release from 

the food matrix, incorporation in micelles, and gastric lipase activity for lipid droplet 

emulsification [27, 29]. The chain length of dietary lipids influences β-carotene absorption, for 

example, as long-chain fatty acyl groups are more effective than those with medium chains [35]. 

The type of dietary fat plays a factor as monounsaturated fatty acids (MUFAs) can enhance 

carotenoid uptake considerably more than polyunsaturated fatty acids (PUFAs) according to a 

study reporting that the addition of MUFA-rich canola oil led to higher absorption of α-carotene, 

β-carotene, lutein, and zeaxanthin (though not lycopene) compared to PUFA-rich soybean oil in 
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humans when consuming raw vegetable salads [36]. Additionally, the influence of saturated fatty 

acid (SFA) depends on the dietary source as a study [36] involving SFA-rich butter led to 

decreased postprandial absorption of carotenoids from salads compared to MUFA-rich canola oil 

and PUFA-rich soybean oil, yet another study [37] found that SFA-rich beef tallow elevated 

absorption of β-carotene supplementation in comparison to PUFA-rich sunflower oil. However, 

the co-presence of food ingredients from the matrix or other dietary compounds can impair 

carotenoid accessibility partially due to competition for micellization and uptake via the same 

transporters; these elements include fat-soluble vitamins (E, D, K), divalent metals, protein 

(whey, caseinate, soy), and fiber [38-40]. Notably, a study found that water-soluble fibers 

(pectin, guar, and alginate) hinder the absorption of β-carotene, lycopene, and lutein 

supplements, and water-insoluble fibers (cellulose and wheat bran) disrupted uptake of lycopene 

and lutein [41]. Even co-ingestion of a complex mixture of carotenoids can impair absorption 

due to competition for micellization and transporters [42].  

Host-related factors, like genetic variation, age, and lifestyle habits (weight, smoking, 

alcohol consumption), may further impact the bioavailability of dietary carotenoids following 

digestion [27]. Single-nucleotide polymorphisms of genes involved in carotenoid uptake (SR-B1, 

CD36) and metabolism (BCO1, BCO2, retinoid converters) can restrict the efficiency of 

carotenoid utilization [27]. Additionally, a high body mass index and overall obesity appear to 

have inverse relationships with serum and adipose tissue carotenoid concentrations [43], which 

could partially be due to a simple decrease of intake within these individuals as well as 

carotenoid clearance via free radical oxidation and elevated metabolism in adipocytes [43].  
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According to these studies, the majority of dietary carotenoids are unabsorbed within the small 

intestine and, therefore, can be available for biological activity throughout the large intestinal 

level, such as interactions with colonic enterocytes and the microbial organisms in the colon. 

1.3. Carotenoid-related Health Benefits: Anti-inflammatory & Antioxidant 

Investigations into the health properties of diet-derived phytochemicals have commonly 

been investigated, typically utilizing polyphenols and flavanols [44], but the focus on carotenoids 

has exponentially risen in popularity. Carotenoids display antioxidant potential due to their 

characteristic extended, conjugated double-bonded structures that can function as free radical 

scavengers in lipophilic environments [26]. In this case, carotenoids are capable of quenching 

reactive oxygen species [26], leading to the modulation of intracellular signaling cascades and 

driving the reduction of oxidative stress and inflammation in cells and tissues. Of the major 

carotenoids, lycopene displays the highest physical quenching rate constant of singlet oxygen in 

vitro (kq = 31 × 109 M−1s−1) while the rate constants for α-carotene, β-carotene, zeaxanthin, 

lutein, and α/β-cryptoxanthin were 19, 14, 10, 8, and 6 respectively [45].  Such increased 

antioxidant activity of all-trans-lycopene can be attributed to the acyclic configuration of the β-

ionone ring, increasing the quenching capability due to those additional double-bonds available 

for electron transfer. However, there is a risk that carotenoids can act as pro-oxidants in high 

concentrations in the presence of environmental oxidative stressors, as seen with supplemental β-

carotene doses (20-30 mg/day) elevating lung cancer rates in cigarette smokers during the Alpha-

Tocopherol Beta-Carotene (ATBC) and Beta-Carotene and Retinol Efficacy Trial (CARET) 

studies [46-49].  

The activity of carotenoids can also facilitate immune cell activity by recruiting 

macrophages, natural killer cells, T cells, and/or Treg cells [26, 50]. In general, high circulatory 
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levels of dietary carotenoids (> 1 µM) have been associated with a decreased risk for chronic 

disease, notably ocular and cardiovascular diseases, as well as all-cause mortality [26]. 

Consumption of provitamin A carotenoid-rich foods is crucial in decreasing the risk of vitamin A 

deficiency (< 0.7 µM serum retinol) [26] for populations that have low intake of preformed 

vitamin A from animal sources, like non-Westernized communities and vegetarians/vegans [26]. 

Common consequences of vitamin A deficiency include xerophthalmia (night blindness) in 

developing countries and weakened innate immunity [51]. As mentioned previously, lutein and 

zeaxanthin, along with meso-zeaxanthin (a stereoisomer of zeaxanthin formed in the retina), are 

crucial for visual health maintenance due to their blue light photoprotective capabilities, which 

can prevent the onset of age-related macular degeneration [52, 53].  

Mechanistically, carotenoids and apocarotenoids may potentially enact health benefits by 

regulating antioxidant pathways directly by their structure or indirectly by influencing 

transcription factors like nuclear factor-erythroid factor 2-related factor 2 (Nrf2) and nuclear 

factor kappa-light-chain-enhancer of activated B-cell (NF-κB) as well as activating the nuclear 

hormone receptor pathways of RARs and RXRs in target tissues [26]. Modulation by RARs and 

RXRs impact the expression of genes that regulate cellular development and the innate immune 

system [1]. In particular, RARs and RXRs can be involved in further signaling pathways 

modulating with peroxisome proliferator-activated receptors (PPARs), which regulate the 

adipocyte metabolism [1, 26]. For example, RA is capable of activating both RARs and 

PPARβ/δ, and studies have shown that dietary β-carotene supplementation can inhibit the 

activities of RXRα and its pro-adipogenesis signaling partner PPARγ [1].  β-Apocarotenoids 

have also been observed to act as antagonists of RARs and RXRs [2, 18]; the ATRA-induced 

transactivation of all RARs can be impeded by β-apo-14’-carotenal, β-apo-14’-carotenoic acid, 
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and β-apo-13-carotenone while the activity of RXRα is antagonized by β-apo-13-carotenone and 

β-apo-14’-carotenal, the latter of which can also inhibit PPARα/γ signaling [2, 18]. Additionally, 

carotenoid-derived retinoids can influence pathways in a non-genomic manner, such as 

activating the protein cascades involving p38 mitogen-activated protein kinase (P38 MAPK) or 

AMP-activated protein kinase (AMPK) [26].  

The mechanisms of influence by dietary carotenoids on signaling pathways (e.g. Nrf2, 

NF-κB, RARs/RXRs, PPARs) in the context of the obesity-associated intestinal barrier and liver 

defects will be covered in later sections of this dissertation. 
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Figure 1.2   Carotenoid Metabolism and Transport – Created with BioRender. 9-cis-retinoic acid (9-cis RA), all-trans-retinoic acid 

(ATRA), β-carotene 15,15’-dioxygenase 1 (BCO1), β-carotene 9’,10’-dioxygenase 2 (BCO2), Cluster of differentiation 36 (CD36), 

high-density lipoprotein (HDL), intestine-specific homeobox (ISX), lecithin: retinol acyltransferase (LRAT), lipoprotein lipase (LPL), 

), low-density lipoprotein (LDL), LDL receptor (LDLr), retinal dehydrogenase (RALDH), retinoic acid receptor (RAR), retinoid X 

receptor (RXR), retinol binding protein (RBP), retinol dehydrogenase (RDH), retinyl ester hydrolase (REH), Scavenger receptor class 

B type 1 (SR-B1), short chain reductase (SDR), stimulated by retinoic acid 6 (STRA6)  
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1.4. Obesity & Intestinal Barrier Dysfunction 

As per the latest World Health Organization (WHO) data recorded in 2022, one out of 

every eight people in the world are living with obesity as adult and adolescent obesity has 

doubled and quadrupled, respectively, since 1990 [54]. Obesity is a state associated with the 

consumption of a diet high in fat and low energy expenditure, and it is characterized by chronic 

low-grade inflammation, increased intestinal permeability with tight junction dysfunction, 

endotoxemia, and gut microbiome dysbiosis [55, 56]. Additionally, the metabolic toll that 

obesity takes on the body is a major risk factor for type-2 diabetes mellitus, metabolic syndrome, 

and cardiovascular disease [56]. Several animal models of obesity exist: genetic models can be 

generated through modulation in the pathway of leptin, the satiety hormone, such as a mutation 

in leptin production (ob/ob), or the leptin receptor (db/db) [57]. The other model is called diet-

induced obesity (DIO), and it can be achieved via the supplementation of high-fat diets or in 

combination with high-sucrose diets [57]. Both genetically obese and DIO mice have been 

associated with increased gut permeability, elevated plasma proinflammatory cytokine and 

endotoxin levels, and suppressed tight junction expression compared to wild-type and low-fat 

diet mice, respectively. Obesity is also a risk factor for inflammatory bowel disease (IBD), and 

the incidence of the condition is rising in parallel as 15-40% of IBD patients are obese, as both 

share common environmental factors [58]. Additionally, IBD is characterized by high levels of 

intestinal inflammation stemming from increased barrier permeability due to tight junction 

dysfunction. Crohn’s disease (CD) and ulcerative colitis (UC) are two subsets of IBD in which 

the CD can occur anywhere in the gut while UC is restricted to the colon and rectum [58, 59]. 

Pathogenesis of irritable bowel syndrome (IBS) is also linked to increased intestinal permeability 
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and inflammation as IBS patients often contain decreased intestinal expression of tight junction 

proteins, as well as increased circulatory levels of proinflammatory cytokines [60]. 

Carotenoid-rich foods, due to their anti-inflammatory and antioxidant capabilities, may act as a 

dietary source of intervention to alleviate HFD-induced low-grade inflammation, intestinal 

barrier impairment, metabolic endotoxemia, and gut microbiome dysbiosis. 

1.4.1 Composition of the Intestinal Barrier 

The intestinal mucosal barrier refers to a heterogeneous entity that consists of the inter-

epithelial tight junctions, a biochemical barrier that involves antimicrobial peptides, mucus, and 

fluid, and an immunological barrier, including cells and molecules of the innate and adaptive 

immune system [61, 62]. As an extracellular component of the barrier, the mucus layer is 

integrated by mucins that are secreted by intestinal goblet cells, antimicrobial peptides (AMPs) 

that are produced by Paneth cells, and secretory immunoglobulin A (sIgA) [61, 63]. The gut-

associated lymphoid tissues, including Peyer’s patches and isolated lymphoid follicles, and a 

diverse repertoire of immune cells that include T cells, B cells, innate lymphoid cells, 

macrophages, dendritic cells, mast cells, and eosinophils jointly modulate the intestinal immune 

system [64]. Microfold cells and goblet cells mediate the presence of luminal antigens and live 

bacteria to dendritic cells, while intestine-resident macrophages sample the lumen through 

transepithelial dendrites [65]. As for physical connections between enterocytes involved in the 

barrier makeup, these junctional intercellular complexes at the apical level are comprised of tight 

junctions, adherens junctions, and desmosomes that interact with components of the 

cytoskeleton. These proteins formulate a complete seal of the apical intercellular space due to 

this continuous network of connections between the membranes of adjacent cells. In particular, 
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tight junctions are the rate-limiting step in transepithelial transport and the principal determinant 

of mucosal permeability [61].  

There are two functional categories of tight junctions: first, integral transmembrane 

proteins that generate this network amongst adjacent cell membranes, and second, peripheral 

membrane or plaque proteins. There are four unique families of transmembrane tight junctions: 

claudins, occludin, junctional adhesion molecules (JAMs), and tricellulin [66, 67]. Peripheral 

proteins include zonula occludens (ZOs) that act as a bridge between the transmembrane proteins 

and the actin cytoskeleton. A key component of tight junctions is the claudin family of proteins, 

which are comprised of four transmembrane domains and two extracellular loops that form the 

tight junction strands. Particularly, these claudin extracellular loops participate in heterophilic 

and hemophilic interactions between enterocytes in order to create barriers against or 

passageways, depending on the claudin functionality, for paracellular molecular transport.  The 

claudin family contains at least 27 members with different functions: claudin-2, -10b, -15, and -

21 form paracellular channels for cation transport, whereas claudin-10a, -17 form paracellular 

channels for anion transport [68]. Interestingly, claudin-2 does not contribute to barrier function 

because this isoform of claudin creates a non-selective cation channel [68], which could lead to 

impaired barrier function when highly upregulated due to the increase of cations and water 

transit into the luminal space. In this case, tight junction strands consisting of claudin-1 

formulate a tighter seal with the barrier than those consisting of claudin-2 [69]. In the human GI 

system, claudin-1, -2, -3, -4, -5, -7, -12, and -15 are detected in duodenum. Claudin-2, -7, -8, -12, 

and -15 are strongly expressed in ileum, while claudin-1, -3, -4, -7, -8, -12, and -15 are found in 

the large intestine [69].  
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Occludin is a 60-kDa integral membrane protein composed of four transmembrane 

domains and two extracellular loops that was the first component of tight junction strands to be 

identified and its protein expression generally correlates well with the number of tight junction 

strands [69]. Tricellin is a scaffolding protein that stabilizes TJ strands in conjunction with 

occludin to integrate connections between three adjacent cells and mediate small ion 

permeability [67]. The loss of occludin can impair tricellin regulation by shifting epithelial 

connections from tricellular to bicellular, contributing to barrier permeability [67, 69]. As 

previously mentioned, ZOs bridge claudins and occludin to the actin cytoskeleton through the 

interactions between the C-terminal region of ZO-1 and F-actin filaments, for example [61, 65].  

ZO-1 is the most crucial member of this family in terms of TJ assembly compared to ZO-2 and 

ZO-3; delayed assembly occurs in epithelial cells deficient in ZO-1 while deficiency in ZO-2 or 

ZO-3 do not have an effect. Additionally, JAMs (JAM-A, -B, -C) interact with other TJ 

components and even each other to maintain barrier integrity by recruiting protein scaffolds to 

specific sites of cell-cell adhesion and also with cingulin, a cytoplasmic structural and signaling 

protein, to regulate epithelial cell proliferation [61, 65].  

Other facilitators are the physical connections between enterocytes are adherent junctions 

(AJs) and desmosomes, which are connected to actin-based microfilaments and cytokeratin-

based intermediate filament components of the cytoskeleton, respectively [61, 62]. Both AJs and 

desmosomes are subapical to TJs, aiding in the assembly of joints between adjacent epithelial 

cells. AJs consist of adhesion complexes called catenins (α-catenin, β-catenin, p120-catenin) and 

E-cadherin that perform roles in cell proliferation, enterocyte polarity establishment, and actin 

cytoskeleton remodeling [61, 62]. The loss of E-cadherin can impair the maturation of goblet and 

Paneth cell maturation, thus inhibiting the secretion of mucins and AMPs, respectively [62]. 
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Desmosomal cadherins, called desmocolins and desmoglein, can act as mediums for intracellular 

signaling for processes like cell differentiation [61]. Finally, gap junctions consisting of 

transmembrane connexins facilitate intercellular communication as well as passage ions and 

water-soluble molecules between adjacent enterocytes to facilitate cellular growth and 

differentiation [62].  

Tight junction (TJ) proteins are regulated by post-translational modification by kinases, 

phosphatases and other signaling molecules. Phosphorylation can either enhance tight junction 

formation and barrier function [66, 70], or alternatively promote tight junction protein 

redistribution and complex destabilization [70]. TJ maintenance is tightly regulated by 

transcellular signal transduction signaling such as protein kinase C (PKC), myosin light chain 

kinase (MLCK), Rho, MAPK, PI3k/Akt, and NF-κB pathways [71-73]. Occludin is commonly 

phosphorylated at serine and threonine residues, which leads to localization at the membrane 

[69].  Other post-translational modifications such as ubiquitination, palmitoylation, and 

SUMOylation of tight junctions have also been found to modulate the number of tight junctions 

and the strength of the epithelial barrier [74]. 

Beyond the physical layer of intestinal epithelial cells, there exists a superficial unstirred 

mucus layer (SUML) made up of glycosylated mucins, bicarbonate, AMPs, and sIgA [61, 75].  

Acting as a protective layer against bacterial breach, the SUML is generated by goblet cells 

distributed along the intestinal epithelium that synthesize and secrete mucin glycoproteins; 

eighteen have been identified, of which mucin-2 (MUC2) is a key player in host defense [75, 

76]. The small intestine contains a thin, discontinuous mucus layer that assists in nutritional 

absorption and the colon incorporates two distinct layers, of which the inner layer (closer to the 

enterocytes) is thick and resistant to bacterial permeation and the outer mucosal layer and 
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colonized by bacteria [75, 76].  In both the small intestine and colon, transmembrane mucins 

(MUC3A/B, MUC12, MUC13, MUC15, MUC17) generate the carbohydrate-rich glycocalyx 

layer that coats the enterocytes and the gel-forming MUC2 makes up the loose layer (both the 

inner and outer layers in the colon) [75]. MUC2-deficient rodents (i.e., transgenic MUC2-/- 

knockout mice) display barrier defects and increased intestinal permeability [77]. The glycocalyx 

layer and MUC2 are essential components of the SUML, the latter constantly working in 

conjunction with mucosal aspects like sIgA and AMPs for maintenance of host defense [75, 76]. 

1.4.2. Methods to Assess Intestinal Barrier Integrity  

1.4.2.1. In Vitro Methods 

A freeze-fracture electron microscopy of transmembrane fibrils and immunostaining for 

proteins of tight junctions, such as occludin, ZO-1 and ZO-2 can provide qualitative insights into 

the barrier integrity of an endothelial or epithelial monolayer [78]. 

Transepithelial/transendothelial electrical resistance (TEER) is a widely accepted quantitative 

technique to measure the integrity of tight junction dynamics in cell culture models of epithelial 

and endothelial monolayers, and the details have been well reviewed [79]. The Ussing chamber 

technique is universally employed in intestinal permeability tests and is typically the gold 

standard for investigations with access to the machinery, which quantifies mucosal to serosal 

fluxes of probe molecules across mucosal biopsies obtained from different regions of the gut 

[80]. Since this method requires multiple mucosal biopsies at different levels of the gut, it is too 

invasive for most human research [80]. Thus, intestinal barrier integrity is studied predominantly 

by analyzing the urine excretion of orally administrated probe molecules or other direct 

measurements during endoscopic procedures [78, 81]. 
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1.4.2.2. Recommended Probe Molecules  

In vivo permeability measurements, derived from the analysis of urinary excretion of 

certain probe molecules that are typically less than 400-Da molecular mass, are often used for 

within-subject comparison, as well as for comparisons between different groups [81]. A 

combination of monosaccharides, such as mannitol or rhamnose, and a disaccharide, such as 

lactulose or sucralose, has been utilized in analyzing mucosal barrier function [78]. 

Measurements of each saccharide alone or the ratio of two saccharides such as lactulose and 

mannitol [lactulose-to-mannitol ratio (L/M ratio)] or lactulose and rhamnose [lactulose-to-

rhamnose ratio (L/R ratio)] are frequently used because such method is noninvasive and 

relatively simple [78, 82]. In addition, lactulose and mannitol are easily obtainable, nontoxic, and 

can be accurately measured by employing electrochemical detection or liquid chromatography-

tandem mass spectrometry [82]. Chromium-labeled ethylenediaminetetraacetic acid (51Cr-

EDTA) is a gamma-emitting isotope with a molecular mass of 339-Da and a 27-day half-life 

[83]. 51Cr-EDTA is considered the gold standard intestinal permeability marker, but its 

individual performance in clinical practice remains mostly unfeasible considering complex and 

impractical detection methods [53,57]. Recently, a non-radioactive 52Cr has been developed and 

incorporated into 52Cr-EDTA to evaluate intestinal permeability which allows the researchers to 

measure urinary 52Cr content in a safer, more economical and precisely validated manner using 

the highly sensitive method of inductively Coupled Plasma Mass Spectrometry (ICP-MS) [84]. 

Bacteria-related assays include a lipopolysaccharide (LPS) assay, anti-LPS antibodies or 

D-lactate (bacterial lactate) detection, fecal butyrate or hemolysin quantification, and 

quantification of bacteria in the inner layer of mucus in the colon on biopsies [85]. Urea and 

polyethylene glycol (PEG) are also used as probe molecules to test intestinal permeability but are 
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not recommended due to insufficient sensitivity or potential bacterial metabolism contamination 

[78].  

1.4.2.3. Serum Biomarkers 

Zonulin is a 4-kDa protein which modulates intestinal permeability by disassembling 

intercellular tight junctions between epithelial cells in the digestive tract [86]. Ex vivo studies 

show endogenous human zonulin is able to increase permeability in both jejunum and ileum 

[87], and serum zonulin has been proposed as a marker of intestinal permeability in humans, but 

serum zonulin did not correlate well with the diversity of the gut microbiota [88]. Fatty acid 

binding proteins (FABP) are 14-kDa cytosolic proteins which can bind and transport fatty acids, 

while intestinal FABP (IFABP) is uniquely located in the upper parts of small intestinal villi and 

measurement of plasma IFABP levels is a highly specific and sensitive method for assessing the 

severity of mucosal injury in rats, but the correlations between the IFABP and intestinal 

permeability assessed by LRR are not always evident [89]. Another common in vivo tool to 

assess murine permeability is fluorescein isothiocyanate (FITC)-labeled dextran (typically 4 

kDa), which is administered via oral gavage and then measured in plasma; however, this method 

is not utilized clinically [78]. 

1.4.3. Inflammation, Oxidative Stress, and Intestinal Permeability  

Inflammation is a normal biological response of the immune system triggered by 

deleterious stimuli or conditions, such as infections and tissue damage. The inflammatory 

response is the first of several overlapping processes that lead to tissue repair and regeneration 

[90-92]. During the inflammatory response, cell signaling pathways are activated to modulate the 

induction of pro-inflammatory cytokines in the affected tissue and the recruitment of immune 

cells from the circulation [64, 73]. Similarly, in the intestine, invasion of pathogenic bacteria 
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through epithelial cells via mechanical breaks in the continuous gut mucosal barrier or the 

penetration of bacterial components may lead to an inflammatory response [85, 93]. In the initial 

phase of infection, the innate immune system initiates a rapid inflammatory response that curbs 

the growth and dissemination of the infectious agent. This process is majorly mediated by 

macrophages and dendritic cells and several germline-encoded pattern recognition receptors 

(PRRs) that recognize microbial antigens known as pathogen-associated molecular patterns [93]. 

Toll-like receptors (TLRs) are a family of these intestinal PRRs that can recognize gut 

microbiota-derived compounds like lipopolysaccharide (LPS), lipoteichoic acid, flagellin, 

peptidoglycan, and bacterial DNA [94]. Variable TLR expression has been identified along the 

intestinal tract as the colonic epithelial cells contain high expression of TLR2, TLR4, and TLR5, 

though the small intestinal enterocytes exhibit low expression of TLR2, TLR4, TLR5, TLR7, 

and TLR9 along with comparable levels of TLR3 in both regions on intestinal tissue [94, 95]. 

Additionally, expression of TLR5 was detected in both small intestinal and colonic goblet cells, 

the latter of which also contains TLR1, TLR2, and TLR4 [95, 96]. Notably, LPS molecules serve 

as an early warning signal of bacterial infection and act as the specific ligand to TLR4 [94]. 

These LPS molecules are large glycolipids comprised of a core polysaccharide, O-antigen, and 

immunogenic lipid A tail components and are present in the outer membrane of gram-negative 

bacteria, characterizing them as endotoxins [97].The lipid A feature is made up of branched 

chained SFAs, which is the key aspect of the LPS molecule that is recognized by TLR4 upon 

with assistance of the lipopolysaccharide binding protein (LBP) [97]. The presence of LPS in the 

intestinal lumen may not be deleterious under normal conditions but can elicit metabolic 

endotoxemia and low-grade inflammation once transferred to the circulatory system through a 

permeable epithelial barrier if TJ integrity is compromised. However, an overexpression of 
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TLR4 may disrupt epithelial barrier function. Enhanced TLR4 signaling facilitates pathogen 

colonization and dissemination in mice with infectious enteritis [98], suggesting an important 

role of TLR4 in triggering inflammation. Interestingly, using a TLR4 overexpression mouse 

model, the researchers found that both TLR4-overexpressed mice and their cohoused wild-type 

counterparts had increased susceptibility to impaired epithelial barrier and altered expression of 

antimicrobial peptide genes, indicating that TLR4 may affect the intestinal functional properties 

by shaping the microbiota [99]. 

TLR4 typically forms a heterodimer with myeloid differentiation factor 2 (MD-2), and 

aggregation of the TLR4-MD-2 complex along with the membrane-anchored CD-14 results in 

activation of multiple signaling components and the subsequent release of inflammatory 

cytokines, eventually initiating a robust immune response [94, 100]. Toll-interleukin-1 receptor 

domain-containing adaptor protein (TIRAP), which is bound to TLR4 intracellularly, enlists 

myeloid differentiation primary response 88 (MyD88) for further signaling [101]. MyD88 

interacts with interleukin-1 receptor-associated kinase (IRAK) 1, 2, 4 and tumor necrosis factor 

receptor associated factor 6 (TRAF6) to stimulate nuclear factor kappa-light-chain-enhancer of 

activated B-cell (NF-κB) signaling via transforming growth factor-β-activated kinase 1 (TAK1) 

[94, 101, 102]. NF-κB is a family of inducible transcription factors that induces various pro-

inflammatory genes, including TNF-α, IFN-γ, adhesion molecules (CAMs), inducible enzymes 

such as the nitric oxide synthase (iNOS) and cyclooxygenase 2 (COX-2) [103, 104]. It is now 

clear that NF-κB mediates the induction of pro-inflammatory cytokines in innate immune cells 

and the differentiation Th1 subsets of inflammatory T cells in the intestine [104]. In the 

canonical pathway, NF-κB is activated through an IκB kinase complex consisting of the 

regulatory subunit IκB kinase (IKKγ), and catalytic subunits γ, and IκB kinase α (IKKα) and IκB 
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kinase β (IKKβ), which consequently releases the RelA/p65-p50 heterodimer, the inhibitor of 

NF-κB, and activates the transcription of a diverse range of pro-inflammatory cytokines upon 

translocation to the nucleus [105]. TAK1 can also phosphorylate MAPKs, which activate cyclic 

AMP-response binding protein (CREB) and activator protein 1 (AP-1) [101, 106]. Together with 

NF-κB, these activated transcription factors can result in aberrant cytokine and chemokine 

production in the gut and contribute to the pathogenic processes of various inflammatory 

diseases, including IBD. Furthermore, increased barrier permeability can also increase the output 

of endotoxins [107]. This creates a vicious cycle whereby endotoxins persistently activate the 

TLR4 and NF-κB axis, resulting in intestinal barrier disruption by impairing tight junction 

expressions, increasing endotoxin intake, and a pro-inflammatory state. 

The intestinal barrier is also susceptible to oxidative damage from reactive oxygen 

species (ROS), which can influence signaling pathways like NF-κB, MAPK, and JAK/STAT 

[108-110]. The generation of ROS be combated with antioxidant enzymes of which superoxide 

dismutase (SOD) can kick off this process by converting superoxide (O2
•−) into hydrogen 

peroxide (H2O2) [108, 111]. Such H2O2 can then be metabolized into water and molecular 

oxygen by catalase (CAT) [108]. Additionally, glutathione peroxidase (GPx) converts H2O2 into 

water [110]. Simultaneously, glutathione disulfide (GSSG) is generated by oxidizing glutathione 

(GSH), which is maintained by glutathione reductase (GR) and NADPH [110, 111]. Other 

enzymes involved in this conversion are peroxiredoxin (Prx), thioredoxin (Trx), and thioredoxin 

reductase (TrxR) at the expense of NADPH [110]. Nuclear factor-erythroid factor 2-related 

factor 2 (Nrf2) plays an integral role in regulating endogenous antioxidation processes under 

oxidative stress conditions that are triggered by environmental factors [111, 112]. Once 

translocated into the nucleus following the dissociation from Kelch-like ECH-associated protein 
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1 (KEAP1) and bound to an antioxidant response element (ARE), Nrf2 promotes the expression 

of antioxidant proteins, such as the ones previously mentioned as well as heme oxygenase-1 

(HO-1), and NAD(P)H dehydrogenase (NQO1) [110, 112].  

As previously noted, other key regulators of TJ interaction and permeability involve the 

phosphorylation activity of various protein kinases like MLCK, Rho-associated coiled-

containing protein kinase (ROCK), MAPK, PKCs, and PI3K [71, 72, 74]. The phosphorylated 

status of intestinal myosin light chains by MLCK and of F-actin filaments by ROCK cause the 

contraction of the cytoskeletal actin-myosin filaments and leads to the opening of the TJ complex 

[72]. The promoter region of MLCK contains an NF-κB binding site, therefore an increase of 

NF-κB activation can upregulate the phosphorylation activity of MLCK [72]. Members of the 

PKC family regulate TJs in different ways depending on the isoform as PKCς and PKCλ 

promote barrier integrity, while PKCδ activation through an oxidative stress cascade from ROS 

can hinder TJ stability [74]. Such an oxidative stress response can detach occludin, ZO-1, E-

cadherin, and β-catenin from the actin cytoskeleton through the activation of PI3K, though the 

inactivation of such kinase can inhibit NF-κB nuclear translocation and downregulate the 

resulting proinflammatory cascade that compromises epithelial barrier integrity [71, 74]. 

Additionally, the release of proinflammatory cytokines (i.e., IL-1β, IL-6, TNF-α, IFNγ) and 

nitric oxide can comprise TJ expression and complex integrity indirectly by influencing the 

activity of these protein kinases and even directly in the case of NO through free radical activity 

[64].  

Regarding myosin light chain phosphorylation, IL-1β and TNFα influence MLCK 

activity, while IFNγ can upregulate ROCK activity [64, 72]. Furthermore, IL-6 and TNFα may 

induce a “claudin-switching” phenomenon in which the expression of barrier-forming claudins 
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(1, 3-6) remodel into pore-forming claudins (-2, -7, -10, -15, -17) and thus promote intestinal 

permeability [113]. Similarly, IL-4 and IL-13 cytokines may promote PI3K/STAT6-mediated 

tight junction stabilization yet increase expression of pore-forming claudins [114]. Not all 

cytokines are deleterious to the gastrointestinal barrier as IL-10, IL-17, and IL-22 are regarded as 

barrier forming cytokines via different mechanisms [114]. IL-10 generally acts as an anti-

inflammatory cytokine by interrupting the NF-κB-dependent signaling of the aforementioned 

proinflammatory cytokines, IL-17 stimulates the association of occludin with F-actin fibers, and 

IL-22 can promote goblet cell repair/restitution and reduce endoplasmic reticulum stress [115]. 

Both subsets of IBD are afflicted with TJ aberrations like decreased expression of barrier 

forming proteins (claudin-3, -5, -8 in CD and claudin–1, -4, -7, and occludin in active UC) and 

increased pore forming claudin-2 [92]. Thinning of the mucus layer is also observed in patients 

with active UC due to goblet cell depletion-induced reduction of MUC2 synthesis and 

glycosylation [116].  Furthermore, elevated TLR4 expression is observed in epithelial and lamina 

propria cells of IBD patients [96]. 

1.4.3.1 Retinoic Acid/Retinoid Receptors and the Intestinal Barrier  

Vitamin A (VA) status and homeostasis influence the maintenance and immunity of the 

intestinal barrier as VA-sufficiency promotes mucosal tolerance and T-cell differentiation, while 

VA deficiency causes epithelial impairment, permeability, and keratinization of the mucosa 

[117].  Experimentally, supplementation of VA in the form of ATRA has promoted tight junction 

proteins through the promoted activity of RARs and secretion of barrier-promoting IL-22 [117]. 

Specifically, a study reported that ATRA-induced activation of RARα improved barrier integrity 

as portrayed by elevated TEER, increased gene expression of occludin, ZO-1, and claudins (-1 

and -4), and decreased paracellular flux of inulin [118]. Another study detailed that ATRA 
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treatment or VA-sufficiency promoted the epithelial barrier of Caco-2 cells and Sprague-Dawley 

rats, respectively, via increased activity of RARβ as indicated by elevated TEER, increased 

protein expression of ZO-2 and reduced zonulin secretion [119]. Furthermore, studies have 

shown that VA can alleviate LPS-induced inflammation and barrier permeability through the 

inhibition of NF-κB-dependent production of proinflammatory cytokines and the promotion of 

ZO-1, claudin-1, and occludin tight junction proteins [120].  

The onset of obesity is closely associated with attenuated PPARα/β/δ and elevated 

PPARγ in adipose tissue and the liver, as demonstrated in diet-induced obese mice [121]. As 

previously mentioned, the action of ATRA can also promote lipid catabolism by activating 

PPARβ/δ or inhibiting PPARγ in adipose tissue and promoting PPARα in the liver [26], thus 

triggering an anti-obesogenic effect by VA. Additional studies utilizing ATRA supplementation 

on obese mice have found that the VA-induced reversal of PPAR expression can lead to weight 

loss and improvements in insulin sensitivity [122]. Furthermore, promoted RARβ activity by 

ATRA or other agonists can lead to decreased hepatic steatosis due to increased fatty acid 

oxidation and ketogenesis [123]. Though ubiquitously expressed throughout the body, PPARα is 

highly expressed in the liver so therefore could be a potential target for preventing obesity-

associated fatty liver through the instigation of mitochondrial, peroxisomal, and microsomal fatty 

acid oxidation [123, 124].  

1.4.3.2. High-fat Diet Influences on Intestinal Permeability  

Dietary fats can be classified according to the presence of double bonds in their 

hydrocarbon chain. Double bonds are not present in saturated fatty acids (SFAs) and are present 

in unsaturated fatty acids (UFAs), which can be further separated as monounsaturated fatty acids 

(MUFAs) contain one and polyunsaturated fatty acids (PUFAs) contain more than one [125]. 
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The double bonds in UFAs can either be in the cis or trans orientation, which are natural or 

processed, respectively [125]. Diets that are high in SFAs, like the Western-style diet, are 

typically associated with deleterious health conditions like obesity, diabetes, cardiovascular 

disease, and IBD [125, 126]. The composition of a Western-style diet contains 35-45% of 

calories stem from fat, of which SFAs alone make up about 11% [125, 127]. Investigation in 

HFD studies mostly use control low-fat diets comprised of 8-15% kcals from fat, whereas 

models of Western-style and diet-induced obesity conditions contain 40-50% and 60-80% kcals 

from fat, respectively [128].  

Dietary fats have been reported to increase intestinal permeability by disrupting epithelial 

tight junction complexes [125]. HFD studies in C57BL/6J mice have reported that dietary fat 

supplementation can lead to the reduction of TJ protein expression and an increase in FITC-

dextran paracellular flux [129]. Additionally, a study using obese rats (achieved through 

enhanced neuropeptide Y-induced hyperphagia) found that dietary fat directly downregulated the 

expression of occludin, claudin-1, claudin-3, and JAM-B mRNA levels [130]. Indirect TJ 

modulation can occur as well as supplementation of γ-linoleic and docosahexaenoic acids, found 

in a Western-style diet, directly onto Caco-2 monolayers lead to epithelial permeability through 

the activation of PKC [131]. Furthermore, high dietary fat consumption promotes the synthesis 

of hydrophobic bile acids (i.e. deoxycholic, chenodeoxycholic, and lithocholic acids) that can 

damage TJ complexes [132]. HFDs can also induce oxidative intestinal stress as the double-

bonds of the PUFAs can be susceptible to oxidation, and the resultant product can passively 

diffuse across the apical barrier and cause damage by peroxidizing the plasma membranes of the 

enterocytes [125].  
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Obesity leads to induce low-grade inflammation as HFDs can also elicit a TLR4-induced 

inflammation response since dietary SFAs (namely lauric acid) are structurally similar to the 

lipid A component of LPS, thus making them capable of binding to TLR4 on intestinal epithelial 

cells and promoting a resultant LPS-like proinflammatory cascade [133]. In this line, a diet high 

in SFAs can lead to the activation of NF-κB and related upregulation of protein kinases (i.e., 

MLCK, ROCK, MAPK, PI3K, etc.) that disrupt TJ barrier integrity in a manner that is 

independent of circulatory LPS elevation. Furthermore, dietary fat can promote micellular 

incorporation of the LPS that is present through interactions with the lipid A tail, thus increasing 

circulatory LPS concentrations regardless of intestinal permeability status [134]. Due to this 

increase of TLR4 activity, HFD feeding contributes to the cascade that activates NF-κB signaling 

and stimulates the release of proinflammatory cytokines, mirroring the cytokine status of IBD 

patients [125]. Accordingly, HFD reduces the aforementioned barrier-promoting cytokines (i.e., 

IL-10, IL-17, IL-22) and facilitates the increase of barrier-harming cytokines (i.e., IL-1β, IL-4, 

IL-6, TNFα, IFNγ) and the claudin-switching phenomenon towards higher pore-forming claudin 

expression.  

Dietary fats can impair the mucus layer of the intestinal barrier by stimulating the 

unfolded protein response (UPR) pathway within goblet cells [135]. Stemming from the HFD-

induced generation of oxidative stress, the UPR activation can lead to MUC2 misfolding and 

SUML degradation [125, 135]. HFD feeding promotes intestinal PPARγ expression, which can 

inhibit the activity of the cystic fibrosis transmembrane receptor (CFTR) that is responsible for 

the hydration of the SUML via chloride secretion [136]. Furthermore, pro-oxidative molecules 

like oxidized PUFAs mentioned previously, can exhaust the antioxidant capacity of the SUML 

by mucus protein carbonylation and nitrosylation and such modifications can result in increased 
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barrier permeability [125]. Thus, the degradation of the mucus layer can contribute to the vicious 

cycle between GI inflammation and barrier dysfunction via HFD-feeding and enhanced 

endotoxemia [125]. 

1.4.3.3. Non-Alcoholic Fatty Liver Diseases 

 

Due to the gut-liver axis interactivity, intestinal permeability and the influx of endotoxins 

to the liver via the portal system can greatly impair hepatic homeostasis [137]. Liver health is 

commonly investigated during HFD feeding studies as non-alcoholic fatty liver disease 

(NAFLD) and non-alcoholic steatohepatitis (NASH) are obesity-associated co-morbidities and 

are both linked to colonic permeability [138]. While NAFLD is characterized by hepatic fat 

accumulation alone, NASH is more severe due to ballooning hepatocyte injury and inflammation 

with or without fibrosis, which can lead to cirrhosis and hepatocellular carcinoma [138]. NAFLD 

patients generally have blood pressure and increased levels of insulin (type II diabetes mellitus is 

a common risk factor), serum triglycerides, and total cholesterol [139]. In terms of gut 

dysfunction, small intestinal pathogenesis, like duodenal villi/crypt morphological abnormalities 

and bacterial overgrowth (such as Proteobacteria), is common in patients with NAFLD [140]. 

Furthermore, intestinal barrier examinations have shown that NAFLD patients have increased 

permeability in comparison to normal controls, as shown by the oral sugar test, higher serum 

zonulin levels, and decreased ZO-1 and occludin expression [141]. Murine studies have also 

shown that HFD impairs JAM-A expression, contributing to the onset of steatohepatitis in 

conjunction with the increased inflammatory response under barrier integrity loss [141].  

1.4.3.4. Gut Microbiome Dysbiosis 

The gut microbiome is a crucial factor for shaping and modulating immune system 

responses, with gut microbial dysbiosis linked to a number of chronic diseases, including 
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obesity, diabetes, liver diseases, and cardiovascular diseases [142-144]. The microbiota itself can 

be considered as part of the intestinal barrier, and the amount and the composition of the 

microbiota greatly influence GI health through modulating the epithelial layer and mucosa [63]. 

The Firmicutes/Bacteroidetes (F/B) ratio indicates the balance between the two most abundant 

phyla, of which an optimal ratio might be considered a biomarker for good gut health [142]. 

However, an increase in the F/B ratio is brought on by obesity, and a decrease in the ratio is 

associated with IBD. Many factors, such as medication (e.g., antibiotic use), infection, lifestyle, 

and ingestion of toxic chemicals, can dramatically change gut microbial composition [142, 145]. 

For example, HFDs have been shown to reduce Gram-positive bacteria as well as promote 

Gram-negative bacteria [145]. As mentioned throughout this review, a high abundance of gram-

negative bacteria is markedly enhanced in inflamed gut, resulting in augmented LPS in the 

intestine. Notably, dietary fats heavily influence the growth of microbes that are involved in 

degradation of the intestinal barrier, like Ocsillobacter spp. and Desulfovibrio spp. that reduce 

ZO-1 expression [125]. HFDs also reduce the abundance of barrier promoting microbes like 

Bifidobacterium spp., Bacteroidetes spp., and Clostridales spp. that promote the expression of 

occludin, ZO proteins, and cingulin as well as Akkermensia muciniphila that can counteract 

SUML loss [125].  

The HFD-induced reduction of Bifidobacterium also leads to the inhibition of short chain 

fatty acids (SCFAs) production. SCFAs such as acetate, propionate, butyrate, and valerate are 

produced by intestinal microbial formation of undigested dietary carbohydrates in the colon. 

Acetic and propionic acids have been revealed to increase TEER by activating the PI3K pathway 

[125]. Reports show that butyrate is able to maintain intestinal permeability by three 

mechanisms: 1) down-regulating TLR4 expression and diminishing LPS-dependent IL-8 and 
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secretion [146], 2) improving the expressions of tight junctions including occluding, cingulin, 

and ZO proteins by directly modulating histone deacetylase [147], and 3) activate PPARγ and 

down-regulating proinflammatory cascades such as the JAK/STAT, activator protein-1 (AP-1), 

and NF-κB pathways [148]. 
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Figure 1.3 Intestinal Barrier, LPS-associated permeability, and TLR4 signaling. Created 

with BioRender. Activator protein-1 (AP-1), cluster of differentiation 14 (CD14), cyclic AMP-

response binding protein (CREB),  inhibitor of kappa B (IκB), IκB kinase (IKK), interleukin-1 

receptor-associated kinase (IRAK), junctional adhesion molecule (JAM), lipopolysaccharide 

(LPS), lipopolysaccharide binding protein (LBP), Mitogen-activated protein kinase  (MAPK), 

myeloid differentiation factor 2 (MD-2), myeloid differentiation primary response 88 (MyD88), 

myosin light chain kinase (MLCK), nuclear factor kappa-light-chain-enhancer of activated B-cell 

(NF-κB) Toll-interleukin-1 receptor domain-containing adaptor protein (TIRAP), toll-like 

receptor 4 (TLR4), transforming growth factor-β-activated kinase 1 (TAK1), tumor necrosis 

factor receptor associated factor 6 (TRAF6), zonula occludens (ZO).  
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1.5. Review on Carotenoids & Intestinal Health 

 

This review of existing literature covers the carotenoid treatment of α-carotene, β-carotene, 

lycopene, lutein, zeaxanthin, and β-cryptoxanthin in both small and large intestinal models. Studies 

utilizing other naturally occurring carotenoids (e.g., astaxanthin, fucoxanthin, crocin) as treatments 

for intestinal diseases have been conducted but not covered here. For the scope of this dissertation, 

I will focus on the studies using the most common dietary carotenoids, those including β-carotene 

and select whole food sources have been detailed in the text, while those that involved lycopene, 

lutein, zeaxanthin, and β-cryptoxanthin have been provided in the tables.  

1.5.1. In vitro Studies (Table 1.5.1)  

 

Various cell lines have been utilized to model the intestinal epithelium for studies assessing 

carotenoid supplementation, which include Caco-2 (human colorectal adenocarcinoma 

enterocytes), HT-29 (human colorectal adenocarcinoma enterocytes), SW480 (human colorectal 

adenocarcinoma enterocytes), IEC-6 (rat small intestinal epithelial crypts), and IPEC-J2 (porcine 

jejunal enterocytes).  

A study in IEC-6 cells found that β-carotene alleviated inflammation (0.1 µg/mL LPS for six 

hours) by modulating autophagic and inflammatory signaling pathways [149]. β-Carotene (50 µM 

pretreatment for three hours) significantly decreased the LPS-induced protein phosphorylation of 

JAK2, STAT3, NF-κB p65, JNK, p38, but did not affect ERK1/2. Additionally, β-carotene 

decreased proinflammatory IL-1β and TNFα cytokines. The ratio of autophagic LCII/I markers 

was decreased and p-Akt was increased by β-carotene treatment. Another study using IEC-6 cells 

found that β-carotene (10 and 20 µM for 24 hours) modulated apoptosis and autophagy induced 

by LPS (100 µM) through upregulating protein phosphorylation of PI3K, mTOR, and Akt [150]. 
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β-Carotene also decreased the autophagic LC3II/I ratio as well as increased the p62 autophagic 

substate. Finally in this study, β-carotene increased the level of the apoptosis inhibitory B‐cell 

lymphoma 2 (Bcl-2) as well as decreased proapoptotic Bcl-2-associated X protein (Bax) and 

cleaved caspase-3.  

An additional study utilizing IEC-6 cells found that β-carotene (50 µM for 24 hours) had a 

synergistic effect with epidermal growth factor (EGF) in alleviating LPS-induced inflammation 

(100 ng/mL LPS) [151]. β-Carotene decreased proinflammatory IL-6 and TNFα as well as 

increased anti-inflammatory IL-10 and transforming growth factor beta (TGFβ); co-treatment with 

EGF portrayed this synergistic phenomenon as the changes seen were further induced than with 

β-carotene alone. β-Carotene had a mild effect on apoptosis in this study as it significantly 

decreased caspase-9 but an insignificant decrease in Bax, p53, and caspase-3; however, the 

synergistic effects with EGF were not seen with these apoptotic markers. Another study utilized a 

β-carotene treatment (25 µM for 24 hours) to mitigate intestinal damage caused by 

proinflammatory TNFα (50 ng/mL) in colonic epithelial cells isolated from specific-pathogen-free 

rats [152]. Downregulation of MAPK-associated proteins was induced with β-carotene treatment, 

indicated by the decreased level of phosphorylated p38 and NF-κB p65 accompanied by a 

significant reduction in Il-6, Il-1β, Ifnγ, and Lps mRNA levels. β-Carotene also increased mRNA 

levels of mucosal repair elements such as Egf, intestinal trefoil factor (Itf), aquaporins 

(Aqp1,3,4,8), and Muc2. In a study looking into the proliferation of human adenocarcinoma 

colonic epithelial HT-29 cells, β-carotene enriched tomato digesta (50 and 100 mL), generated 

through simulated in vitro digestion, inhibited cell growth and downregulated Cyclin D3, Bcl-2 

and B-cell lymphoma-extra-large (Bcl-xl) [153].  
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Lycopene and β-carotene treatment at 1-3 µM significantly inhibited xanthine/xanthine 

oxidase-induced DNA damage in HT-29 cells, but the DNA damage was aggravated when the 

cells were treated with lycopene and β-carotene at 4-10 µM [154], suggesting that both lycopene 

and β-carotene have antioxidant properties at lower doses, but a higher dosage of treatment may 

cause pro-oxidative, or even cytotoxic and apoptotic effects in colon cells. A proteomic study 

utilizing the two-dimensional difference gel electrophoresis (2D DIGE) method in Caco-2 cells 

found that β-carotene and lycopene (10 or 25 µg/mL) for 24 hours did not inhibit inflammation 

induced by TNFα (10 µg/mL and IL-1β (25 µg/mL) but still caused proteomic changes [155]. β-

Carotene downregulated 14 proteins, including ones involved in antioxidant mechanisms like 

glutathione S-transferase A1, while lycopene upregulated only profilin-1 at 10 µg/mL, which is 

involved in cytoskeleton assembly. However, there were no significant changes in inflammatory 

markers like IL-8, NO, PGE-2α, and NF-κB.  

A Caco-2/HT-29-MTX (90:10 v/v) co-culture with THP-1 macrophages (triple culture) can 

mimic the intestinal epithelia and immune cells as a model for IBD. Cabbages and plums, rich in 

carotenoids and polyphenols, have been administered to this triple culture following in vitro 

digestion, as shown in a few publications [156, 157]. In the first investigation, digesta from four 

different varieties of cabbage (Duchy, Kale, Scots Kale, Kalorama) and plum (Cherry, Plum 260, 

Ersinger, Italian) were incubated with TNFα (100 ng/mL), IL-1β (25 ng/mL), and LPS (10 µg/mL) 

for 18 hours [156]. All plum groups inhibited the secretion of IL-8 but none of the cabbage digesta, 

though the Scots Kale and Kalorama cabbage groups were the only digesta that decreased Il-6 and 

Nf-κB in the THP-1 aspect of the co-culture. Furthermore, nuclear translocation of Nrf2 was 

inhibited by both cabbage (Duchy, Kalorama) and plum (Plum 260, Ersinger) digesta. This Caco-

2/HT-29-MTX/THP-1 triple culture and Caco-2 monoculture were subjected to 2D DIGE 
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proteomics analysis following incubation with either kale (13.3 mg carotenoids per 100g; 6.8% 

bio-accessibility) or Italian plum (1.9 mg carotenoids per 100g; 3.4% bio-accessibility) digesta for 

18 hours [157]. Of the 27 and 76 differentially expressed proteins in the monoculture and co-

culture, respectively, antioxidant enzymes like CAT, SOD, and glutathione-S-transferase (GST) 

were decreased. The relatively carotenoid-rich kale predominantly influenced the proteomic 

change compared to the Italian plum digesta. 

These in vitro studies included here and in Table 1.5.1 indicate that β-carotene, other 

carotenoids, and carotenoid-rich whole food digesta may mediate intestinal inflammation. 

1.5.2. In vivo Studies (Table 1.5.2) 

The dosage of carotenoids in these studies were delivered either by the animals’ body 

weight (mg carotenoids per kg BW) or the weight of the animal feed (mg carotenoids per kg diet). 

Regarding whole-food approaches, other studies have been conducted but were not included in 

this review due to the complex nature of food matrices or phytochemical profiles in which the 

carotenoids were present, which might not have been the dominant driving factor of health-related 

findings. 

1.5.2.1 Intestinal Morphology Under Basal Conditions 

Notably, carotenoids have been seen to improve intestinal morphology in the absence of 

inflammatory or oxidative stress stimulants. β-Carotene (60 mg/kg in diet for 28 days) stimulated 

the immunoglobulin A response in the intestinal barrier of male Hyline-Brown chicks by 

increasing the concentration of serum and jejunal levels of sIgA [158]. Elevation of ileal IgA, CC 

chemokine-receptor 9 (Ccr9), Rarα, Muc2, Zo-1, Zo-2, Occludin, and jejunal polymeric 

immunoglobulin receptor (pIgR) mRNA levels were achieved with the β-carotene 

supplementation. Additionally, Escherichia coli and Lactobacillus populations were decreased 
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and increased, respectively, in the gut microbiota profile by β-carotene. Another study found that 

β-carotene (60 mg/kg) in conjunction with curcumin (250 mg/kg), allicin (250 mg/kg), and sodium 

butyrate (500 mg/kg) all in the diet led to promoted intestinal immunity in chicks born from the 

supplemented Hyline-Brown hens [159]. The mother hens treated with this complex mixture had 

increased serum IgA, IgG, IgM, lysozyme, and β-defensin levels that led to elevated IgA and 

improved morphology in the duodenum, jejunum, and ileum of the chicks. 

1.5.2.2. Intestinal Inflammation & Oxidative Stress from Dietary Sources 

Carotenoid intervention against intestinal inflammation induced by LPS has also been 

studied in animal models via intraperitoneal (i.p.) injection of LPS and administration of 

carotenoids has been achieved either through oral gavage or incorporation into animal feed. The 

previously mentioned study [149] that reported β-carotene-induced reduction of proinflammatory 

phosphorylation cascades in IEC-6 cells also showed that these same changes were reflected in the 

jejunum of Wistar rats. β-Carotene (50 mg/kg BW for 15 days) had reduced LPS-induced jejunal 

inflammation (1 mg/kg BW i.p.) through a down-regulation of JAK2, STAT3, NF-κB p65, JNK, 

and p38. β-Carotene in this study also reduced serum and jejunal NO, PGE2, TNFα, and IL-1β as 

well as increased jejunal mTORC1. Regarding the improvement of intestinal barrier integrity 

under inflammatory conditions, β-carotene (5, 10, and 20 mg/kg BW for 2 weeks) alleviated 

jejunal inflammation and oxidative stress induced by β-lactoglobulin (10 µg/mL i.p.) in female 

BALB/c mice via decreased serum IL-6, TNF-α, and MDA as well as elevated GSH levels [160]. 

β-Carotene had the added benefit of increased transepithelial resistance (TEER) and 

downregulated short-circuit current (ISC) in Ussing chambers, which indicated enhancement of 

the jejunal epithelial barrier. Under vitamin A insufficient conditions by Lrat-/- & Rbp-/- genetic 

knockout [161], β-carotene (50 mg/kg BW for 2 weeks) ameliorated intestinal dysfunction and 
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fecal dysbiosis through increased colonic Muc2 and Muc3 as well as decreased colonic Il-1β, Il-6, 

Il-17, Il-22, Il-23, and Tnfα. Furthermore, β-carotene decreased the relative abundance of 

inflammatory Paraprevotella, Alistipes, Millionella, Parabacteroides, Lachnoclostridium, 

Marvinbryantia, Desulfovibrio, and Brachnyspira in the vitamin A-deficient mice but not with the 

wild-type.  

The weaning process for young mammals, often modeled with piglets, can induce intestinal 

inflammation and gut dysbiosis [162]. Using this model, β-carotene (50 mg/kg in diet for 21 days) 

promoted the activity of IgA-secreting cells in the jejunum and ileum of weaned male ICR mice 

[163]. Such β-carotene supplementation led to an IgA-related immunity response induced by 

retinoic acid activity, as indicated by the increased expression of jejunal Rarα, Rxrα and Rarγ as 

well as ileal Rarγ and Rxrα. In another model of weaned male Jun Mu No.1 piglets, β-carotene 

treatment (40 and 80 mg/kg BW for 26 days) improved intestinal status, indicated by the improved 

morphology in the jejunum and colon (i.e., increased jejunal villus height/crypt depth ratio) [164]. 

Circulatory cytokines IL-1β, IL-6, and TNFα as well as jejunal IL-6 and colonic TNFα were 

reduced by β-carotene; phosphorylation of jejunal and colonic NF-κB p65 and IκBα were also 

decreased. Furthermore, β-carotene treatment induced changes in the gut microbiota indicated by 

the decreased the relative abundance of Bacteroidetes, Prevotella, and Blautia along with 

increased Firmicutes p-75-a5 (reversed F/B ratio) and Parabacteroides compared to the weaned-

group. Another study involving weaned piglets found that β-carotene (40 and 80 mg/kg BW for 

24 days) alleviated jejunal oxidative and endoplasmic reticulum stress through the reduction of 

apoptosis-related glucose-regulated protein 78 (GRP78), CAAT/enhancer‐binding protein 

homologous protein (CHOP), Bax)/Bcl-2, and JNK/p38 MAPK expression [165].  
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β-Carotene (5 mg/kg BW for 48 days) alleviated ileal dysfunction induced by food 

allergens, which was modeled by ovalbumin (OVA, 1 mg/kg BW) and cholera toxin (10 mg/kg 

BW) administration, in female specific pathogen free BALB/c mice [166]. The reduction of 

clinical allergy symptoms and mediators of anaphylaxis (IgE, IgG, histamine) were accompanied 

by decreased ileal inflammatory IL-4, mucosal mast cell protease-1 (mMCP-1), and TNFα in 

addition to increased anti-inflammatory TGF-β and IL-10. β-Carotene notably elevated ileal pro-

barrier aspects like claudin-1, occludin, ZO-1, IL-22, sIgA, and regeneration of islet-derived 

protein (Reg)IIIγ though Muc-2 was decreased.  The α-diversity & β-diversity of the gut 

microbiome was improved by β-carotene with notable increased Clostridiaceae and decreased 

Streptococcaceae compared to the allergen group. 

1.5.2.3. Ulcerative Colitis 

The most common in vivo model of intestinal stress studied regarding the colon specifically 

is dextran sulfate sodium (DSS)-induced colitis. The administration of DSS is typically at doses 

of 2-5% weight per volume (w/v) in the drinking water for a period of typically seven days [167]. 

A common indicator of colitis severity is the disease activity index (DAI), which is characterized 

and scored by the extent of body weight change (percent weight loss), stool consistency (water 

content: firm versus diarrhea), and fecal bleeding [167]. Histological changes in colon tissue like 

mucin and goblet cell depletion, epithelial erosion, ulceration, neutrophilic migration into crypt 

lumen/crypt abscess, and leukocyte infiltration are common. 

β-Carotene (10 and 20 mg/kg BW) reduced the colonic disease activity index induced by 

DSS (3% w/v intermittently for 28 days) in male Swiss-albino mice [168]. Systemic and colonic 

inflammation was alleviated by β-carotene as plasma LPS, IL-6, TNFα and colonic IL-17, IL-6, 

TNFα, NF-κB, and STAT3 levels were reduced. Furthermore, colonic antioxidant status was 
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improved by β-carotene as GSH, Nrf2, and NQO1 were increased compared to the DSS group. 

Another study reported that β-carotene (50 mg/kg BW) reduced the severity of colitis in specific 

pathogen free Sprague-Dawley rats induced by DSS (4% w/v for seven days) [169]. The β-carotene 

+ DSS group had a lower DAI score over the week, higher body weight, and a longer colon length 

compared to the DSS group. β-Carotene lowered serum proinflammatory TNFα, IL-6, IL-1β, IFNγ 

and permeability marker D-lactate, but had no effect on circulatory LPS. Colonic inflammation 

was reduced by β-carotene as mRNA levels of Tnfα, Il-6, Il-1β, Ifnγ and protein phosphorylation 

of NF-κB p65, p38, ERK, and JNK were decreased compared to the DSS group. Administration 

of β-carotene also affected the gut microbiota of these rats as the abundance of Faecalibacterium 

was increased in the β-carotene + DSS feces compared to the DSS fecal profile. β-Carotene 

treatment without DSS administration was also utilized in this study, but no colonic or fecal 

changes were observed compared to the control group. Additionally, β-carotene (5 and 15 mg/kg 

BW for nine weeks) exhibited some inhibition of colitis-associated cancer (CAC), induced via co-

administration of azoxymethane (AOM 10 mg/kg) and DSS (2% DSS w/v) [169], as indicated by 

decreased CAC tumor volume, multiplicity, and markers (Cd133, Cd44, Cd206, CD163 protein) 

in addition to a lowered DAI score [170].  

Carrots (Daucus carota) have been shown in a couple of studies to alleviate experimental 

colitis, either through supplementation of aqueous extracts or incorporation of carrot powder in 

the diet. One of these studies reported that aqueous extracts of Daucus carota (AEDC, 200 and 

400 mg/kg BW for seven days) had a dose-dependent anti-inflammatory impact of acetic acid-

induced colitis in male Wistar rats, which led to the reductions of body weight loss and 

macroscopic lesions on the colon [171]. Colonic edema (represented by weight and width of colon) 

as well as colonic levels of myeloperoxidase (MPO) and nitric oxide (NO) were inhibited in a dose 
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dependent manner by both doses of AEDC. Furthermore, the highest dose of Daucus carota 

significantly attenuated the colitis-induced ulceration, hyperemia, necrosis, and goblet hyperplasia 

in the colon.  Another study compared the activity against DSS-induced colitis in male C57BL/6J 

mice amongst multiple carotenoid and anthocyanin containing whole foods such as purple carrots, 

yellow carrots, beet root, and red cabbage through the incorporation of 5% freeze dried powder in 

the diet [172]. All groups achieved anti-colitic effects to varying degrees with improved colon 

morphology and length as well as reduced colonic levels of TNFα, IL-6, IL-1β, iNOS, and COX-

2, though the best results were achieved with anthocyanin-rich (735 mg/100g diet) purple carrots, 

even compared to the yellow carrots containing β-carotene (amount not reported). 

Regarding a different whole food source, pretreatment of an extract from bitter melon 

(Momordica charantia L.) at a dosage of 300 mg/kg BW for six weeks alleviated 2,4,6-

trinitrobenzene sulfonic acid (TNBS)-induced colitis in male and female Wistar albino mice [173]. 

The carotenoid content was calculated to be equivalent to 11.7 mg β-carotene per gram of 

lyophilized bitter melon powder, of which 2.1% was bioaccessible according to an in vitro 

digestion experiment. The inclusion of the carotenoid-containing bitter melon powder attenuated 

colitis-induced body weight loss and colonic damage along with increased serum anti-

inflammatory IL-10, however there were no significant effects on colonic IL-10 or levels of IL-17 

and TNFα in the colon.  

These previous studies indicate that β-carotene can alleviate the severity of the large 

intestine-specific pathologies induced by canonical models of colitis. Other studies utilizing other 

major dietary carotenoids and whole food sources as an intervention to DSS-colitis and acetic acid-

induced colitis have been detailed in Table 1.5.2. Lycopene, lutein, and zeaxanthin as well as whole 
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food like tomatoes and Goji berries (rich in zeaxanthin-dipalmitate) have notably been utilized as 

treatments. 

 

1.5.2.4. HFD Studies: Pure Carotenoids & Whole Foods (Table 1.5.3) 

In the context of carotenoid intervention of high-fat diet-induced obesity, the liver and 

adipose tissue primarily have been the focus of previous studies, to a much greater extent than the 

intestines. 

Supplementation of both crystal β-carotene and β-carotene beadlets (0.2% β-carotene in 

diet for both cases) impacted the hepatic oxidative stress induced by a high-fat (150 g/kg), high-

cholesterol (10 g/kg) diet for six weeks in male Wistar rats by decreasing the levels of pro-oxidant 

thiobarbituric acid-reactive substances (TBARS) and dienes in the liver [174]. Additionally, these 

forms of β-carotene treatment elevated antioxidant GPX, CAT, SOD in the plasma as well as SOD 

in the liver. Cholesterol levels were decreased in both crystal and beadlet β-carotene in the plasma 

and by crystal β-carotene in the liver. Similar results were also seen with canthaxanthin, a hydride 

carotenone derivative of β-carotene, though not regarding cholesterol, and no effects on body or 

liver weights were achieved by either carotenoid. Another study utilizing 0.2% β-carotene in a 

hypercholesterolemic diet (25% soy oil, 1% cholesterol) for six weeks led to alleviated 

dyslipidemia in female Fisher rats [175]. β-Carotene reduced non-HDL cholesterol and associated 

atherogenic index (log(TG)/HDL-C) in the serum, though there was no impact on HDL-C. Despite 

the shifting of total lipid content and cholesterol content from the liver to the feces (i.e., lower 

hepatic levels and higher fecal levels) induced by β-carotene, there was no significant modulation 

of genes involved in hepatic cholesterol homeostasis like sterol regulatory element-binding 
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protein-2 (Srebp-2), 3-hydroxy-3-methylglutaryl-CoA reductase (Hmg-Coar), low-density 

lipoprotein receptor (Ldlr), and Pparα.  

Treatments of β-carotene in a low dosage (3 mg/kg BW) alone or in conjunction with 

metformin (100 mg/kg BW), a drug for type 2 diabetes, were used to mitigate a high fat diet (45% 

kcals from fat for four weeks) in male C57BL/6J mice [176]. Trending (yet not significant) 

decreases in body weight, white adipose tissue (WAT) adiposity index, visceral 

(VAT)/subcutaneous (SAT) ratio, and hepatic lipid content were achieved by both treatments. 

However, the combination of β-carotene and metformin achieved better results. Within VAT, the 

co-treatment decreased Pparγ and solute carrier family 2 member 4 (Slc2a4) as well as increased 

Pparα and carnitine palmitoyltransferase 1B (Cpt1b); again, these results were not significant. 

Alternatively, high doses of β-carotene (150 and 300 mg/kg BW for 2 weeks) following a high-fat 

diet (60% cow fat for 12 weeks) alleviated hepatic adiposity and damage in male Wistar rats [177]. 

Liver steatosis and inflammation as well as injury markers alkaline phosphatase (ALP), alanine 

aminotransferase (ALT), aspartate amino transferase (AST), gamma glutamyl transferase (GGT), 

and bilirubin in the serum were all decreased by both dosages.  

β-Carotene–rich (50% 9-cis & 50% all-trans β-carotene) powder of the alga Dunaliella 

bardawil incorporated into a vitamin A-deficient, high-fat diet (60%) for 23 weeks affected 

adipose tissue immunity and plasma lipids in male C57BL/6J mice [178]. Dunaliella bardawil 

treatment led to higher retinol levels in interscapular brown adipose (iBAT), epididymal white 

adipose (eWAT), and inguinal white adipose (iWAT) tissues but not in the plasma. Furthermore, 

the all-trans/9-cis ratio was decreased in liver compared to the adipose tissue, meaning there was 

comparatively more 9-cis isomer in the liver and all-trans isomer in the adipose tissue. Such 

elevation in β-carotene isomers and retinol led to decreased macrophage infiltration and expression 
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of macrophage recruitment markers monocyte chemoattractant protein-1 (Mcp-1) and cluster of 

differentiation 68 (Cd68) in eWAT, though there was no effect on Tnfα, Il-6, Il-1β, uncoupling 

Protein 1 (Ucp1), Pparγ or any gene modulation in the iBAT. Additionally, plasma total 

cholesterol (TC) and triglycerides (TG) were reduced. However, there was no significant effect on 

blood glucose and insulin, eWAT adiposity, and hepatic steatosis by Dunaliella bardawil 

treatment in this study. Another study compared the efficacy of different proportions of Dunaliella 

bardawil, thus varied ratios of 9-cis and all-trans β-carotene, against fatty liver and atherogenesis 

in C57BL/6J mice with a genetic knockout of the LDL receptor gene (Ldlr −/−)  fed a high fat, 

high cholesterol diet [179]. Ldlr −/− mice fed with the 9-cis β-carotene–rich Dunaliella 50 powder 

(50% 9-cis and 50% all-trans) obtained better results than the Dunaliella 25 powder (25% 9-cis 

and 75% all-trans) in terms of decreased plasma cholesterol and atherogenic lesions, of which the 

latter factor was unexpectedly increased by synthetic all-trans β-carotene. Hepatic TG, TC, fat 

accumulation and inflammation were decreased Dunaliella 50 in addition to reduced Tlr2, vascular 

cell adhesion protein 1 (Vcam-1), Il-1α, Mcp-1, and Ifnγ expression. 

A couple of studies have emphasized that the anti-obesogenic effect of β-carotene stems 

from the conversion to vitamin A via BCO1 by utilizing mice with a genetic knockout of the BCO1 

gene (Bco1 −/−) [180, 181]. One of investigations fed β-carotene (150 mg/kg of vitamin A-

sufficient diet for 14 weeks) to female C57BL/6 wild-type and Bco1 −/−  mice to elucidate to 

bioactivity of β-carotene-derived vitamin A versus intact β-carotene and non-provitamin A 

cleavage metabolites [180]. Higher amounts of β-carotene-derived retinol was detected in the 

iWAT of wild-type mice, though there was no effect on serum retinol, while there was elevated β-

carotene in the serum and β-apo-10’-carotenal accumulation iWAT of Bco1 −/− mice due to the 

increased activity of Bco2. Supplementation of β-carotene in neither genotype inhibited body 
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weight gain, though adiposity index reduction was induced in wild-type mice due to decreased 

inguinal, gonadal, and retroperitoneal WAT mass. Mechanistically, the genome-wide microarray 

analysis of iWAT depicted that the results seen in wild-type mice were driven by the β-carotene-

derived vitamin A-induced suppression of PPARγ-related genes. Notably, such adiposity reduction 

and PPARγ inhibition was not obtained by the β-carotene and β-apo-10’-carotenal content in the 

Bco1 −/−  mice.  

The other study investigated how the reduced adiposity in Bco1 −/−  mice by β-carotene 

(50 mg/kg in a high-fat, vitamin A-deficient diet for 10 weeks) was facilitated through the adipose 

tissue specific overexpression of Bco1 (achieved by an adeno-associated vector) [181]. While there 

was no effect on overall weight, the overexpression of Bco1 decreased the iWAT index, adipocyte 

area, and Pparγ level in female mice, which was driven by the increased production of retinoic 

acid (RA) and expression of RA-synthesis (Aldh1a2) and RA-target (Cyp26a1, Rarβ, Dhrs9) 

genes. These anti-obesogenic effects were not seen in the whole body Bco1 knockout mice nor the 

male mice of either genotype. An additional study found that β-carotene (0.5 mg for 10 days under 

a vitamin A-deficient diet) influenced RA production (Bco1, Raldh1, Cyp26a1) and Ppary 

inhibition in the iWAT of Lrat −/−  mice, which was not achieved by retinol (preformed vitamin 

A, 0.5 mg) due to the lack of RA conversion [182]. These studies highlight that the provitamin A 

aspect of β-carotene (i.e., conversion to retinoic acid) is an essential driver for adiposity reduction, 

likely facilitated by the downregulation of PPARγ. 

Two studies utilizing lycopene (0.03% w/w) in a high-fat (45% fat), high-fructose (10% 

solution) diet for ten weeks have found very promising results in terms of improved adipose tissue, 

liver, and (most notably in the context of this dissertation’s focus) intestinal health in male 

C57BL/6J mice [183, 184]. The first study found that lycopene supplementation attenuated body 
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weight gain and plasma LPS as well as reversed dyslipidemia, glucose intolerance, and insulin 

resistance [183]. Hepatic insulin resistance, inflammation, and fat accumulation were all decreased 

by lycopene, the latter of such conditions was driven by downregulated expression of lipogenic 

genes in addition to the elevated expression of mitochondrial β-oxidation and biogenesis 

facilitators. Regarding the intestines, jejunal tight junctions (Zo-1, occludin, claudin-1) were 

increased and inflammatory markers (Il-1β, Tnf-α, Inos, Cox-2) were decreased by lycopene. 

Additionally, jejunal fat accumulation along jejunal and ileal TG contents were reduced. A 

subsequent study on the same conditions expanded the effects on adipose tissue and the intestines 

by lycopene under this high-fat, high-fructose diet [184]. Further investigation demonstrated that 

lycopene reduced adipocyte size in BAT, eWAT, and iWAT by inhibiting and promoting lipogenic 

and lipolytic genes, respectively. Tight junctions in the jejunum (claudin-1 and occludin proteins) 

and the colon (Zo-1, Claudin-1, and Occludin mRNA) were improved by lycopene. Finally, 

intestinal inflammation in the jejunum (JNK, ERK, and p38 phosphorylation) and colon (Inos, Il-

1β, Tnfα) were reduced as well as antioxidant activities in the jejunum (GSH, SOD, and CAT) and 

colon (Gpx1, Mnsod, Ho-1 and Nqo-1) were elevated through dietary lycopene supplementation.  

Carrot pomace powder incorporated at doses of 10% and 20% in a high fat, high cholesterol 

diet for six weeks contributed to an outcome of hypocholesterolemia and hypolipidemia in male 

Sprague-Dawley rats [185]. Both groups of carrot supplementation reduced body weight gain as 

well as glucose concentration, total lipid and cholesterol content, and atherogenic index in plasma. 

Furthermore, liver weight and hepatic levels of AST, ALT, and ALP were decreased. While there 

were not any differences between the groups, 20% carrot pomace powder in diet trended with 

better results in most targets. In another study, carrot powder incorporated in a dose of 15% in a 

high cholesterol (2.5%) diet (5.1 mg β-carotene, 1.6 mg α-carotene and 0.25 mg lutein per 100 g 



   

48 

 

diet) decreased hepatic TG and TC, but not in not in the serum [186]. Additionally, the carrots in 

this study increased cecal acetate and butyrate SCFAs.  

The effects of pomace and roots from orange carrots and purple carrots, incorporated in a 

dosage of 10% within a high cholesterol (2.5%)  diet, on microbial activity and antioxidant activity 

were investigated in male Wistar rats for four weeks [187]. The phytochemical content varied 

corresponding to each color as the orange carrots were rich in carotenoids (53.4 mg/100 g for root 

and 21.2 mg/100 g for pomace) and the purple carrots were rich in anthocyanins (129 mg/100 g for 

root and 31 mg/100 g for pomace). The pomace and roots of their respective color had similar 

effects, though varying results were achieved across the different colors due to the differential 

phytochemical content. While none of the groups affected body weight, both orange and purple 

carrots improved the antioxidant statuses in serum and liver. However, purple carrots improved 

dyslipidemia and lowered the atherogenic index, while orange carrots did not. In the cecum, both 

colored carrots increased SCFAs levels such as acetic, propionic, and butyric acids though the 

orange carrots had increased levels of β-glucuronidase and β-galactosidase bacterial enzymes, 

which indicated undesired changes in the gut microbiota profile (i.e., characteristic of IBD [188]) 

compared to purple carrots.  

A few studies have been conducted on carrot juice as a treatment for adiposity induced by 

a high-fructose (629.5 g/kg) diet. The first of these studies found that carrot juice (0.6 mL 

containing 0.3 mg β-carotene) consumption by male Wistar rats for eight weeks modulated the 

fatty acid profile in the liver but did not reduce steatosis or liver weight [189]. Carrot juice in this 

study did decrease hepatic triglyceride synthesis stearoyl-CoA desaturase 1 (SCD-1) protein, 

which led to decreased levels of palmitoleic (C16:1), and oleic (C18:1) monounsaturated fatty 

acids (MUFAs) that SCD-1 produces, though this did not alleviate steatosis. Despite the increase 
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in the level of docosahexaenoic acid (C22:6, n-3, a polyunsaturated fatty acid (PUFA), this was 

not accompanied by changes in PUFA-synthesizing fatty acid desaturase (FADS) 1/FADS2, and 

very long chain fatty acid elongases (ELOVL) 2/ELOVL6. A subsequent study investigated how 

carrot juice of the same dosage affected inflammation in adipose induced by the high-fructose diet 

in weanling Wistar rats [190]. Carrot juice did not impact overall body weight and visceral fat but 

decreased circulatory free fatty acids and retroperitoneal white adipose tissue (RPWAT) mass, 

though adipocyte size was not affected [190]. Within RPWAT, lipolytic/lipogenic players were 

not affected but genes related to vitamin A metabolism such as Bco1, alcohol dehydrogenases 

(Adh1/4/7), aldehyde dehydrogenase type 1 A1 (Aldh1A1), and Rarα were increased [190]. In the 

end, it was determined that carrot juice had an anti-inflammatory effect by reducing plasma levels 

of MCP-1 and high-sensitive C-reactive protein (hsCRP) [190]. Another study included additional 

treatment arms involving the consumption of the high-fructose diet for eight weeks and then 

switching to the control AIN-93G diet for an additional eight weeks with and without carrot juice 

[191]. In this study, the carrot juice supplementation with the switched diet achieved the best 

results in reducing high fructose-induced body weight gain, adiposity, hypertriglyceridemia, and 

hyperinsulinemia. However, like the previous study [189], hepatic steatosis remained unaffected 

by carrot juice despite decreased expression of SCD-1 and associated reduction of palmitoleic 

(C16:1) and oleic (C18:1) MUFAs. A comparative study between pure β-carotene (400 mg/kg) 

and purple carrot juice (50 mL/kg) incorporated in a high-carbohydrate (515.67 g/kg), high-fat 

(239.04 g/kg) diet was conducted to report their relative abilities in alleviating metabolic syndrome 

[192]. β-Carotene in this study decreased the mass of abdominal fat pads and inhibited hepatic 

fibrosis and portal inflammation as well as reduced plasma CRP, ALT, and AST, but again, it did 

not impact hepatic adiposity or reduce body weight. The anthocyanin-rich purple carrot juice 
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achieved all these same feats plus reduced body weight, plasma dyslipidemia and hepatic steatosis. 

Purple carrot juice and β-carotene were also supplemented in the maize starch control diets of this 

study, but no significant effects were seen [192].  

Regarding a different whole food source, papaya juice (0.5 and 1.0 mL/100g BW) that was 

rich in β-carotene (48.45 µg/g) and vitamin C (255.90 µg/g) reduced obesity, inflammation, and 

oxidative stress in male Sprague-Dawley rats fed a high-fat, high cholesterol diet [193]. Both doses 

of papaya juice decreased body weight gain and adipose tissue mass of epididymal, perirenal, and 

mesenteric fat; in the epididymal fat specifically, adipocyte hypertrophy and PPARγ expression 

were reduced by the higher dose of juice. Papaya juice also decreased serum levels of TC, LDL-

C, HDL-C, IL-6, MDA, and insulin though there was no effect on TG.  

Spinach powder containing a mixture of α-carotene, β-carotene, lutein, violaxanthin, and 

neoxanthin alleviated NAFLD severity induced by a high-fat diet (40%) through modifications in 

hepatic lipids [194]. The spinach powder was combined in the HFD pellets at dosages of 2.5% and 

5% which achieved intakes of total carotenoids 20–24 μg/day or 53–56 μg/day, respectively. 

Spinach intake effectively improved glucose tolerance and reduced serum and hepatic cholesterol. 

Furthermore, metabolomics of liver tissue revealed that spinach consumption modulated the lipid 

profile by decreasing saturated fatty acid (SFA) levels, the ω-6/ω-3 fatty acid ratio in addition to 

elevating the content of MUFAs and PUFAs. This was accompanied by an increase in PPAR 

(Pparα, Pparγ, and Pparδ) overexpression that drove the activity of fatty acid metabolism. In a 

study utilizing male specific pathogen free C57BL/6 mice, a powder comprised of a complex 

mixture of fruit and vegetables was incorporated in dosages of 1% and 5% into a high-fat (45%) 

diet to assess mediation of metabolic syndrome [195]. Ingredients of the powder included varying 

percentages of Chinese cabbage, tomato, cucumber, carrot, cauliflower, apple, pear, watermelon, 
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winter jujube, and grape. There were no effects on the body weight, epididymal fat, dyslipidemia, 

and fasting blood glucose. However, both doses ameliorated liver morphology and antioxidant 

status through increased GSH and lowered MDA in addition to improved gut microbiome diversity 

and associated Firmicutes/Bacteroidetes ratio reduction.  

These studies demonstrate that β-carotene and carotenoid-rich foods effectively inhibit 

HFD-induced adiposity and influence lipid metabolism—however, the biological activities of 

carotenoids in the context of high-fat diet-induced intestinal dysfunction are understudied. 

1.5.3. Clinical Studies (Table 1.5.4) 

Regarding clinical studies involving carotenoid intake and intestinal health, consumption 

of whole foods or juices are typically the mode of investigation rather than supplementation. A 

case study involving ulcerative colitis patients in remission utilized a dietary recall that accounted 

for the intake of total vitamin A, retinol, β-carotene, α-carotene, β-cryptoxanthin, lycopene, lutein 

and zeaxanthin over three days [196]. While the intake of retinoids and carotenoids were not 

correlated with alleviated abdominal pain, this study reported that high consumption of lycopene, 

lutein, and zeaxanthin was associated with lower fecal mucus, pus, and blood. A prospective cohort 

study evaluating the associations between carrot consumption and colorectal cancer (CRC) risk in 

the Danish community reported that raw carrot intake (>32 g/day) was correlated with a 17% 

decrease in CRC risk [197]. While there was a trending decrease, no significant relationship with 

low carrot consumption (< 32 g/day) and CRC incidence was seen. A retrospective cohort study 

of 1,110 participants diagnosed with CRC that were involved in the Prostate, Lung, Colorectal, 

and Ovarian Cancer (PLCO) Screening project reported that carrot consumption (7.60-15.39 

g/day) was correlated with a 21% decrease in CRC incidence [198]. However, there were no 
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significant associations of CRC incidence with α-carotene and β-carotene intake as well as CRC 

mortality with carrot, α-carotene, or β-carotene intake.  

Blood samples drawn from healthy volunteers one hour following carrot juice consumption 

(30 g freeze-dried carrot powder in 500 mL tap water) were utilized in two ex vivo studies that 

stimulated the blood with LPS (E. coli O111:B4, 10 µg/mL) for 24 hours [199, 200]. The first 

experiment demonstrated that the intake of carrot juice decreased the level of IL-1α and IL-16 

cancer-related cytokines but had no effect on proinflammatory IL-1β, IL-6, TNFα, and COX-2 

[200]. The subsequent investigation found that carrot juice elevated both proinflammatory IFNγ, 

IL-17A, IL-17B, IL-17D, and IL-23 in addition to anti-inflammatory IL-12/IL-23p40, IL-22 

cytokines [199]. Therefore, this study showed that carrot juice promotes cytokines in blood that 

are immunostimulants like IL-23 and the IL-17 family that regulate defense responses and immune 

infiltration in cancers. In another trial, individuals with Type 2 diabetes who drank carrot juice (50 

mL, ~2400μg β-carotene) daily for six weeks lost body weight and boy fat percentage, which 

lowered their BMI [191]. The carrot juice intake increased plasma β-carotene (0.45 ± 0.089 

μmol/L), but not retinol levels. While those who consumed carrot juice did have elevated blood 

glucose levels (165 ± 11.4 mg/dL), there were no changes in insulin and glycated hemoglobin. On 

the contrary, a trial in healthy men found that neither supplementation of tomato juice (37 mg 

lycopene and 1.6 mg β-carotene) nor carrot juice (27 mg β-carotene and 13 mg α-carotene) for two 

weeks affected plasma and fecal levels of MDA that correspond to colon cancer related lipid 

peroxidation despite achieving increased concentrations of their respective carotenoids in both the 

plasma and feces [201].  

In a study comparing pigmented whole foods to phytochemical-deficient equivalent, the 

consumption of carotenoid-rich yellow potatoes and anthocyanin-rich purple potatoes (150 g/day 



   

53 

 

for six weeks) moderately improved the oxidative and inflammatory statuses in the plasma of 

healthy men [202]. Intake of both colored potatoes decreased circulatory levels of IL-6, C-reactive 

protein (CRP), and DNA damage marker 8-hydroxydeoxyguanosine (8-OHdG) compared to white 

potato intake. There were no effects on total antioxidant capacity, TBARS, and other cytokines 

measured (IL-1α, IL-1, IL-2, IL-4, IL-8, IL-10, IFNγ, TNFα).
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Table 1.5.1 Literature Review In Vitro Studies 
Study Model Treatment Dosage Duration Disease State Stimulant Dosage 

β-Carotene             

[150] IEC-6 β-carotene 10, 20 μM 24 hours 
LPS-induced 

inflammation 
100 μM LPS 

 Findings: 

β-carotene: 

↓ proapoptotic Bax & cleaved caspase-3; ↑ apoptosis inhibitory Bcl-2 

↓ autophagic LC3II/I ratio; ↑ p62 autophagic substrate 
↑ phosphorylated PI3K, Akt, mTOR 

[149] IEC-6 β-carotene 50 μM 

9 hours (3 hr 

treatment prior to 

LPS)  

LPS-induced 
inflammation 

0.1 μg/mL LPS 

  Findings: 

β-carotene:  

↓ phosphorylation of JAK2/STAT3, NF-κB p65, JNK, p38; no effect on ERK1/2 

↓ LC3 II/I; ↑ p-AKT 
↓ TNFα (ELISA), IL-1β (ELISA and Western) 

[151] IEC-6 β-carotene 50 μM 24 hours  
LPS-induced 

inflammation 
100 ng/mL LPS 

   Findings: 
β-Carotene: 
↑ IL-10, TGF-β; ↓ TNFα, IL-6; synergistic effect with EGF 

↓ caspase-9, trending but no significant on Bax, p53, capsase-3, Bcl-2; synergistic effect unknown on apoptosis 

[152] 

Culture of SPF rat 

colon epithelial 
cells 

β-carotene 25μM 24 hours 
TNFα-induced 

inflammation 
50 ng/mL TNFα 

   Findings: 

β-carotene: 

↑ aquaporins (Aqp1,3,4,8), Mucin-2 (Muc2), intestinal repair (Itf, Egf) mRNA levels 
↓ Il-6, Il-1β, Ifnγ, Lps mRNA levels 

↓ MAPK signaling: ↓ phosphorylated p38 and NF-κB p65; ERK not affected 

[203] HT29 β-carotene 10-30 μM 72 hours N/A N/A 

   Findings: 
Showed low cytotoxicity for cells at 30 μM, but showed strong cytotoxicity at 10-30 μM and induced cell apoptosis 
-extracellular signal-regulated kinases (ERK1 & 2) 

[153] 
HT29 

Caco-2 

Digested beta-cyclase tomatoes 

that are high in β-carotene 

20, 50, 100 

mL/L 
24, 48, 72 hours N/A N/A 

   Findings: 

HT29 cells: 
↓cell growth dose-dependently 

↓cyclin D1, Bcl-2 and Bcl-xl 

Caco-2 cells: 
Not affected  

 

 

 

 



   

55 

 

Table 1.5.1 continued 
Study Model Treatment Dosage Duration Disease State Stimulant Dosage 

Lycopene             

[204] IEC-18 
Tomato lycopene extract (TLE) 

dissolved in DMSO 
0-0.1 g/L 0,1,2 hours 

LPS-induced 

inflammation 
5 mg/L LPS 

   Findings: ↓LPS-induced IkBa degradation, RelA translocation, NF-kB signaling, mip-2 mRNA expression 

[154] HT-29 
Lycopene 

β-carotene 
1-10 μM NR N/A N/A 

   Findings: 
↓xanthine/xanthine oxidase-induced DNA damage at 1-3 μM 
↑ DNA damage at 4-10 μM 

[205] SW480 Lycopene 10, 20, 30 μM 

42 hours (24 hr 
lycopene 

pretreatment, 18 hr 

LPS) 

LPS-induced 

inflammation 
100 ng/mL LPS 

   Findings: 

Lycopene: 

↓ Tnfα, Il-1β, Il-6 mRNA in concentration-dependent manner 

↓ COX-2 (mRNA), PGE2 (ELISA) in concentration-dependent manner 
↓ iNOS (mRNA), NO (Griess reaction) in concentration-dependent manner 

↓ NF-κB, Iκβ, JNK at all conc.; ERK only at 30µM 

[206] IPEC-J2 Lycopene  30μg/mL 24 hours 
DON-induced oxidative 
stress 

148.16 ng/mL DON 

   Findings: 

Lycopene: 

↑ Barrier proteins: Occludin, ZO-1, Claudlin-1, N-cadherin 
↓ Oxidative stress: ROS, MDA 

Alleviated mitochondrial mitophagy imbalance: ↓ Parkin, LC3, p62, PTEN-induced kinase 1 (PINK1) 

[155] Caco-2 Lycopene, β-carotene 10 to 25 

μg/mL 

24 hours Inflammation by TNFα 

and IL-1β  

TNF-α (10 μg/ml) and 

IL-1β (25 μg/ml)  

   Findings: 

No effect on IL-8, NO, PGE-2α, NF-κB 

β-carotene regulated 14 proteins (antioxidant mechanisms, GSTA1). 

Lycopene regulated 1 protein at 10 μg (profilin-1)  
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Table 1.5.1 continued 

Study Model Treatment Dosage Duration Disease State Stimulant Dosage 

Other Carotenoids            

[207] HT-29 Lutein 10 & 15 μM 

48 hours; 24 hour 

lutein pretreatment, 

then 24 hour DON 
exposure 

DON-induced oxidative 

stress 

250 & 500 ng/mL 

DON 

   Findings: 

Lutein pretreatment:  

↓ ROS, ↑ GSH 
↓ CAT, SOD, GPx 

↓ NF-κB nuclear translocation; ↓ NF-κB p65 & COX-2 protein  

↓ cellular apoptosis 

[208] Caco-2 
all-E-lutein, 9Z-lutein, 13Z-

lutein 
2 & 4 μM 24 hours 

Hydrogen peroxide-
induced oxidative stress 

TNFα-induced 
inflammation  

1 mM hydrogen 
peroxide 

50 ng/mL TNFα 

   Findings: 

Lutein isomers:  

↓ IL-8, TNFα at 4µM for all; better ↓ IL-8 and TNFα by 9Z-lutein, 13Z-lutein than all-E-lutein at 2µM 
↑ CAT, GPx, GSH, GR at 2µM; no effect on SOD 

TNFα-induced inflammation  

↓ IL-8; better with all-E and 9Z than 13Z at 4µM 

Whole foods              
[157] Caco-2 monolayer;  

 Caco-2/HT-29-

MTX (90:10 v/v) 
with THP-1 

macrophages 

Derived from food source; in 

vitro digesta Italian plum 

(carotenoid content: 1.9 
mg/100g) 

 Kale (carotenoid content: 13.3 

mg/100g) 

Digesta 

diluted 1:8 

24 hours; last 18 

hours with digesta. 

Inflammation by TNFα , 

IL-1β and LPS  

TNFα (100 ng/mL), IL-

1β (25 ng/mL), and 

LPS (10 μg/mL)  

   Findings: Monoculture: 27 total protein-spots by Kale (25) and Italian plum (8) digesta. 

Co-culture: 76 total protein-spots by Kale (73) and Italian plum (8) digesta. 

THP-1: 3 total protein-spots  
↓ Antioxidant enzymes:  catalase, superoxide dismutase and glutathione-S-transferases. 

[156] Caco-2 monolayer;  

 Caco-2/HT-29-

MTX (90:10 v/v) 
with THP-1 

macrophages 

Cabbages (Duchy, Kale, Scots 

Kale, Kalorama) and plum 

(Cherry, Plum 260, Ersinger, 
Italian) digesta  

Digesta 

diluted 1:8 

24 hours; last 18 

hours with digesta. 

Inflammation by TNFα, 

IL-1β and LPS  

TNFα (100 ng/mL), IL-

1β (25 ng/mL), and 

LPS (10 μg/mL)  

   Findings: Digesta: 
IL-8: ↓ by plums, but not by cabbages  

IL-6 & Nf-κb: ↓ Scots Kale and Kalorma only in THP-1 cells 

Nrf2 nuclear translocation: ↓cabbage (Duchy, Kalorma) and plums (Plum 260, Ersinger) 

No effect on No, inos, Pge2, Mapk, Cox-2 
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Table 1.5.2 In vivo Studies  
Study Animal Design  Treatment Duration Tissue Disease state 

β-Carotene             

[158] 

Male Hyline 

Brown chicks 
(n=180) 

2 groups:  

1) CON: regular cockerel diet  
2) EXP: 60 mg/kg β-carotene in diet  

β-carotene 60 mg/kg in 

diet 

28 days Ileum & 

jejunum  

Intestinal 

barrier 
integrity; no 

inflammatory 

stimulant  

   Findings: 

β-carotene:  

↑ jejunal mucosal sIgA and IgA 

↑ ileal IgA, CCR9, pIgR, RARα mRNA 
↑ ileal Muc-2, ZO-1, ZO-2, occludin mRNA 

↓ Escherichia coli and ↑ Lactobacillus  

[159] Female Hyline 

Brown hens 

(n=162) & 
chicks (n=90)  

2 groups of hens (n=27/group, 3 replicates):  

1) CON: chick control group 

2) CCAB: β-carotene (60 mg/kg), curcumin (250 mg/kg), allicin (250 mg/kg), 
and sodium butyrate (500 mg/kg) in diet 

3 groups of chicks (n=30/group):  

1) cCON: chick control group 
2) Cipro: ciprofloxacin lactate (100 mg/L) 

3) cCCAB: β-carotene, curcumin, allicin, and sodium butyrate 

β-carotene 60 mg/kg in 

diet 

28 days Duodenum, 

jejunum, 

ileum  

Intestinal 

barrier 

immunity 

   Findings: Findings in hens by CCAB:  
↑ serum IgA, IgG, IgM, lysozyme, β-defensin levels  

↑ IgA, IgG, IgM in egg yolks; ↑ IgG, IgM in egg whites 

Findings in chicks by cCCAB:  
↑ serum IgA, β-defensin; ↓ IgG, lysozyme; no effect on IgM  

↑ villus height and villus height/crypt depth ratio by day 28 

↑ duodenal, jejunal, ileal IgA at day 28 

[168] Male Swiss-

albino mice  

6 groups (n=8 mice/group) 

1) Control: normal drinking water 
2) β-Car-20: normal drinking water + 20 mg/kg BW β-carotene 

3) DSS: 3% DSS (w/v) in drinking water 

4) DSS+ β-Car-5: DSS+5 mg/kg BW β-carotene 
5) DSS+ β-Car-10: DSS+10 mg/kg BW β-carotene 

6) DSS+ β-Car-20: DSS+20 mg/kg BW β-carotene 

DSS groups: DSS administered on days 1-7 and 22-28, regular drinking water 
during days 8-21  

β-carotene 5, 10, & 20 

mg/kg BW 

28 days  Colon Ulcerative 

colitis 

   Findings: 10 & 20 mg/kg BW β-carotene:  
↓ DAI, ↑ colon length  

↓ colon IL-17, Il-6, TNF-α, NF-κB, STAT3; ↑ colon GSH, Nrf2, NQO-1 

↓ plasma LPS, IL-6, TNF-α 
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Table 1.5.2 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

β-Carotene             

[149] Male Wistar rats 

(n=40) 

4 groups (n=10/group): 

1) Con: control group 
2) LPS: i.p. injection of 1 mg/kg LPS for 8hr on day 15 

3) LPS+β-carotene: i.p. injection of 1 mg/kg LPS for 8hr on day 15 + 50mg/kg 

β-carotene oral gavage on days 8-14 
4) β-carotene: 40mg/kg β-carotene oral gavage on days 8-14 

β-carotene 50 mg/kg BW 15 days Jejunum  Intestinal 

inflammation 

   Findings: LPS+β-carotene: 

↓ serum & jejunal NO, PGE2, TNFα, & IL-1β; ↑ jejunal mTORc1 

↓ phosphorylation of JAK2/STAT3, NF-κB p65, JNK/p38 pathways in jejunal tissue; ERK1/2 not affected 

[160] Female BALB/c 
mice (n=40) 

4 groups (n=10/group):  
1) Control: Corn oil  

2) 5BC: 5 mg/kg BW β-carotene 

3) 10BC: 10 mg/kg BW β-carotene 
4) 20BC: 20 mg/kg BW β-carotene 

β-Lactoglobulin (10 administration on day 16 

β-carotene 5, 10, & 20 
mg/kg BW 

2-week BC 
treatment, 

50 day 

duration  

Jejunum  Intestinal 
permeability 

   Findings: β-Carotene: 
↑ Transepithelial electrical resistance (TER), ↓ short-circuit current (Isc) in Ussing chambers 

Prevented villi shortening (best at 20mg/kg) 

↓serum IL-6 (all concentrations), TNFα (5 & 10mg/kg) 
↓ MDA (in liver, not in serum), ↑ hepatic GSH 

[169] Specific 
pathogen-free 

male SD rats 

4 groups (n = 6/group) 
1) Con: standard diet 

2) BL: 50 mg/kg BW β-carotene  

3) DSS: 4% DSS w/v in drinking water   
4) DBL: 50 mg/kg BW β-carotene + 4% DSS  

β-carotene 50 mg/kg BW 1 week Colon Ulcerative 
colitis 

   Findings: β-carotene +DSS:  

↓ severity of colitis (↑ body weight, ↑ colon length, ↓ DAI). 

↓ serum TNFα, IL-6, IL-1β, IFNγ, & D-lactate; no effect on serum LPS 
↓ colonic TNFα, IL-6, IL-1β, IFNγ mRNA 

↓ NF-κB p65, p38, ERK, JNK protein phosphorylation  

↑ abundance of Faecalibacterium 

[170] Male BALB/c 

mice (n=39) 

Four groups:  

1) NC: control group (n=10) 

2) CC: AOM 10 mg/kg & 2% DSS w/v (n=10) 
3) BC5: AOM/DSS + β-carotene 5 mg/kg BW (n=10) 

4) BC15: AOM/DSS + β-carotene 15 mg/kg BW (n=9) 

β-carotene 5 & 15 mg/kg 

BW 

9 weeks Colon Ulcerative 

colitis-

associated 
cancer 

   Findings:  β-carotene (both groups): 

↓ DAI score; ↓ CRC tumor multiplicity & volume 

↓ CRC tumor markers Cd133, Cd44, Cd206, Arg1 mRNA  
↓ colonic CD163 and PPARγ protein  
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Table 1.5.2 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

β-Carotene             

[161] Female 

C57BL/6J mice: 
WT & Lrat-/- 

Rbp-/- 

4 groups  

1) WT Veh: wild-type mice + corn oil gavage 
2) WT BC: wild-type mice + β-carotene 50 mg/kg BW 

3) Lrat-/-, Rbp-/- Veh: Vit A KO + corn oil gavage 

4) Lrat-/-, Rbp-/- BC: Vit A KO + β-carotene 50 mg/kg BW 

β-carotene 50 mg/kg BW 2 weeks  Small 

intestine 
& colon 

Vitamin A 

deficiency 

  Findings: β-Carotene under VAD:  

Small intestine feedback loop: ↓ Bco1, Srb1; ↑ Isx under WT and VAD 

Colon: ↑ Muc2, Muc3; ↓ IL-1β, IL-6, TNFα, IL-22, IL-23, IL-17 
↓ inflammatory Paraprevotella, Alistipes, Millionella, Parabacteroides, Lachnoclostridium, Marvinbryantia, Desulfovibrio, Brachnyspira 

[164] Male Jun Mu 
No.1 white 

piglets (n=24) 

4 groups (n=6/group):  
1) Con: normal suckling  

2) WG: weaning group 

3) LCBC: weaning + 40 mg/kg BW β-carotene 
4) HCBC: weaning + 80 mg/kg BW β-carotene 

β-carotene 40 & 80 mg/kg 
BW 

26 days  Jejunum 
& colon 

Weaning-
induced 

intestinal 

inflammation 

  Findings: β-Carotene:  

↑ villus height/crypt depth ratio 
↓ serum IL-1β, IL-6, TNFα 

↓ jejunal IL-6, colon TNFα; no effect on jejunal TNFα, IL-1β and colon IL-1β, IL-6 

↓ phosphorylation of jejunal & colon NF-κB p65 and IκBα 
Reversed F/B ratio compared to WG; ↓ Bacteroidetes, Prevotella, Blautia; ↑ Firmicutes p-75-a5, Parabacteroides  

[165] Male Jun Mu 
No.1 white 

piglets (n=24) 

4 groups (n=6/group):  
1) Con: normal suckling  

2) WG: weaning group 

3) LCBC: weaning + 40 mg/kg BW β-carotene 
4) HCBC: weaning + 80 mg/kg BW β-carotene 

β-carotene 40 & 80 mg/kg 
BW 

24 days Jejunum Weaning-
induced 

intestinal 

inflammation 

 
β-carotene: 

Serum: ↑ SOD, GSH-Px; ↓ MDA, caspase-3; no effect on caspase-9 and caspase-12 mRNA by both groups 
Jejunum: ↓ GRP78, CHOP, Bax/Bcl-2 by only HCBC; phosphorylation ↓ JNK (HCBC only), p38 (both groups), ↑ ERK1/2 (both groups) 

IPEC-J2 cells: ↓ phosphorylation of IRE1α and PERK 

[163] Male ICR mice 

(n=44) 

2 groups:  

1) Control: rodent feed  
2) β-carotene: 50 mg/kg in diet  

β-carotene 50 mg/kg in 

diet  

21 days  Jejunum 

& ileum 

Weaning-

induced 
intestinal 

inflammation 

  Findings: β-carotene:  
↑ jejunal IgA; no effect on serum, fecal, & ileal IgA 

↑ jejunal and ileal IgA antibody-secreting cells 

↑ jejunal IgA, Ccl25, Rarα, Rxrα Rarγ; ↑ ileal Rarγ, Rxrα; No effect on ileal IgA, Ccl25, Rarα 
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Table 1.5.2 continued 

Study 
Animal Design  Treatment Duration Tissue Disease 

state 

β-Carotene             

[166] Female SPF BALB/c mice (n=30) Five groups (n=6/group) 
1) PBS: Phosphate-buffered saline 

2) OVA: 1 mg/kg BW ovalbumin and 10 mg/kg BW cholera 

toxin on days 0,7,14,21,28 
3) β-CL: 1 mg/kg BW β-carotene + OVA 

4) β-CM: 3 mg/kg BW β-carotene + OVA 

5) β-CH: 5 mg/kg BW β-carotene + OVA 

β-carotene 1, 3, & 5 
mg/kg BW 

48 days Ileum Food 
allergy-

induced 

intestinal 
dysfunction 

   Findings: β-CH:  
↓ allergy symptoms & anaphylactic mediators: IgE, IgG, histamine 

↑ ileal claudin-1, occludin, ZO-1, RegIIIγ, IL-22; ↓ Muc-2 

↓ ileal IL-4, mMCP-1, TNFα; ↑ TGF-β, IL-10, sIgA 
↑ α-diversity & β-diversity; ↑ Clostridiaceae, ↓ Streptococcaceae 

Lycopene             

[209] DLY barrows (n=18) 3 groups (n=6/group) 

1) Control: basal corn-soybean meal diet 
2) L100: 100 mg/kg lycopene in corn-soybean meal diet 

3) L200: 200 mg/kg lycopene in corn-soybean meal diet 

Lycopene 100, 200 

mg/kg in diet 

10 weeks Duodenum, 

jejunum, 
ileum 

N/A 

   Findings: Lycopene:  
↑ jejunal villus height/crypt depth ratio (200mg/kg only); not seen in duodenum & ileum 

↑ jejunal CAT (both 100 & 200 mg/kg), no effect on GSH-Px, T-SOD, MDA; ↓ duodenal MDA (both 100 & 200 mg/kg), no effect on CAT, GSH-Px, T-SOD; no effects in 

ileum 
↓ jejunal IL-1β, ↑ IL-10 mRNA (200mg/kg only), no effect on NF-κB, TNFα; ↓ duodenal IL-1β, NF-κB, TNFα, ↑ IL-10 (200mg/kg only); no effect in ileum. 

↑ jejunal claudin-1 mRNA and protein (200mg/kg only); no effect on ZO-1 and occluding 

[210] Male broiler chickens (n=576) Four groups- six replicates, 24 per replicate  
1) CG: corn-soybean basal diet 

2) LP10: 10 mg lycopene per kg of diet  

3) LP20: 20 mg/kg lycopene 
4) LP30: 30 mg/kg lycopene  

Lycopene 10, 20, & 
30 mg/kg in diet 

42 days Jejunum , 
ileum, 

cecal 

microbiota 

N/A 

   Findings: Lycopene:  

↑ jejunal & ileal villus height (LP20, LP30); no effect on crypt depth or villus height/crypt depth ratio 
↑ Ruminococcaceae in cecal microbiota 

[211] Male Wistar rats (n=32) Four groups (n=8/group): 

1) Control: normal chow diet  
2) TNBS: chow diet + TNBS 

3) L300: lycopene 300 µg/rat/day + TNBS 

4) BC300: β-carotene 300 µg/rat/day + TNBS 

Lycopene or β-

carotene 300 
µg/rat/day  

7 days Colon Ulcerative 

colitis 

   Findings: Lycopene supplementation:  

↓ colonic wall thickness, infiltration of macrophages  

↓ serum MPO 
No significant effect seen with β-carotene 

 



   

61 

 

Table 1.5.2 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Lycopene             

[212] Male C57BL/6 

mice (n=36) 

3 groups (n = 12 mice/group): 

Control (CTL): distilled water and standard diet (AIN-93M) 
DSS: 2.5% DSS (w/v) in distilled water and AIN-93M 

LYC group (LYC + DSS): 2.5% DSS (w/v) in distilled water and LYC (50 

mg/kg) mixed in AIN-93M. 

Lycopene 50 mg/kg 

BW/day 

35 days 

lycopene 
pretreatment, 

7 days + 

DSS  

Colon Ulcerative 

colitis 

   Findings: Lycopene:  

Attenuated DSS-induced body weight loss; ↓ DAI 

↓ epithelial damage and inflammatory cell infiltration 
↓ TNFα, IL-1β, COX-2, iNOS, TLR4, NLRP3 mRNA 

↑ Tight junctions (occludin, claudin-1, claudin-2, ZO-1) and mucous layer (TFF-3, MUC-2, alcian blue). 

↓ Proteobacteria, ↑ Bifidobacterium and Lactobacillus compared to DSS group.  
↑ SCFA-producing Clostridales and Lachnospiraceace; ↑ SCFAs acetate, propionate, isobutyrate, butyrate, valerate, and isovalerate 

↓ serum LPS 

[213] Male C57BL/6 

mice (n=100) 

5 groups (n=20/group)  

1) Normal: Vehicle (corn oil by oral gavage) 

2) DSS: 2% DSS (w/v) in distilled water and corn oil by oral gavage 
3) 5 mg/kg LYC + DSS: 5 mg LYC/kg BW/day + 2% DSS (w/v) in distilled 

water 

4) 10 mg/kg LYC + DSS: 10 mg LYC/kg BW/day + 2% DSS (w/v) in 
distilled water 

5) 20 mg/kg LYC + DSS: 20 mg LYC/kg BW/day + 2% DSS (w/v) in 

distilled water 

Lycopene 5, 10, 20 mg/kg 

BW/day  

14 days 

lycopene 

pretreatment, 
7 days + 

DSS 

Colon Ulcerative 

colitis  

   Findings: Lycopene:  

↑ body weight, ↓ DAI 

↑ colon length, ↓ colon weight 
10 & 20 mg/kg: ↓ MPO, MDA; ↑ SOD, CAT. GSH-Px (inc. 5mg/kg), GSH 

10 & 20 mg/kg: ↓ colonic IFNγ, IL-1β, IL-6, TNFα 

All groups: ↓ TLR4, TRIF, p-NF-κB p65; ↑ ZO-1, occludin, claudin-1 

[214] Male C57BL/6J 

mice (n=40) 

Four groups (n=10/group) 

1) Ctrl: corn oil + sterile water 

2) DSS: corn oil + 1.5% DSS in water 
3) LY: 12 mg/kg BW lycopene + sterile water  

4) LYD: 12 mg/kg BW lycopene + 1.5% DSS in water 

Lycopene 12 mg/kg BW 9 weeks; 3 

weeks 

lycopene 
pretreatment 

to DSS 

Colon  Ulcerative 

colitis 

   Findings: ↓ BW loss, DAI, histological damage (crypt loss, epithelial injury, immune cell infiltration) 
↓ serum IL-1α, IL-6, IL-12p40, IL-10; ↑ IFNγ both LYC alone and w/ DSS: 

↓ colonic IL-1α in both lycopene groups; ↓ IL-6, IL-12p40, IL-10 in lycopene alone (trending in LYD) 

↓ colonic IL-1α, IL-1β, TNFα, IL-6 mRNA in both 

↓ serum IgA in both; ↓ colonic IgA in lycopene alone (trending in LYD) 

↓ colonic TLR4, MyD88 mRNA in both; ↓ TLR4, p-NF-κB protein in lyc alone (trending in LYD); ↑ NLRP12 protein in both.  

↓ FITC-dextran in both; ↑ colonic ZO-1, claudin-1, occludin protein in both; ↑ mucin-2 mRNA in both; ↓ claudin-2 protein in both 
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Table 1.5.2 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Lycopene             

[215] Male Wistar 

albino rats 
(n=49) 

7 groups (n=7/ group):  

1) C: Control group 
2) AA: 4% acetic acid  

3) S: AA+ sulfasalazine 100 mg/kg 

4) LN: AA+ Linalool 200 mg/kg 
5) LC: AA+ 10 mg/kg 

6) TLN: AA + targeted linalool 200 mg/kg 

7) TLC: AA+ targeted lycopene 10 mg/kg 

Lycopene 10 mg/kg BW 7 days Colon  Ulcerative 

colitis 

   Findings: Better results seen with targeted lycopene than conventional lycopene: 

↑ colonic CAT by TLC; ↓ MDA in all groups, no difference between LC and TLC; no effect on GSH and GPx 
↓ colonic IL-1β and IL-6 by LC and significantly lower by TLC; ↓ TNF-α by TLC but not by LC 

↓ colonic NF-κB, COX-2 by LC and TLC; ↑ Nrf2 by LC and TLC; more significance with TLC 

[216] Male albino rats 

(n=45) 

4 groups:  

1) Control (n=15): subgroups of a) w/o treatment, b) corn oil gavage, c) 
intrarectal saline 

2) LYC (n=10): lycopene 5 mg/kg BW oral gavage 

3) UC (n=10): intrarectal 3% acetic acid 
4) LYC+UC (n=10): lycopene 5 mg/kg BW oral gavage + intrarectal 3% 

acetic acid 

Lycopene 5 mg/kg BW 3 weeks Colon  Ulcerative 

colitis 

   Findings: LYC:  
No significant differences compared to Control group 

LYC+UC:  

↑ BW change; ↑ serum GSH 

H&E: improved mucosa, submucosa, musculosa, & serosa of distal colon to level comparable to control 

Trichrome: ↓ collagen in lamina propria and submucosa; Alcian Blue: ↑ AB+ goblet cells 

ZO-1: ↑ ZO-1+ in luminal & crypt epithelium ; COX-2: ↓ COX-2+ in lamina propria 

[217] C57BL/6 mice 

(n=48) 

4 groups (n=12/group) 

1) CON: Corn oil  
2) LYC: 10 mg/kg BW lycopene administered on days 2,6,10 

3) DON: 3 mg/kg BW deoxynivalenol administered on day 6 (corn oil on days 

2&10) 
4) DON+LYC: lycopene administered on days 2,6,10 and deoxynivalenol 

administered on day 6 

Lycopene 10 mg/kg BW 11 days  Jejunum Intestinal 

oxidative 
stress 

   Findings: DON+LYC:  

↑ feed intake, weight gain; ↑ duodenum & jejunum weight, but not ileum; ↑ jejunal villus/crypt ratio  

↓ jejunal diamine oxidase, ↑ TEER; ↑ jejunal and crypt occludin, claudin-1  

↑ jejunal LGR5, PCNA, MUC2, LYZ 

↓ ROS, MDA; ↑ T-AOC, T-SOD, CAT, GSH-Px 

↓ jejunal & crypt Keap1; ↑ p-Nrf2, HO-1, NQO1 
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Table 1.5.2 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Lycopene             

[218]  Male Duroc x 

Landrace x 
Yorkshire piglets 

(n=24)  

2 groups (n=12/group) 

1) Control: basal corn-soybean meal diet 
2) Lyc: 50 mg/kg lycopene in corn-soybean meal diet  

Lycopene 50 mg/kg in diet 28 days Jejunum  Intestinal 

barrier 
integrity of 

weaned 

subjects 
   Findings: ↑ Jejunal villus/crypt ratio 

↑ jejunal SOD, CAT; ↓ H_2 O_2; no effect on T-AOC, MDA, GSH-Px 

↑ serum CAT, T-AOC; ↓ H_2 O_2, MDA; no effect on SOD, GSH-Px; ↑ serum TG, TC; no effect on ALB, HDL, LDL, BUN 
Antioxidant genes: ↑ Jejunal Nrf2, Sod2, Cat; ↓ Keap1; no effect on Ho-1, Nqo1, Gpx1 

Nutrient transporters: ↑ Glut2, Glut5, Cd36; no effect on Sglt1, Fabp1, Fabp4 

Tight junctions: ↑ Claudin-1; no effect on Zo-1, Occludin, Muc-2; Inflammation: ↑ IL-22 
↑ Phascolarctobacterium, Parasutterella; ↓ potentially pathogenic Treponema, Prevotellaceae 

[219] Male & female 

piglets (Topics 
hybrid × Piétrain; 

n=16) 

Two groups (n=8/group)  

1) CD: basal control diet  
2) CD+PD01: control diet + Bacillus indicus strain PD01 (2 × 10^9 spores/kg 

of diet) 

PD01 (2 × 109 spores/kg 

of diet); methyl-glycosyl-
apo-8′-lycopenoate and 

glycosyl-apo-8′-lycopene 

23 days Small 

intestine & 
colon 

Intestinal 

barrier 
integrity; no 

inflammatory 

stimulant  
  Findings: PD01 Supplementation:  

↑ TEER in mid-colon; near significant in small intestine (SI) 

Tight junctions: ↑ Ocln in distal SI, no effect on Tjp1; near significant effects in mid SI, no effects in mid colon 
No effects on total body weight, daily growth, feed intake, histomorphology (villus height & crypt depth) of SI 

Other 

Carotenoids  
            

[220] Hens (breed not 

specified) 

Three groups, six replicates per treatment  

1) Control 
2) 20 mg/kg xanthophylls (40% lutein, 60% zeaxanthin) in diet 

3) 40 mg/kg xanthophylls in diet 

40 % lutein and 60 % 

zeaxanthin; 20 & 40 
mg/kg in diet 

35 days Duodenum, 

jejunum, 
ileum  

Intesinal 

inflammation  

  Findings: Liver: ↓ IL-1β, IL-6, IFNγ, lipopolysaccharide-induced TNFα factor (LITAF); ↑ IL-10 mRNA 

Duodenum: ↓ LITAF; no effect seen on IL-1β, IL-6, IFNγ, IL-10 

Jejunum: ↓ IL-1β, IFNγ; no effect on IL-6, IL-10, LITAF 
Ileum: no effects seen  

[221] Yellow-feather 

broilers (n=288) 

3 groups:  

1) Control: 1 mg/kg BW LPS on days 21, 23, 25 

2) LU20: 1 mg/kg BW LPS + 20 mg/kg BW lutein 
3) LU40: 1 mg/kg BW LPS + 40 mg/kg BW lutein 

Lutein 20, 40 mg/kg in diet 26 days  Jejunum LPS-induced 

inflammation  

  Findings: ↑ jejunal villus area (LU20), goblet cell density (LU20&40); no effect on villus width  

Improved jejunal histomorphology: decreased apical epithelial loss at LU20 and only minimal epithelial shedding at LU40 compared to LPS control 

↓ jejunal proinflammatory IL-1β & IL-6, ↑ anti-inflammatory IL-4 & IL-10; no effect on IFNγ 
↑ Occludin, claudin-1, ZO-1 mRNA 

↓ TLR4, MyD88, NF-κB mRNA; LU20 ↓ NF-κB protein; LU40 ↓ JNK & p38 protein 
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Table 1.5.2 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Other 

Carotenoids  
            

[222] Yellow-feather 
broilers (n=288) 

3 groups:  
1) Control: basal diet (no LPS) 

2) LU20: 20 mg/kg BW lutein 

3) LU40: 40 mg/kg BW lutein 
Cells: isolated chicken epithelial cells 

Lutein: 10, 20, 40, 80, 160 µM; LPS 20 µg/mL for 24 hr 

Lutein 20, 40 mg/kg in diet 21 days Jejunum Intestinal 
inflammation  

   Findings: Lutein:  

LU40: ↑ jejunal villus height, no effect of villus height/crypt depth ratio 

↑ microvilli density 

LU40: ↑ IL-4, IL-10 mRNA and ELISA; trending but no significant effect on IL-1β, IL-6, IFNγ 

Trending but no significant effect on TLR4 & MyD88 mRNA 
Cells: ↓ IL-1β, IL-6, IFNγ (not 10µM); ↓ TLR4, MyD88 mRNA; Best effect seen at 80 µM 

[223] Male 
C57BL/6Cnc 

mice (n=60) 

Six groups (n=10) 
1) BLK: Normal feed & drinking water 

2) DSS: Normal feed + 1.5% DSS 

3) LUT: 20 mg/kg BW lutein gavage + DSS 
4) LP: 20 mg/kg BW lutein nanoparticles + DSS 

5) AH: Blank hydrogel + DSS 

6) LAH: 20 mg/kg BW lutein loaded hydrogel + DSS 

Lutein 20 mg/kg BW 17 days  Colon DSS-induced 
ulcerative 

colitis  

   Findings: All lutein groups ↓ H&E histological damage, best seen w/ LAH 
All lutein groups ↑ ZO-1 & claudin-1 staining  

↓ serum MCP-1, TNFα, IFNγ, IL-6 by LAH compared to other lutein groups 

↓ colonic IL-6, IFNγ, TLR4, NLRP3 in all lutein groups; ↓ iNOS in LUT; ↓ TNFα, COX-2, MCP-1 in LP; ↓ iNOS, TNFα in LAH 

[224] Male Wistar rats 
(n=70) 

Seven groups (n=10/group): 
1) Co: control group 

2) CoLU: control diet + lutein 24 mg/kg BW  

3) Et: ethanol 5.30 g/kg BW 
4) LLU: ethanol + lutein 12 mg/kg BW  

5) MLU: ethanol + lutein 24 mg/kg BW  

6) HLU: ethanol + lutein 48 mg/kg BW  
7) DG: diammonium glycyrrhizinate 200 mg/kg BW 

Lutein 12, 24, 48 mg/kg 
BW 

14 weeks Ileum, 
liver 

Alcohol-
induced 

injury 

   Findings: ↓ liver pathology scores  

↑ liver GSH- Px, SOD, T-AOC, CAT; no effect on MDA 

↓ serum TNFα, IL-1β, LPS; no effect on LBP 
↓ liver NF-κB p65, TLR4, MyD88; ↑ IκBα 

↑ villus length; no effect on crypt depth compared to Et 

↑ ileal claudin-1 and occludin protein & mRNA, ZO-1 protein only; no effect on D-lactate 
↑ Faecalibacterium, Subdoligranulum  
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Table 1.5.2 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Other 

Carotenoids  
            

[225] 
Male Sprague-

Dawley rats 

5 groups (n=10/group): 

1) Control group: 2 ml of saline transrectally 

2) ZE group: 50 mg/kg of zeaxanthin + 2 ml of saline transrectally 
3) AA group: 2 ml of acetic acid (AA) transrectally 

4) AA + ZE: 50 mg/kg of ZE  + 2 ml of AA transrectally 

5) PC- AA + prednisolone: 5 mg/kg of prednisolone + 2 ml of AA 
transrectally  

Zeaxanthin 50 mg/kg 

BW/day 
14 days  Colon 

Ulcerative 

colitis  

   Findings: 

Zeaxanthin: no difference between AA+ZE and PC 

↓ DAI: body weight loss, stool consistency, and rectal bleeding 
↓ Weight/length ratio, ulcer area %, Wallace score 

↓ MPO, TNFα, IFNγ, IL-1β, IL-6, NF-κB 

↑ SOD, CAT, GSH; ↓ MDA 
↓ COX-2, iNOS, caspase-3 

[226] 

Male SPF 

C57BL/6J mice 

(n=40) 

Four groups (n=8/group)  

1) NC: normal control + sterile drinking water  

2) DSS: 1.5% (w/v) DSS in drinking water  
3) EMU: DSS + Whey Protein Isolate-Gum Arabic (WPI-GA) 100 mg/kg 

BW 

4) EZD: DSS + WPI-GA+ zeaxanthin 100 mg/kg BW 

Zeaxanthin 100 mg/kg BW 

16 days; 8 

days DSS 
alone, then 8 

days with 

WPI-GA and 
WPI-GA+ 

zeaxanthin  

Colon 
Ulcerative 
colitis  

   Findings: 

↓ DAI, ↑ colon length; nearly recovered BW loss 

↓ serum LPS, MCP-1, PGE2; no effect on IL-6, TNFα, IFNγ 

Colon: ↓ pathological score, ↑ goblet cell number; ↑ ZO-1, occludin, Claudin-1 staining; ↓ inos, Il-1β, Ifnγ 
↑ SCFAs: acetic, isobutyric, isovaleric, & total acids; ↑ receptors G-protien coupled receptors GPR41, GPR43, GRP109A 

Gut microbiome: ↑ richness & diversity; ↑Akkermansia, Lactobacillus and Clostridium_IV 

Whole foods              

[171] Male Wistar 
rats (n=36) 

Six groups (n=6/group) 
1) Normal: drinking water 

2) AA: 4% acetic acid w/v transrectally 
3) Pred: AA+ prednisolone 2 mg/kg BW 

4) AA+AEDC100: AA + Daucus carota aqueous extract 100 mg/kg BW 

5) AA+AEDC200: AA + Daucus carota aqueous extract 200 mg/kg BW 
6) AA+AEDC400 AA + Daucus carota aqueous extract 400 mg/kg BW 

Daucus carota aqueous 
extract 100, 200, 400 

mg/kg BW 

11 days; 7 
days carrot 

pretreatment, 
4 days with 

acetic acid 

Colon Ulcerative 
colitis  

   Findings: Daucus carota:  

↑ BW and ↓ colonic macroscopic lesions by AEDC 200 & 400 dose dependently  

↓ colon weight, width, MPO, and NO by AEDC 200 & 400 dose dependently; ↓ spleen weight, ulcer area, and ulcer index by all AEDC groups dose dependently 
↓ colonic ulceration, hyperemia, necrosis, edema, goblet cell hyperplasia by AEDC 400  
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Table 1.5.2 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Whole foods              

[156] Male 

C57BL/6J mice 
(n=42) 

Six groups (n=7/group) 

1) Normal: AIN-93G diet  
2) DSS:  AIN-93G diet + 2% DSS w/v in drinking water  

3) DSS + PC: DSS + 5% purple carrot powder in diet  

4) DSS + YC: DSS + 5% yellow carrot powder in diet 
5) DSS + BT: DSS + 5% beet root powder in diet 

6) DSS + RC: DSS + 5% red cabbage powder in diet 

Purple carrots (735 mg 

anthocyanins), yellow 
carrot (β-carotene), beet 

root (betalins; 0.5 mg 

anthocyanins), red cabbage 
(42.5 mg anthocyanins); 

values per 100g diet, 

yellow carrot amount not 
reported 

7 days Colon Ulcerative 

colitis  

   Findings: No significant effect on BW, though PC was closest to Normal group 

↑ colon length- longest to shortest: PC, RC, BT, YC ;↓ edema colon weight/length ratio by PC and YC; All groups improved colon morphology: PC>BT>YC>RC 
Serum: all groups ↓ TNFα, IL-6; best with PC; Colon: all groups ↓ TNFα, IL-6, IL-1β, iNOS, COX-2; best with PC 

[187] Male Wistar 
rats (n=40) 

Five groups (n=8/group) 
1) C) control diet with 8% cellulose  

2) OR-root: orange carrot root 10% in diet  

3) OR-pomace: orange carrot pomace 10% in diet  
4) PU-root: purple carrot root 10% in diet  

5) PU-pomace: purple carrot pomace 10% in diet  

Orange carrots: carotenes 
(53.4 mg/100 g for root and 

21.2 mg/100 g for pomace)  

Purple carrots: 
anthocyanins 

(129 mg/100 g for root and 

31 mg/100 g for pomace) 

4 weeks  Liver; 
caecum  

No disease 
state 

   Findings: Orange carrot roots & pomace:  
No effect on BW; ↑ cecal SCFAs: acetic, propionic, butyric acids; ↑ cecal β-glucuronidase & β-galactosidase compared to PU 

Serum: ↑ antioxidant status; no effect on TG & atherogenic index; Liver: ↓ TBARS, ↑ GSH/GSSG ratio 

Purple carrot roots & pomace:  
No effect on BW; ↑ cecal SCFAs: acetic, propionic, butyric acids; ↓ cecal β-glucuronidase & β-galactosidase compared to OR 

↑ serum antioxidant status; ↓ TG & atherogenic index; ↓ hepatic TBARS 

[227] Male Sprague-

Dawley rats 
(n=40) 

Four groups (n=10/group) 

1) C: Control diet (33% sugar, 21% fat, 3% cholesterol) 
2) C+DSS: Control diet + 3% w/v DSS in water 

3) WM: watermelon powder 0.33% (w/w) in diet 

4) WM+DSS: watermelon powder 0.33% (w/w) + 3% w/v DSS 

0.33% (w/w) watermelon 

powder in diet 

4 weeks Colon Ulcerative 

colitis  

   Findings: ↑ number of colonic crypts, ↓ colonic cyclin D1 (both WM groups); no effect on colonic PPARγ 

↓ serum 8-oxodG, ↑ serum NO (both WM) 
↓ cell proliferation; no effect on apoptosis or differentiation 

[204] C57BL/6J 
mouse 

4 groups (n=6/ group): 
1) C: AIN76A diet  

2) DSS: 3% DSS w/v in water + AIN76A diet 

3) DSS+0.5% TLE: DSS + Tomato Lycopene extract 0.5% in diet  

4) DSS+2% TLE: DSS + Tomato Lycopene extract 2% in diet  

0.5 and 2% tomato 
lycopene extract (TLE) in 

diet  

4 days Colon Ulcerative 
colitis  

   Findings: ↑IL-6, TNFα and MCP-1 

↓distal, proximal and cecal inflammation in a spontaneous Th1-mediated IL-10-/- model  
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Table 1.5.2 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Whole foods              

[228] Male Sprague-

Dawley rats 
(n=54) 

9 groups (n=6/group):  

1) Control:  
2) A1-6%: 6% fresh cherry tomato juice 

3) A1-12%: 12% fresh cherry tomato juice 

4) A2-6%: 6% heat-treated cherry tomato juice 
5) A2-12%: 12% heat-treated cherry tomato juice 

6) B1-6% 6% fresh cherry tomato cake 

7) B1-12% 12% fresh cherry tomato cake 
8) B2-6% 6% heat-treated cherry tomato cake 

9) B2-12% 12% heat-treated cherry tomato cake 

6% and 12% fresh or heat-

treated cherry tomatoes  

4 weeks Small 

intestine 
& colon 

No disease 

state 

   Findings: Heat-treated cherry tomatoes had higher lycopene content thank fresh tomatoes 

↓ body weight compared to control; ↑ BW in 12% compared to 6% 
↑lactic acid bacteria level in the gut; ↑propionic acid level; no change in total SCFA  

↑thickness of the cecum and colon, the area of acid mucin, production of acid mucin, and the lengths of the small intestine and colon 

[229] IL-10-/- mice Two groups (n=7/group) 

1) Con. IL-10-/-: standard diet  
2) Goji: 1% w/w Goji berry powder in diet 

1% Goji powder in diet 10 weeks Colon No disease 

state 

   Findings: No effect on body weight; ↓ histopathological score in proximal & distal colon; ↓ macrophage infiltration into colon 

↑ colonic Muc1 mRNA, fecal sIgA; ↓ colonic IL-1α, TGFB1 mRNA 
↑Bifidobacteria, Lachnospiraceae‐Ruminococcaceae, Roseburia spp., Clostridium leptum ↑butyrate-coenzyme A CoA transferase 

SCFAs: ↑ Butyrate & isovalerate, ↓ acetic acid; no effect on propionic, isobutyric, and valeric SCFAs 

[230] Male 

C57BL/6J mice 

Three groups:  

1) C: normal chow diet 
2) RL: chow diet + 1.5% w/w goji berry powder  

3) RH: chow diet + 3% w/w goji berry powder  

1.5% and 3% Goji berry 

powder 

10 weeks  Ileum, 

cecum, 
colon 

No disease 

state 

   Findings: No differences in BW gain, ↓ food intake in RL & RH 

↓ serum LPS (both); ↓ LDA (RL); ↓ DAO (RH) 

↑ colonic occludin, claudin-1, ZO-1, JAMA, Muc-2 mRNA; ↑ colonic ZO-1, occludin, claudin-1 staining (only RH) 
↑ GM species richness (ACE & Chao1 indexes), but ↓ species diversity (Shannon & Simpson indexes) 

↑ Verrucomicrobia, Bacteroidetes, Bacteroidales_S24-7_group, Anaerotruncus, Coprococcus_1, Ruminococcaceae_UCG-014 and Akkermansia,  

↓ Firmicutes, Helicobacter, Bacteroides and Mucispirillum; ↑ SCFA: acetate, propionate, isobutyrate, butyrate, isovalerate, valerate; ↓ fecal pH and fecal ammonia 

[231] Male SPF 
C57BL/6J mice 

(n=40) 

Four groups (n=10/group):  
1) HC: healthy control  

2) DSS: 3% DSS w/v in water  

3) UFRJ: DSS + unfermented goji berry juice 20 mL/kg/day 
4) FGJ: DSS + fermented goji berry juice 20 mL/kg/day; co-fermented with 

Lactobacillus plantarum, Lactobacillus reuteri and Streptococcus 

thermophilus probiotics  

Goji berry juice 20 
mL/kg/day 

30 days; 
goji berry 

juice 

supplied 30 
days; DSS 

added last 7 

days 

Colon Ulcerative 
colitis  

   Findings: Both UFRJ & FGJ:↓ BW loss, DAI, colon pathological score; ↑ colon length 

Serum: ↓ MPO, NO, TNFα, IL-6, IL-1β, IFNγ; ↑ T-SOD, IL-4, IL-10; Colon: ↓ MPO, NO, TNFα, IL-6, IL-1β, IFNγ; ↑ T-SOD, IL-4, IL-10; ↑ ZO-1 claudin-1, occludin mRNA 
FGJ > UFRJ: ↓ colon pathological score; ↑ serum T-SOD, IL-10; ↓ colon NO, ↑ IL-4 
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Table 1.5.2 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Whole foods             

[232] Male C57BL/6J 

mice (n=29) 

Four groups:  

1) Control: AIN-93G diet  
2) Goji: AIN-93G + 1% goji berry powder in diet 

3) DSS: AIN-93G + DSS 3% w/v in water  

4) DSS+Goji: DSS + 1% goji berry powder in diet 

1% Goji 6 weeks; 4 

weeks Goji 
berry 

treatment, 1 

week DSS, 
1 week 

recovery 

Colon Ulcerative 

colitis  

   Findings: ↓ BW loss, DAI, colon pathological score; ↑ colon length; ↓DSS-induced colonic edema, mucosal damage and neutrophil infiltration 
↓ colonic chemokine (C-X-C motif) ligand 1 and MCP-1; ↓Il-6, Cox-2, Il-1β, Ifnγ, Tnfα; no effect on claudin-2 and ZO-2 

Control + Goji did not induce changes compared to control 

[173] 

Male & Female 

Wistar Albino 
rats (n=20/sex) 

4 groups (n=5/sex): 

1) TNBS: 100 mg/kg 5% (w/v) TNBS in 50% ethanol (w/v) intrarectally 

2) BM+TNBS: 300 mg/kg BW bitter melon extract + TNBS 
3) BM: 300 mg/kg BW bitter melon extract + saline  

4) Control: saline  

300 mg/kg BW/day bitter 
melon extract; 11.7 mg/g 

dry weight β-carotene 

equivalents 

6 weeks 

pretreatment 

+ 1 week 
TNBS 

challenge  

Colon 
Ulcerative 

colitis  

   Findings: 

Bitter melon extract:  

↓ weight loss, macroscopic, & microscopic colitis damages 

↑ Serum IL-10 in both treatment groups; no effect on IL-17 & TNFα 
No effect on colon IL-17, TNFα, IL-10 

[233] 
Female SPF 
C57BL/6J mice 

(n=40) 

Six groups:  

1) G1: potable water days 1-37 
2) G2: 3% DSS days 30-37 

3) G3-A:  DSS days 30-37 + 100 mg/kg BW Cashew Apple Extract (CAE) 

days 1-37  
4) G3-B:  DSS days 30-37 + 100 mg/kg BW CAE days 33-37  

5) G4-A:  DSS days 30-37 + 500 mg/kg BW CAE  days 1-37  

6) G4-B:  DSS days 30-37 + 500 mg/kg BW CAE days 33-37  

Cashew Apple Extract 
(CAE): 100 & 500 mg/kg 

BW; 1.93 and 9.63 

µg/mouse/day of total 
carotenoids; 77% non-

provitamin A carotenoids  

37 days Colon 
Ulcerative 

colitis  

  Findings: 

CAE 500 mg/kg treatment for 4 days after DSS challenge (G4-B): ↓ DAI; No effects seen by other CAE supplementation 

CAE treatment did not alleviate overall colitis severity; no effect on macroscopical, microscopic, & biochemical aspects of colon (i.e. colon length, pathological score; MPO, 

GSH, TNFα, CXCL-MIP2, IL-1β, IL-10) 
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Table 1.5.3. In Vivo HFD studies  
Study Animal Design  Treatment Duration Tissue Disease state 

β-Carotene             

[177] Male Wistar 

rats (n=30) 

Six groups (n=5/group)  

A) Rat chow  
B) High-fat diet (HFD) 60% 

C) β-carotene 300 mg/kg BW for all 14 weeks  

D) HFD for 12 weeks then β-carotene 300 mg/kg BW for 2 
weeks 

E) β-carotene 300 mg/kg BW for 2 weeks then HFD for 12 

weeks  
F) HFD for 12 weeks then β-carotene 150 mg/kg BW for 2 

weeks 

β-carotene 150 & 300 

mg/kg BW/day 

14 weeks  Liver HFD-obesity  

   Findings: ↓ Liver weight index in Groups C compared to all groups; ↓ D compared to B 
↓ serum ALP, ALT, AST, GGT, bilirubin in Groups D and F compared to B 

↑ CAT in groups C, D, E compared to B 

↓ steatosis and inflammation in Groups D, E, F compared to B 

[176] Male 

C57BL/6J 

mice  

Five groups:  

1) NF: normal fat diet- 10% kcals from fat  

2) HF: high fat diet- 45% kcals from fat 
3) BC: HF + β-carotene 3 mg/kg/day  

4) MET: HF + metformin 100 mg/kg/day  

5) BC+MET: HF + β-carotene 3 mg/kg/day + metformin 100 
mg/kg/day combined 

β-carotene 3 mg/kg BW 4 weeks  Liver; adipose tissue 

(WAT, BAT) 

HFD-obesity  

   Findings: Best results seen with BC+MET 
Trending ↓ body weight, WAT, adiposity index, WAT/ SAT ratio and hepatic lipid content by BC, MET, and BC+MET; no effects on lean mass  

BC+MET: ↓Pparg, Slc2a4 and ↑ Pparα, Cpt1b in visceral WAT near significantly 

[174] Male Wistar 
rats (n=72) 

Six groups (n=12/group)  
1) NC: negative control, high-fat (150 g/kg diet), no cholesterol  

2) CC: high-fat (150 g/kg), high-cholesterol (10 g/kg) diet 

3) BC: CC + crystal β-carotene (2 g/kg diet)  
4) BB: CC+ β-carotene beadlet (20 g/kg diet) 

5) CX: CC + canthaxanthin beadlet (20 g/kg diet) 

6) AT: CC + α-tocopherol (2 g/kg diet) 

0.2% β-carotene in diet 6 weeks  Liver  High-fat, high 
cholesterol  

   Findings: β-carotene, canthaxanthin, α-tocopherol had no effect on body or liver weight 

↓ hepatic TBARS by BC, BB, CX, AT; ↓ hepatic diene by BB, AT; ↓ plasma TBARS by CX, AT compared to CC 
Plasma: ↑ GPX by BC, BB, CX, AT; ↑ CAT by BB, CX; ↑ SOD by BB compared to CC; no effect on GRD 

Liver: ↑ SOD by BC, BB, CX; GRD by BB, CX, AT compared to CC 

Cholesterol: ↓ plasma by BC, BB; ↓ hepatic by BC; no effect on triglycerides 
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Table 1.5.3 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

β-Carotene             

[175] Female Fisher 

rats (n=24) 

Three groups (n=8/group) 

1) C: AIN-93M diet  
2) H: hypercholesterolemic diet (25% soy oil, 1% 

cholesterol) 

3) HBC: 0.2% β-carotene in hypercholesterolemic diet 

0.2% β-carotene in diet 6 weeks  Liver  High cholesterol  

   Findings: ↓ liver weight; no effect on body weight or fecal excretion of cholesterol  

↓ hepatic lipid and cholesterol content; ↑ fecal lipid and cholesterol content; ↓ serum non-HDL cholesterol & atherogenic index; no effect on HDL cholesterol 
No significant effect on hepatic cholesterol homeostasis: Srebp-2, Hmg-Coa, Ldlr, Pparα 

[182] Lrat-/- mice  Three groups (n=3/group):  

1) Vehicle: Lrat -/- vitamin A deficient  
2) BC: Lrat -/- + 0.5mg β-carotene oral gavage  

3) ROL: Lrat -/- + 0.5mg retinol oral gavage  

0.5mg β-carotene 10 days Inguinal white adipose 

tissue (iWAT) 

Obesity 

   Findings: BC-derived retinoic acid ↓ Pparγ, Ebpα in mature adipocytes (3T3-L1) 
iWAT: ↓ Pparγ and ↑ Bco1, Raldh1, Cyp26a1 by BC but not ROL  

[180] Female 
C57/BL6;129Svj 

mice (n=24); 

Wild-type and 
BCO1 -/- 

Four groups (n=6/group) 
(1) WT control diet: 1500 IU Vitamin A/kg, 10% kcals 

from fat  

(2) WT β-carotene-enriched diet: 150 mg β-carotene/kg 
diet  

(3) Bco1-/- control diet 

(4) Bco1-/- β-carotene-enriched diet  

β-carotene 150 mg/kg 
diet  

14 weeks Adipose tissue Obesity under 
normal fat diet 

   Findings: ↑ Bco2 activity and β-apo-10’-carotenal accumulation in white adipose tissue of Bco1-/- 

↑ serum & iWAT β-carotene levels in Bco1-/- compared to WT; ↑ iWAT retinol in WT+BC, no effect on serum retinol.  

BC had no effect on body weight gain; Bco1-/- had lower starting body weight and gained more over time 
↓ inguinal, gonadal, retroperitoneal WAT in WT but not Bco1-/- 

BC in WT ↓ PPARγ (mRNA & protein), RXRα, LPL and ↑ CYP26a1; not seen with Bco1-/- 

[181] Male and 
Female BCO1 -

/- mice (C57BL6 

background) 

Two groups:  
1) AT-AAV-GFP: whole body BCO1 KO + β-carotene 50 

mg/kg in diet 

2) AT-AAV-BCO1: adipose tissue-specific overexpression 
of BCO1 + β-carotene 50 mg/kg in diet 

Both groups: 10 weeks on β-carotene (50 mg/kg in vitamin 

A-deficient diet) before injection of AT-AAV, then 10 
weeks of high-fat + β-carotene (50 mg/kg in vitamin A-

deficient diet) 

β-carotene 50 mg/kg in 
diet 

20 weeks  Inguinal white adipose 
tissue (iWAT) 

HFD-obesity 

   Findings: β-carotene cleavage results in the production of retinoic acid, a reduction in adipose tissue and adipocyte size 
No effect on BW; ↓ iWAT size & adipocyte area and near significant ↓ Pparγ in females, but not males  

No differences in β-carotene and non-polar retinoids (retinyl esters, retinol) accumulation in iWAT between sexes 

↑ iWAT retinoic acid (RA) in females; ↑RA-synthesis gene Aldh1a2; ↑ RA-target genes Cyp26a1, Rarβ, Dhrs9 
No change in Bco2 
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Table 1.5.3 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

β-Carotene             

[179] Male LDL-R -/- 

mice (C57BL/6J) 
(n=60)  

Four groups:  

1) β-carotene–deficient Dunaliella: 8 g/100 g diet 
2) Dunaliella 50: 50% 9-cis β-carotene (3 g/kg diet) and 

50% all-trans β-carotene (3 g/kg diet) 

3) Dunaliella 25: 25% 9-cis β-carotene (1.5 g/kg diet) 
and 75% all-trans β-carotene (4.5 g/kg diet) 

4) all-trans β-carotene: synthetic all-trans β-carotene 6 

g/kg diet 

β-carotene–rich powder 

of the alga Dunaliella 
bardawil 

Low-fat diet: 18% 

protein, 5% fat 
High-fat diet: 17.3% 

protein, 21.2% fat, 0.15% 

cholesterol 

11 weeks; 3 

weeks on 
LFD, 8 weeks 

on HFD 

Liver  High fat, high 

cholesterol 

   Findings: Best results with 9-cis β-carotene–rich Dunaliella 50: 

↓ plasma cholesterol by Dunaliella 50, nearly by Dunaliella 25, no effect by synthetic all-trans 

↓ plasma VLDL & LDL by Dunaliella 25 & 50, no effect on HDL; no effect by synthetic all-trans 

↓ atherogenic lesions by Dunaliella 50; ↑ by synthetic all-trans 

↓ hepatic TG, TC, fat accumulation & inflammation by Dunaliella 50; ↓ Tlr2, Vcam-1, Il-1α, Mcp-1, Ifnγ; measurements not done for Dunaliella 25 & synthetic all-trans 

[178] Male 

C57BL/6JOlaHsd 
mice (n=30) 

Two groups (n=15/group) 

1) HFD: vitamin A deficient high-fat diet (60 kcal%) + 
retinyl acetate 4.5 mg/kg in diet 

2) HFD+BC: HFD + Dunaliella bardawil powder 8 g/kg 

in diet  

Dunaliella bardawil 

powder (50% 9-cis & 
50% all-trans β-carotene)  

23 weeks  interscapular brown 

adipose (iBAT), 
epididymal white 

adipose (eWAT), and 

inguinal white adipose 
(iWAT); liver 

HFD-obesity 

   Findings: ↑ eWAT mass; no effect on body weight or liver mass  

↑ retinol in liver, eWAT, iWAT, iBAT; no effect in plasma; ↑ β-carotene accumulation in liver vs adipose tissues; ↓ All-trans/9-cis ratio in liver vs adipose tissue: more 9-cis 
in liver and more all-trans in adipose tissue  

eWAT: ↓ Mcp-1, Cd68; no effect on Tnfα, Il-6, Il-1β, Ucp1, Pparγ; ↓ macrophage infiltration; iBAT: no effect 

↓ plasma cholesterol and TG; no effect on leptin and adiponectin 

No significant effect on blood glucose and insulin, eWAT adiposity, and NAFLD severity 

[192] Male Wistar rats 

(n=84) 

Six groups:  

1) M: maize starch (n=12) 

2) MC: maize starch + β-carotene 400 mg/kg in diet 
(n=12) 

3) MP: maize starch + purple carrot juice 50 mL/kg in 

diet (n=12) 
4) H: high-carbohydrate (515.67 g/kg)/high-fat (239.04 

g/kg) diet (HCHFD) (n=24) 

5) HC: HCHFD + β-carotene 400 mg/kg in diet 
6) HP: HCHFD +  purple carrot juice 50 mL/kg in diet  

β-carotene 400 mg/kg in 

diet; Purple carrot juice 

contained anthocyanins 
(5.53 mg/ml) and β-

carotene (0.75 μg/ml), 

lutein (0.54 μg/ml) and 
zeaxanthin (4.4 μg/ml) 

16 weeks; 

purple carrot 

juice and β-
carotene 

administered 

in 2nd 8 
weeks 

Liver; adipose tissue High fat/High 

carbohydrate 

   Findings: ↓ abdominal fat pads; no effect on BW ↓ plasma CRP, ALT, AST; ↑ TAG, NEFA, glucose tolerance; no effect on TC, ALP 

↓ hepatic fibrosis & portal inflammation, but not steatosis 
Purple carrot juice:  

↓ BW, abdominal fat pads  ↓ plasma TC, TAG, NEFA, CRP, ALT, AST, ALP; ↑ glucose tolerance 

↓ hepatic steatosis, fibrosis, & portal inflammation 
No effect on liver by purple carrot juice and β-carotene-supplemented maize starch control diets 
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Table 1.5.3 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Lycopene             

[234] Male 

C57BL/6J 
mice (n=40) 

4 groups (n=10/group) 

 1st group: Control diet 
 2nd group: high fat diet (HFD 45% fat) 

 3rd group: HFD + lycopene 

 4th group: HFD + tomato powder 

Lycopene and tomato 

powder- 10 mg/kg 
diet/day  

(both lycopene & tomato 

powder 

12 weeks Liver HFD-obesity; 

inflammation  

   Findings: Lycopene and tomato powder supplementation  

 ↓ hepatic TNF-α, Mcp-1, IL-6, CCL2, ↓ CCL5. 

 ↓ Hepatic gene involved in lipid metabolism (Acaca, Fasn, Srebp-1c); ↓ mRNA level of Pparγ, Cd36, Ap2 and Lpl. 
 ↓ phosphorylation levels of IκB, and p65 

[235] Male Wistar 
rats (n=40) 

Five groups (n=8/group) 
1) CNT: Control, low-fat (4.25% kcal fat) 

2) HFD: high fat diet (45% kcal fat) 

3) HFD + lycopene 25 mg/kg BW/day 
4) HFD + lycopene 50 mg/kg BW/day 

5) HFD + simvastatin 10 mg/kg BW  

Lycopene 25 & 50 mg/kg 
BW/day 

3 months Liver HFD-obesity; 
NASH 

   Findings: ↓ HFD-induced body weight (50 mg/kg BW); ↓ liver weight, abdominal fat, abdominal fat index by both lycopene doses 

↓ serum TC, LDL-c, Apo-E, insulin & ↑ HDL-c by higher dose; ↓ glucose, LDL-c & ↑ PPARγ by both doses; no effect on TG and total cholesterol  

↑ hepatic GR, GSH and ↓ NO, LPO; no effect on CAT, SOD, GPx 
↓ hepatic fibrotic damage 

[236] Male Wistar 

Albino rats 

(n=36)  

Three groups (n=12/group) 

1) Control: low-fat (4% kcal fat) 

2) HFD: high fat diet (32% kcal fat) 

3) HFD + lycopene 25 mg/kg BW/day (12 weeks on HFD, 

then 4 weeks + LYC) 

Lycopene 25 mg/kg 

BW/day 

16 weeks Abdominal adipose, 

liver 

HFD-obesity 

   Findings: ↓ abdominal fat index compared to HFD; no effect on body weight, liver weight, liver weight index, and abdominal fat (g) 

↓ hepatic aspartate aminotransferase (AST), alanine aminotransferase (ALT); no effect on albumin and alkaline phosphatase (ALP) 

↓ serum LDL, ↑ HDL; no effect on VLDL, TG, and total cholesterol  
↓ hepatic TNF-α, IL-6, & leptin, no effect on adiponectin and resistin; ↓ hepatic MDA, ↑ SOD & CAT; no effect on NO 

[237] Male 
Sprague-

Dawley rats 

(n=40) 

Four groups (n=10/group) 
1) Control: standard chow diet  

2) HFD: high fat diet (71% fat)  

3) HFD + low Lyc: HFD + 2 mg/kg BW  
4) HFD + high Lyc: HFD + 4 mg/kg BW  

Lycopene 2 & 4 mg/kg 
BW three times a week 

6 weeks  Liver HFD-obesity; 
NAFLD, NASH 

   Findings: ↑ BW by high dose; no effect on liver weight 
↓ serum ALT, TG, and TNFα, no differences between lycopene doses; no effect on AST, ALP, and cholesterol 

↓ serum & liver MDA; ↑ hepatic GSH; no differences between lycopene doses 

↓ hepatic steatosis and inflammation via H&E staining; no effect on necrosis and fibrosis 
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Table 1.5.3 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Lycopene             

[238] Male 

C57BL/6J 
mice (n=50) 

Five groups (n=10/group) 

1) NC: low-fat diet (10% fat) 
2) HFFD: high-fat (45% fat) + high-fructose (10% solution) 

3) LLY: HFFD + lycopene 20 mg/kg BW/day 

4) HLY: HFFD + lycopene 60 mg/kg BW/day 
5) RSV: HFFD + resveratrol 50 mg/kg BW/day 

Lycopene 20 & 60 mg/kg 

BW/day 

8 weeks Liver  High fat, high 

fructose obesity; 
inflammation  

   Findings: ↓ BW gain, white adipose tissue; no effect on liver weight 

↓ serum TG, TC, insulin by HLY; ↓ HDL-C, LDL-C, LPS ; ↓ hepatic steatosis score and TG , greater effect with HLY 

↓ hepatic NLRP3, pro-caspase-1, caspase-1, NF-κB p65, IL-6 protein; ↓ TLR4 and TNF-α by HLY; no effect on pro-IL-1β and IL-1β protein 
↓ hepatic Caspase-1, Tlr4, NF-κB, mRNA ; no effect on Nlrp3 and IL-1β 

↓ Firmicutes, Lachnospiraceae_NK4A136_group, Desulfovibrio, and Alistipes; ↑ Alloprevotella  

[183] Male 
C57BL/6J 

mice (n=30) 

Three groups (n=10/group) 
1) Control: AIN-93M diet  

2) HFFD: high-fat (45% fat) + high-fructose (10% solution) 

3) HFFD + LYC: HFFD+ lycopene 0.03% (w/w) in diet  

Lycopene 0.03% (w/w) 
in diet  

10 weeks  LIver; jejunum  High fat, high 
fructose obesity; 

inflammation  

   Findings: ↓ BW gain, TG, TC, LDL-C and ↑ HDL-C; reversed glucose intolerance and insulin resistance  

↓ hepatic insulin resistance, inflammation, & fat accumulation; ↓ lipogenic Pparγ Srebp1c, Acaca, Fasn, Gck; ↑ β-oxidative Cpt1α, Cpt2, fatty acid oxidation Acot1, Hmgcs2, 

Mcad1, and regulators Pgc1α, Sirt1 
↓ jejunal fat accumulation; ↓ jejunal & ileal TG; ↑ jejunal chylomicron synthesis  

↑ jejunal tight junctions: Zo-1, occludin, claudin-1; ↓ jejunal inflammation: Il-1β, Tnf-α, inos, Cox-2; ↓ plasma LPS  

[184] Male 

C57BL/6J 
mice (n=30) 

Three groups (n=10/group) 

1) Control: AIN-93M diet  
2) HFFD: high-fat (45% fat) + high-fructose (10% solution) 

3) HFFD + LYC: HFFD+ lycopene 0.03% (w/w) in diet  

Lycopene 0.03% (w/w) 

in diet  

10 weeks  Brown adipose (BAT), 

epididymal white 
adipose (eWAT), and 

inguinal white adipose 

(iWAT); jejunum, 
colon 

High fat, high 

fructose obesity; 
inflammation  

   Findings: ↓ BW gain; ↓ plasma insulin, leptin, IL-1β, IL-6, TNFα; ↓ adipocyte size: BAT, eWAT, and iWAT 

BAT: ↓ lipogenic Fas, Acaca, Pparg; ↑ regulators PPARα, SIRT1, Ucp1, Cidea 
eWAT & iWAT: ↓ Fas, Acaca, Pparg, Srebp1c, Leptin, Inos, Cox-2, TNF-α, Il-1β; ↑ Pparα, Cpt1α, Glut1 Glut4, Il-10 

Tight junctions: ↑ jejunal claudin-1, occludin; ↑ colonic Zo-1, Claudin-1, Occludin  

Intestinal inflammation: ↓ jejunal JNK, ERK, p38 phosphorylation; ↑ jejunal GSH, SOD, CAT; ↓ colonic Inos, Il-1β, Tnfα; ↑ colonic Gpx1, Mnsod, Ho-1 and Nqo-1 

[239] Male 

C57BL/6J 
mice (n=60) 

Three groups:  

1) HFD-DEN: high-fat (60% kcals) diet (n=8) 
2) HFD+DEN: HFD + diethylnitrosamine (DEN) 25 mg/kg 

BW (n=26) 
3) HFD+DEN+APO10LA: Apo-10’-Lycopenoic Acid 10 

mg/kg in diet (n=26) 

Apo-10’-Lycopenoic 

Acid 10 mg/kg in diet  

24 weeks  Liver Obesity, 

Hepatocellular 
carcinoma  

   Findings: No effect on body weight and liver weight  
↓ HCC development: ↓ 50% multiplicity, 65% tumor volume; no effect on tumor incidence  

↓ hepatic TNFα, IL-6, NF-κB p65, caspase-1 cleavage, STAT3 phosphorylation; SIRT1, FOX01 acetylation; ↑ AMPK phosphorylation 
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Table 1.5.3 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Lycopene             

[240] Male and 

Female 
BCO2 KO 

mice  

Four groups:  

1) HFSD: high-fat (60%) diet  
2) HFSD+APO10LA: high-fat + apo-10′-lycopenoic acid 10 

mg/kg in diet 

3) HFSD+LyP: high-fat + placebo beadlet 1000 mg/kg in diet  
4) HFSD+Ly: high-fat + lycopene 100 mg/kg in diet  

Lycopene 100 mg/kg in 

diet; apo-10′-lycopenoic 
acid 10 mg/kg in diet 

12 weeks  Liver  HFD-obesity; 

NAFLD 

   Findings: Better results seen in males, females did not develop steatosis 
APO10LA & Lycopene in males: ↓ hepatic steatosis, TG; No effect on hepatic cholesterol metabolism or PPARα-related genes  

APO10LA in males: ↓ plasma TG & hepatic cholesterol; ↓ hepatic inflammatory foci, IL-6 and ↑ HO-1; ↑ hepatic SIRT1, FOXO1 deacetylation, 

AMPKα phosphorylation; ↑ ACC phosphorylation, ↓ Scd1 

 Lycopene in males: ↑ PPARα-related genes in MAT (but not liver): Acad, Acox1, Cd36, Fatp1, Hsl, Pnpla2; ↑ PPARγ-related genes in MAT: Dgat1, 

Cidea, Prdm16, Ucp3 

  

Other 

Carotenoids  

            

[241] Male 

C57BL/6J 
mice (n=36)  

6 groups (n=6/group) 

1) Normal diet (ND, 10% fat) 
2) Orlistat (PC, 30 mg/kg BW) 

3) High-fat diet (HFD, 60% fat) 

4) L300: HFD+300 µM lutein 
5) L500: HFD+500 µM lutein 

6) L300+Drug: HFD+300 µM lutein+ Orlistat 15mg/kg BW 

Lutein: 300µM 

(1.5mg/kg BW)  & 
500µM (2.8  m/kg BW) 

every other day 

24 weeks  Liver, epididymal 

adipose tissue, serum 

HFD-induced 

obesity, NAFLD  

   Findings: Blunted weight gain and visceral fat gain induced by HFD; liver not affected.  
↓ epididymal adipocyte hypertrophy (H&E staining); ↓ epididymal adipose pparγ, cebpα, fas, scd-1, fabp4 mRNA 

L500: ↓ serum cholesterol & LDL-C; HDL-C not affected.  

[242] Male 

Sprague-
Dawley rats 

(n=40) 

Four groups (n=10/group) 

1) ND: AIN-93G diet  
2) ND+LUT: normal diet + lutein 25 mg/kg BW  

3) HFD: 52.5 % standard diet, 20 % sucrose, 15 % lard, 9.5 % 

casein, 1.7 % calcium hydrogen phosphate, 1.1 % cholesterol, 
and 0.2 % sodium cholate. 

4) HFD+LUT:  HFD+ lutein 25 mg/kg BW 

Lutein 25 mg/kg BW 5 weeks Abdominal adipose 

tissue 

High-fat, high 

chlolesterol  

   Findings: ↓ HFD-induced BW gain & abdominal fat index; no effect on liver index or serum dyslipidemia (TC, TG, LDL-C, HDL-C); ↓ adipocyte mean area & frequency 
Abdominal adipose: ↑ SIRT1 and ↓ SREBP-1, FAS, p-ACC by both ND+LUT & HFD+LUT; ↑ FOXO1, ATGL, p-HSL by HFD+LUT 

[243] Male 
Sprague-

Dawley rats 

(n=40) 

Five groups (n=8/group) 
1) ND: AIN-93G diet  

2) HFD: high-fat diet (45% kcal from fat) 

3) HFD+Lut12.5: HFD + lutein 12.5 mg/kg BW 

4) HFD+Lut25: HFD + lutein 25 mg/kg BW 

5) HFD+Lut50: HFD + lutein 50 mg/kg BW 

Lutein 12.5, 25, & 50 
mg/kg BW 

55 days; 10 
days HFD 

only, then 45 

days lutein 

treatment 

Adipose tissue; liver HFD-obesity 

   Findings: ↓ Abdominal fat by all doses; no effect on BW 
Serum: ↓ TC by Lut25, ↑ HDL-C by Lut12.5 & Lut25; no effect on TG & LDL-C;  

Liver: ↓ TC by Lut50, ↓ TG by Lut12.5 & Lut25; ↓ fat accumulation by all doses; ↑ PPARα & SIRT1 by Lut50 
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Table 1.5.3 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Other 

Carotenoids  

            

[244] Male 
C57BL/6J 

mice (n=60) 

Four groups (n=12/group) 
1) STD: standard diet   

2) HFD: high-fat diet (45% kcal from fat) 

3) HFD+LZ: HFD + zeaxanthin 20 mg/kg BW/day 
4) HFD+HZ: HFD + zeaxanthin 40 mg/kg BW/day 

Zeaxanthin 20 & 40 
mg/kg BW 

8 weeks; 4 
weeks HFD 

only, then 4 

weeks 
Zeaxanthin 

treatment 

epididymal white 
adipose (eWAT), 

perirenal WAT 

(pWAT), mesenteric 
WAT 

(mWAT) 

HFD-obesity 

   Findings: ↓ BW by HFD+LZ; near significant ↓ eWAT & pWAT by LZ; no effect on mWAT, visceral adipose weight, & liver weight 

Serum: ↓ LDL, FFA & ↑ HDL by HFD+LZ; no effect on TG & TC 
eWAT: ↓ Pparγ, Srebp1-c, Perilipin and ↑ AMPKα phosphorylation by both doses; ↓ Cebpα, Fas, Fabp4, PPARγ and ↑ ACC phosphorylation by HFD+LZ  

[245] Male 

C57BL/6N 
mice (n=60) 

Five groups (n=12/group) 

1) STD: standard diet (10% kcal from fat) + 0.5% 
carboxymethylcellulose sodium  

2) STDZEA: STD + zeaxanthin 20 mg/kg BW 

3) HFD: high-fat diet (60% kcal from fat) 
4) HFDZEA: HFD + zeaxanthin 20 mg/kg BW 

5) HFDO: HFD + orlistat 15.6 mg/kg BW  

Zeaxanthin 20 mg/kg 

BW 

22 weeks  brown adipose tissue 

(BAT) epididymal 
white adipose 

(eWAT), inguinal 

white adipose (iWAT,) 
perirenal WAT 

(pWAT), mesenteric 

WAT 
(mWAT); gut 

microbiome 

HFD-obesity 

   Findings: ↓ body, iWAT, eWAT, pWAT, mWAT weight; ↓ iWAT & BAT adipocyte size 

Serum: ↓ TG, TC, LDL-C, FFAs, leptin; ↑ HDL-C, irisin 
↓ glucose intolerance (GTT) and insulin resistance (ITT) 

iWAT & BAT:↑ β3-AR and thermogenic factors PRDM16, PGC-1α, and UCP1 

↑ lipid droplet degradation factors (ATGL, CGI-58 and pHSL), mitochondrial biogenesis factors (Sirt1, Nrf2, Tfam, Nampt and Cyt-C), peroxisomal biogenesis factors 
(Pex16, Pex19 and Pmp70), and β-oxidation factors (Cpt1, Cpt2, Acadm and Acox1) 

↑ gut microbiota diversity & richness; ↑ Firmicutes/Clostridia, ↓ Proteobacteria/Desulfovibirio 

[246] Male 

C57BL/6J 
mice  

Three groups:  

1) NC: standard chow 
2) CL: 38.23% control diet, 60% cocoa butter, 1.25% 

cholesterol, and 0.5% sodium cholate 

3) CL+CX: CL + 0.003% β-cryptoxanthin in diet 

β-cryptoxanthin 0.003% 

in diet 

12 weeks  Liver  High-fat, high 

chlolesterol  

   Findings: ↓ liver TG, TC, TBARS; staining: ↓ steatosis, fibrosis, inflammation; Hepatic DNA microarray: ↓ genes related to inflammation, injury, free radical scavenging  

[247] Male 

Sprague-
Dawley rats 

(n=28) 

Four groups (n=7/group):  

1) Control: standard diet  
2) BCX: standard diet + β-cryptoxanthin 2.5 mg/kg BW 

3) HFD: high fat diet (40%) 

4) HFD+BCX: high fat diet + β-cryptoxanthin 2.5 mg/kg BW 

β-cryptoxanthin 2.5 

mg/kg BW 

12 weeks  Liver; adipose tissue HFD-obesity 

   Findings: Findings by HFD+BCX: ↓ BW, visceral fat, liver weight 
Serum: ↓ glucose, insulin, leptin, TG, TC, LDL-C, FFA, MDA; ↑ total antioxidant capacity; no effect on HDL-C 

Liver: ↓ MDA, NF-κB, TNF-α; ↑ SOD, GSH-Px, Nrf2, HO-1, PPARα, p-IRS-1; no effect on CAT; Adipose tissue: ↓ NF-κB, TNF-α; ↑ Nrf2, HO-1, PPARα, p-IRS-1 

Findings by BCX alone: Serum: ↓ TG, ↑ GSH-Px; Liver:  ↑ Nrf2 protein 
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Table 1.5.3 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Whole foods              

[185] Male Sprague-Dawley 

albino rats (n=32) 

Four groups (n=8/group):  

1) G-1: basal diet- 65% starch, 10% casein, 10% corn 
oil, 4% salt mixture, 1% vitamin mixture, 10% 

cellulose 

2) G-2: high fat, high cholesterol diet (HFHCD)- 65% 
starch, 10% casein, 4% salt mixture, 1% vitamin 

mixture, 10% cellulose, 10% sheep fat, 1% 

cholesterol, 0.25% bile salts  
3)20% CaPP: 80% HFHCD + 20% carrot pomace 

powder (CaPP) 

4)10% CaPP: 90% HFHCD + 10% carrot pomace 
powder 

Carrot pomace powder 

(CaPP) 10 & 20% w/w 
in diet  

6 weeks  Liver High-fat, high 

chlolesterol  

   Findings: ↓ BW gain by both CaPP groups 

Plasma: both groups ↓ glucose, total lipid & cholesterol content, atherogenic index (↓TG, LDL-C, ↑ HDL-C) 
Liver: both groups ↓ liver weight and AST, ALT, ALP 

No differences between CaPP groups, though 20% CaPP trended with better results in most targets  

[189] Male Wistar Rats (n=24) Four groups (n=6/group) 

1) Con: control AIN-93G diet  
2) Con-CJ: control diet + carrot juice (0.6 mL) 

3) HFr: high fructose (629.5 g/kg) diet 

4) HFr-CJ: high fructose + carrot juice (0.6 mL) 

Carrot juice (0.3 mg β-

carotene) 

8 weeks  Liver High-fructose 

obesity  

   Findings: No effect on body and liver weight  

Plasma: ↓ AST by HFr-CJ; no effect on TG, FGF21, β- hydroxybutyrate, ALT, insulin sensitivity  

Liver: ↑ retinol; no effect on hepatic steatosis- TG, ABHD5, perilipin  
Hepatic fatty acids: ↓ palmitic (C16:0), palmitoleic (C16:1), and oleic (C18:1) acids; ↑ docosahexaenoic acid (DHA, C22:6) 

↓ hepatic SCD1; no effect on other desaturases (FADS1 and FADS2) and elongases (ELOVL2 and ELOVL6) 

[191] Male Wistar rats (n=30)  Five groups (n=6/group):  

1) Con: control AIN-93G diet  

2) Con-CJ: control diet + carrot juice (0.6 mL) 
3) HFr: high fructose (629.5 g/kg) diet 

4) HFr+CJ: high fructose + carrot juice (0.6 mL) 

5) HFr(s)Con: high fructose diet for 8 weeks then 
switched to control 

6) HFr(s)Con+CJ: high fructose diet for 8 weeks then 

switched to control + carrot juice (0.6 mL) 

Carrot juice (0.3 mg β-

carotene) 

16 weeks; 8 

weeks on 

control or 
HFr diets, 

then 

switched to 
treatment 

groups 

Liver, 

Retroperitoneal 

white adipose tissue 
(RPWAT), 

epididymal WAT 

(eWAT), 
subcutaneous WAT 

High-fructose 

obesity  

   Findings: ↓ BW gain & liver wight by HFr(s)Con+CJ; ↓ RPWAT, eWAT, subcutaneous WAT, & adiposity index by HFr+CJ, HFr-(s)Con, and HFr(s)Con+CJ 

Plasma: ↓ TC by HFr(s)Con+CJ; no effect on HDL-C, TG, ALT, AST, β-hydroxybutyrate; no detectable β-carotene and no changes in retinol 

Plasma + RPWAT: ↓ leptin by HFr+CJ, HFr(s)Con, and HFr(s)Con+CJ; no effect on adiponectin, TNFα, MCP1, hsCRP, FGF21 
Liver: ↓ TG and SCD1 by HFr(s)Con, and HFr(s)Con+CJ only;  no effect on GPAT, MTTP, CPT1; ↑ liver retinol by CJ  

Liver fatty acids: ↓ palmitoleic (C16:1), oleic (C18:1) MUFAs & ↑ linoleic (C18:2, n−6), and α-linolenic (C18:3, n−3) PUFAs 
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Table 1.5.3 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Whole foods              

[190] Male 

Wistar 
Rats 

(n=24) 

Four groups (n=6/group) 

1) Con: control AIN-93G diet  
2) Con-CJ: control diet + carrot juice (0.6 mL) 

3) HFr: high fructose (629.5 g/kg) diet 

4) HFr-CJ: high fructose + carrot juice (0.6 mL) 

Carrot juice (0.3 mg β-

carotene) 

8 weeks  Retroperitoneal white 

adipose tissue 
(RPWAT) 

High-fructose 

obesity  

   Findings: ↓ RPWAT by HFr-CJ; no effect on BW and visceral fat  
Plasma: ↓ FFA, MCP1, hsCRP by HFr-CJ; no effect on leptin, adiponectin, TNFα 

RPWAT: ↑ leptin by HFr-CJ; ↓ TNFα by Con-CJ, no effect on MCP1 and adiponectin  

RPWAT: ↑ retinol & triacylglycerol; no effect on adipocyte size; Fatty acids: stearic (C18:0) and α-linolenic (C18:3) acids by Con-CJ 
↑ Vitamin A metabolism: ↑ Bco1, Adh1/4/7, Aldh1A1, Rarα 

[186] Male 
Wistar rats  

Two groups:  
1) Control: High cholesterol (2.5%) diet  

2) 15% Carrot: High cholesterol (2.5%) diet + 15% carrot 

powder 

Carrot 15% in diet; 5.1 
mg β-carotene, 1.6 mg α-

carotene and 0.25 mg 

lutein per 100 g diet 

3 weeks  Liver; cecal 
microbiome  

High cholesterol 
diet  

   Findings: No effect on body weight; SCFA: ↑ acetate, butyrate in cecum; no effect on propionate; TG/TC: ↓ TG and TC in liver; but not in plasma; Antioxidant: ↓ TBARS in urine  

[248] Male 

Wistar rats 

(n=36)  

Six groups (n=6/group)  

1) NC: normal diet  

2) DC: high-fat diet (20% sucrose, 10% lard oil, 3% cholesterol 
and 67% standard chow) + streptozotocin (STZ,55 mg/kg BW) 

3) DNF: HFD/STZ + non-fermented carrot juice  

4) DFCL: HFD/STD + Lactobacillus rhamnosus GG fermented 
carrot juice  

5) DFC: HFD/STD + partially fermented carrot juice 

6) DFL: HFD/STD + Lactobacillus rhamnosus GG  

Lactobacillus rhamnosus 

GG (LGG) fermented 

carrot juice (66.5 ± 2.23 
µg/mL β-carotene);  non-

fermented carrot juice 

(83.1 ± 1.74 µg/mL β-
carotene 

6 weeks Liver; cecal 

microbiome  

HFD + Type 2 

diabetes  

   Findings: Fermented carrot juice > non-fermented:  

↓ free blood glucose, glucose AUC, insulin insensitivity; Plasma: ↑ T-AOC, SOD 

Cecal gut microbiome: ↑F/B ratio↑ Christensenellaceae_R-7_group, Oscillibacter, Ruminococcaceae_UCG-013, Lachnospiraceae_NK4A136_group, Akkermansia 
Liver: ↓ Pepck, Pparα, G6pc1, S6k1, ↑ Pparγ mRNA; PEPCK, G6PC1, ↑ PPARγ protein 

SCFA: ↑ acetic, propionic, butyric acids  

[193] Male 

Sprague-
Dawley 

rats (n=28) 

Four weeks (n=7/group):  

1) C: control diet  
2) HF: control diet+ 1.5% cholesterol, 20% palm oil and 0.25% 

cholic acid 

3) HFL: HF + papaya juice 0.5 mL/100g BW 
4) HFH: HF + papaya juice 1.0 mL/100g BW 

β-carotene: Holland 

papaya (48.45±1.40 
µg/g); Khak-dam papaya 

(37.22±0.97 µg/g) 

Vitamin C: Holland 
papaya (255.90±4.56 

µg/g); Khak-dam papaya 

(156.60±2.10 µg/g). 

12 weeks; 8 

weeks on HF, 
then 4 weeks 

with papaya 

juice  

Epididymal adipose 

tissue  

HFD-obesity 

   Findings: Papaya juice:  

Body composition: ↓ BW (7.73%, 12.48%); ↓ epididymal fat (17%, 15%); ↓ perirenal fat (10%, 18%); ↓ mesenteric fat (6%,11%) 

Serum: ↓ TC, LDL-C, HDL-C, IL-6, MDA, insulin; ↑ SOD; no effect on TG, GR, leptin 
eWAT: ↓ adipocyte hypertrophy & PPARγ by HFH 
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Table 1.5.3 continued 
Study Animal Design  Treatment Duration Tissue Disease state 

Whole foods              

[249] Male 

Wistar rats 
(n=20) 

Four groups (n=5/group):  

1) NPD: normal pellet diet 
2) HFD: high-fat diet - 60% fat  

3) HFD-GT: high-fat diet + golden tomato 200 mg/kg BW 

4) HFD-RT: high-fat diet + red tomato 200 mg/kg BW 

Gold (naringenin and 

chlorogenic acid) & 
red (β-carotene and 

lycopene) tomatoes 

200 mg/kg BW 

12 weeks; induction 

of metabolic 
syndrome for 8 

weeks, 4 weeks 

tomato 
supplementation  

Liver  HFD-obesity 

   Findings: ↓ BW by both GT & RT 

serum: ↓ TG (greater degree by RT), LDL-C (greater degree by GT), ↑ HDL-C (greater degree by GT); ↓ fasting glucose 
Liver: ↓ steatosis coverage (20.33% in GT, 43.33% in RT); ↑ Hnfα, Lepr, Gk Il-6, Tnfα 

↑ Lepr, Il-6, Tnfα by RT compared to GT 

[250] Male 
Wistar rats  

Four groups:  
1) NPD: normal pellet diet (n=4) 

2) HFD: high-fat diet - 60% fat (n=6) 

3) HFD-GT: high-fat diet + golden tomato 200 mg/kg BW (n=6) β-
carotene (39.08 mg), lycopene (333 mg), phytoene (6.5 mg), lutein (7.78 

mg), vitamin C (170.4 mg), naringenin (38.31 mg), gallic acid (2 mg), 

chlorogenic acid (9.8 mg), rutin (4.68 mg) per 100 mg DW 
4) HFD-GT: high-fat diet + red tomato 200 mg/kg BW (n=6) β-carotene 

(126.22 mg), lycopene (1971.0 mg), phytoene (16.8 mg), lutein (6.37 mg), 

vitamin C (311.2 mg), naringenin (16.5 mg), gallic acid (<0.2 mg), 
chlorogenic acid (1.9 mg), rutin (7.1mg) per 100 mg DW 

Golden & red tomato 
200 mg/kg BW 

12 weeks; induction 
of metabolic 

syndrome for 8 

weeks, 4 weeks 
tomato 

supplementation  

Liver  HFD-obesity 

   Findings: Gold tomato: ↓ BW gain; Plasma: ↓ glucose intolerance; ↑ TC, HDL-C, SHp, ↓ LDL-C, LP-CHOLOX; no effect on TG, BAP, dROMs 

Liver: ↓ steatosis (44.33% coverage), ↓ MDA, RONS, GSH/GSSG 

Red Tomato: Plasma: ↓ dROMs, LP-CHOLOX, ↑ BAP; no effect on SHp; Liver: ↓ MDA, RONS, GSH/GSSG; steatosis not measured  

[251] BCO1-/-, 

BCO2 -/- 

DKO 
C57BL/6J 

mouse 

Two groups (n=9/group):  

1) DEN+HFD: diethyl nitrosamine (25 mg/kg BW) + 60% kcals from fat 

2) DEN+HFD+TP: diethyl nitrosamine (25 mg/kg BW) + 60% kcals from 
fat + tomato powder 41.9 g/kg of diet 

41.9 g/kg diet tomato 

powder; 2.39 mg 

lycopene, 0.11 mg 
beta-carotene, 0.29 

mg ascorbic 

acid, and 0.32 mg 
alpha-tocopherol per 

gram of TP 

24 weeks Liver Obesity, 

Hepatocellular 

carcinoma  

   Findings: Tomato powder:  

↓ HCC development: ↓ 67% incidence, 83% multiplicity, 95% tumor volume 

↑ SIRT1 mRNA and protein  

↓ Hepatic steatosis: ↑ p-AMPK, Pgc1α, Cpt1, Acox1; ↓Cd36, Dgat1; ↓ Hepatic inflammation: ↓ NF-κB p65, Mcp-1, iNos, Tnfα, Il-1β, Il-6, Il-12a 

↓ Bacteroides, Mucispirillum, Clostridium, Parabacteroides; ↑ Lactobacillus, Bifidobacterium  
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Table 1.5.3 continued 

Study Animal Design  Treatment 
Duratio

n 
Tissue Disease state 

Whole foods              

[194] Sprague Dawley 
Rats (n=44) 

Six groups:  
1) NC: standard diet (n=6) 

2) N2.5: standard diet + 2.5% spinach (n=8)  

3) N5: standard diet + 5% spinach(n=8)  
4) HC: high-fat diet (40%) (n=6)  

5) H2.5: high-fat diet + 2.5% spinach (n=8)  

6) H5: high-fat diet + 5% spinach (n=8) 

5% spinach in diet = 53-56 μg of total 
carotenoids/day  

2.5% spinach in diet = 20-24 μg of total 

carotenoids/day 
Spinach powder (1750 µg total 

carotenoid/g of spinach powder) :  

228 µg neoxanthin/g 
292 µg violaxanthin/g, 944 µg lutein/g 

46 µg α-carotene/g 

225 µg β-carotene/g 

5 weeks Liver Non-Alcoholic 
Fatty Liver 

Disease 

   Findings: Accumulation of lutein, α-carotene, and β-carotene in the liver: 

↑ expression of genes involved in the metabolism of FAs and cholesterol, via overexpression of peroxisome proliferator activated receptors (PPARs) 
Lipidomics: ↓ SAFA; ↓ ω-6/ω-3 fatty acid ratio; ↓ cholesterol; ↑ MUFA and PUFA 

[195] Male SPF 

C57BL/6 mice  

Four groups:  

1) C: standard chow diet (10% fat)  

2) H: high-fat diet (45% fat) 
3) H.LFV: high-fat diet + 1% F/V powder in diet  

4) H.HFV: high-fat diet + 5% F/V powder in diet  

Fruit & vegetable powder F/V: Chinese 

cabbage (26.67%), tomato (13.33%), 

cucumber (13.33%), carrot (6.67%), 
cauliflower (6.67%), apple (13.33%), pear 

(6.67%), watermelon (5%), winter jujube 

(5%), grape (3.33%)  

8 weeks  Liver; adipose 

tissue; gut 

microbiome  

HFD-obesity 

   Findings: F/V powder:  ↑ perirenal fat by H.HFV; no effect on BW and epididymal fat Serum: no effect on TC, TG, HDL‐C, LDL‐C, TC/HDL‐C, and fasting blood glucose 

Liver: improved morphology; ↑ GSH, ↓ MDA by both doses  

Feces: ↑ cholesterol & bile acids by H.HFV; ↑ microbiome diversity by both doses; ↓ Firmicutes/Bacteroidetes ratio by H.LFV & H.HFV 

[252] Male Tsumura 
Suzuki non-

obese, diabetes 

(TSNO) mice 
(n=12); Tsumura 

obese, diabetes 

(TSOD) mice 
(n=12) 

Tsumura Suzuki non-obese & Tsumura Suzuki obese 
split into 4 groups (n=6/group): 

TSNO/-CRX                      

TSNO/+CRX                         
TSOD/-CRX                                             

TSOD/+CRX  

β-Cryptoxanthin from enzyme-processed 
Satsuma mandarin (EPSM) 400 mg 

EPSM/kg BW (0.8 mg β-

Cryptoxanthin/kg BW)  

8 weeks Adipose 
Tissue, Liver. 

Muscle 

Obesity  

   Findings: 

β-CRX in TSOD mice: 
↑ Hmgcs1, Cyp51, Idi1. 

↓ Hdlbp and Abca1.  

HMGCs1: 3-hydroxy-3-methylglutaryl-CoA synthase 1. Cyp51: lanosterol 14-α-demethylase. Idi1: isopentenyl-diphosphate δ isomerase 1. 
Hdlbp: High-density lipoprotein binding protein. Abca1: ATP-binding cassette subfamily A member 1 
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Table 1.5.4 Clinical studies  

Study 

Study 

Design 
Subjects Age (yr) Treatment Disease State  Duration 

[196] Case study  

56 (19 males, 37 females); 

Ulcerative colitis in 
remission 

18-80 yrs old 

Dietary recall of total vitamin A, retinol, β-

carotene, α-carotene, β-cryptoxanthin, 
lycopene, lutein and zeaxanthin intake 

Ulcerative colitis  3 days 

   Findings: 

No retinoids or carotenoids alleviated abdominal pain  

↓ fecal blood associated with high lycopene intake 

↓ fecal mucus w/ high lutein & zeaxanthin intake; ↓ fecal mucus w/ lower α-carotene & β-carotene intake 
↓ fecal pus w/ high lutein & zeaxanthin intake 

[197] 
Prospective 

cohort 

57,053; 53.3% male, 

46.7% females 

50-65 years 

old  
Raw carrot intake  

Colorectal cancer 

(CRC) 
18 year follow-up  

   Findings: 
Raw carrot intake (>32 g/day) associated with ↓ 17% CRC risk  

Trending decrease, but no significant association with <32 g/day and CRC risk 

[198] 
Retrospective 

cohort 

101,680 cohort from 
Prostate, Lung, 

Colorectal, and Ovarian 

Cancer (PLCO) 
Screening; 1,100 with 

CRC  

55-74 years 

old 
Carrot, β-carotene, α-carotene intake 

Colorectal cancer 

(CRC) 

92 months; 
follow-up 9.4 yrs 

& 14.5 yrs 

   Findings: 

1,110 participants diagnosed with CRC 

Carrot intake (Q4 7.60-15.39 g/day) associated w/ ↓ 21% CRC incidence 

No significant associations of CRC incidence with α-carotene & β-carotene intake  
443 died from CRC 

No significant associations of CRC mortality with carrot, α-carotene, or β-carotene intake  

[200] Ex vivo trial  
Fourteen healthy 
volunteers (9 females and 

5 males) 

20-55 years 

old  

Carrot juice; 30 g of freeze-dried carrot 
powder and 500 mL of tap water; No carrot 

intake for 48 hrs before study 

Ex vivo LPS (E. coli 
O111:B4, 10 µg/mL) 

stimulation  

Blood draw 1 

hour after carrot 

juice; 24 hour 
LPS incubation  

   Findings: 

Carrot juice:  

↓ cancer related IL-1α, IL-16 in blood 
No effect on IL-1β, IL-6, TNFα, COX-2 

[199] Ex vivo trial  

Fourteen healthy 

volunteers (9 females and 
5 males) 

20-55 years 

old  

Carrot juice; 30 g of freeze-dried carrot 

powder and 500 mL of tap water; No carrot 
intake for 48 hrs before study 

Ex vivo LPS (E. coli 

O111:B4, 10 µg/mL) 
stimulation  

Blood draw 1 
hour after carrot 

juice; 24 hour 

LPS incubation  

   Findings: 

Carrot intake promotes immunostimulating cytokines in blood like IL-23 and the IL-17 family 

↑ Proinflammatory cytokines: IFNγ, IL-17A, IL-17B, IL-17D, IL-23 
↑ Anti-inflammatory cytokines: IL-12/IL-23p40, IL-22 
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Table 1.5.4 continued 

Study 

Study 

Design 
Subjects Age (yr) Treatment Disease State  Duration 

[191] RCT 

14 subjects with type 2 

diabetes (n = 7 from male 
and female each); fasting 

blood glucose ≥ 

126 mg/dL 

30-60 years 

old  
Carrot juice 50mL (~2400 μg β-carotene)  Type 2 Diabetes  6 weeks  

   Findings: 

Carrot juice:  
↑ plasma β-carotene (0.21 ± 0.045 vs 0.45 ± 0.089), but not retinol  

↓ body weight, body mass index (BMI), and body fat%  

↑ blood glucose (145 ± 10.4 vs 165 ± 11.4 mg/dL); no effect on insulin, and glycated hemoglobin levels  

[219] RCT 

67; Healthy, overweight or 

obese volunteers with a 

BMI 25-35 kg/m2  

18-70 years 
old  

14.05 µg/day carotenoids (methyl-glycosyl-

apo-8′-lycopenoate and glycosyl-apo-8′-

lycopene) from Bacillus indicus PD01  

Obesity  6 weeks  

   Findings: 

No significant increase in plasma lutein, β-carotene, lycopene; just increase in PD01 carotenoids. 

No significant difference in sugar tests of permeability: lactulose/l-rhamnose (L/R) and sucralose/erythritol (S/E). 
No effect on stool frequency or consistency.  

[201] RCT 

Healthy men (n = 22) who 

were consuming a low-
carotenoid diet  

Not reported 

Tomato juice (330 mL)- 37 mg lycopene and 

1.6 mg β-carotene; carrot juice (330 mL)-27 
mg β-carotene and 13 mg α-carotene. 

Colon cancer  2 weeks  

   Findings: 

Tomato juice: ↑ Plasma and fecal lycopene 

No effect on plasma or fecal MDA; No effect on ex vivo LDL oxidation  

Carrot juice: ↑ Plasma and fecal α-carotene & β-carotene 
No effect on plasma or fecal MDA; No effect on ex vivo LDL oxidation  

[253] RCT 
Japanese men (n=24) with 
high body mass index 

(BMI ≥ 25)  

40-65 years 

old  

Four groups; 400g test pastes:  
1) HLyHLu: high lycopene + high lutein; 

TCH-722 carrot and TCL-499 kale (n=7)  

2) HLyLLu: high lycopene + low lutein; TCH-
722 carrot and Shibuki cabbage (n=5) 

3) LLyHLu: low lycopene + high lutein; Kinbi 

carrot and TCL-499 kale (n=7) 
4) LLyLLu: low lycopene + low lutein; Kinbi 

carrot and Shibuki cabbage pastes (n=5) 

Obesity  8 weeks  

   Findings: 
Plasma carotenoids: ↑ α-carotene by HLyHLu & HLyLLu; ↑ β-carotene by all groups; ↑ lycopene by HLyHLu; ↑ lutein by LLyHLu  
↓ visceral fat by all groups and waist circumference by HLyLLu; no effect on body weight and BMI 

Blood: No effect on fasting glucose, HDL-C, LDL-C (except ↓ by LLyHLu, TC, TG; ↓ %CoQ10 oxidation; no effect on sLOX-1, TNFα, IL-6 
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Table 1.5.4 continued 

Study 

Study 

Design 
Subjects Age (yr) Treatment Disease State  Duration 

[202] RCT  
Free-living healthy men 

(n=36) 

18-40 years 

old 

Potatoes 150 g/day 
White potato (WP): phenolics acids (1.5 ± 0.1 

g/kg), carotenoids (1.3 ± 0.0 g/kg), 

anthocyanins (0.0 ± 0.0) g/kg  
Yellow potato (YP): phenolics acids (3.2 ± 0.1 

g/kg), carotenoids (5.8 ± 1.2 g/kg), 
anthocyanins (0.3 ± 0.1) g/kg  

Purple potato (PP): phenolics acids (3.1 ± 0.1 

g/kg), carotenoids (1.3 ± 0.2 g/kg), 
anthocyanins (6.2 ± 0.1) g/kg  

N/A 6 weeks  

   Findings: 
Plasma: ↓ 8-OHdG, CRP by YP & PP compared to WP; no effect on TAC, protein carbonyls, TBARS 
Cytokines: ↓ IL-6 by YP & PP compared to WP; no effect on IL-1α, IL-1, IL-2, IL-4, IL-8, IL-10, IFNγ, TNFα 

[254] RCT 30 volunteers (15 women 

and 15 men) with moderate 
obesity, 30 < BMI < 35 

kg/m2 

Mean age of 

55 ± 5.7 
years old  

Five groups:  

 1) 10 dark chocolate (DC) containing 7 mg of 
lycopene  

 2) 7 mg lycopene formulated with medium 

saturated fatty acids (GAL-MSFA) 
 3) 30 mg GAL-MSFA  

 4) 30 mg lycopene +polyunsaturated fatty 

acids (GAL-PUFA) 
 5) 10 g DC 

Obesity 1 month 

   Findings: 

Lycopene groups:  

↑ Bifidobacterium adolescentis and Bifidobacterium longum 
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1.7                                           Specific Aims of the Dissertation  

 

Aim 1: How does pure β-carotene act against lipopolysaccharide (LPS)-induced inflammation in 

colonocytes? Investigated by HT-29 & NCM460D studies (Chapter 1) 

Working hypotheses:  

• β-carotene will inhibit the LPS-induced TLR4 proinflammatory cascade in colon 

epithelial cells.  

• The nuclear translocation of NF-κB and production of proinflammatory cytokines will be 

halted by β-carotene treatment.  

Aim 2: How do dietary carotenoids from a whole food source (orange carrots) act against high-

fat diet-induced obesity compared to carotenoid-deficient white carrots? Investigated by 

C57BL/6J studies (Chapters 3 and 4) 

Working hypotheses:  

• Carotenoid-rich carrots may display more potent efficacy in mitigating HFD-induced 

body weight gain and hepatic steatosis in addition to colonic inflammation and barrier 

permeability than those with low carotenoid levels.  

• Circulatory levels of LPS and other inflammatory markers will be reduced by carotenoid 

supplementation.  

Aim 3: What obesity-associated stress pathways are modulated by carotenoids in the colon? 

Investigated by NCM460D & C57BL/6J colon proteomics (Chapters 2, 3, 4) 

Working hypotheses:  

• On top of reducing colonic inflammation, β-carotene and orange carrot-derived 

carotenoids will also mitigate DNA damage and promote antioxidant activity in 

colonocytes.  
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Aim 4: How do carotenoids affect gut barrier integrity? Investigated by HT-29, NCM460D, & 

C57BL/6J studies (Chapters 2, 3, 4) 

Working hypotheses:  

• β-carotene and orange carrot-derived carotenoids will improve intestinal barrier function 

by increasing the expression of epithelial tight junction proteins.  

• Obesity-induced colonic permeability will be inhibited by carotenoid treatment.  

• Protective mechanisms, like intestinal mucus components, will be promoted by HFD+OC 

feeding.  
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CHAPTER 2: The Role of β-carotene in Colonic Inflammation and Intestinal Barrier 

Integrity 
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2.1. Abstract 

(1) Background: Carotenoids are naturally occurring pigments accounting for the brilliant 

colors of fruits and vegetables. They may display antioxidant and anti-inflammatory properties in 

humans besides being precursors to vitamin A. There is a gap of knowledge in examining their 

role within colonic epithelial cells. We proposed to address this research gap by examining the 

effects of a major dietary carotenoid, β-carotene, in the in vitro epithelial cell model.  

(2) Methods: We examined the function of β-carotene in the lipopolysaccharide (LPS)/toll-like 

receptor 4 (TLR4) signaling pathway. We conducted western blotting assays to evaluate 

expressions of TLR4 and its co-receptor, CD14. We also examined NF-κB p65 subunit protein 

levels in the model system. Furthermore, we studied the impact of β-carotene on the tight 

junction proteins, claudin-1, and occludin. We further carried out immunocytochemistry 

experiments to detect and visualize claudin-1 expression.  

(3) Results: β-Carotene reduced LPS-induced intestinal inflammation in colonic epithelial cells. 

β-Carotene also promoted the levels of tight junction proteins, which might lead to enhanced 

barrier function.  

(4) Conclusions: β-Carotene could play a role in modulating the LPS-induced TLR4 signaling 

pathway and in enhancing tight junction proteins. The findings will shed light on the role of β-

carotene in colonic inflammation and also potentially in metabolic disorders since higher levels 

of LPS might induce features of metabolic diseases. 

Keywords: β-Carotene; Colonic Inflammation; Colonic Epithelial Cells; Tight Junctions; 

Vitamin A 
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2.2. Introduction 

Carotenoids are naturally occurring pigments responsible for the brilliant colors of fruits, 

vegetables, and microalgae (1, 2). Along with the carotenoids containing 30, 45, or 50 carbon 

atoms that are mainly observed in archaea and bacteria via biosynthesis (3, 4), the most abundant 

carotenoids in nature are C40 carotenoids (4, 5), which are formed with the cyclization, 

isomerization, and oxidation of eight C5 isoprenoid units (4, 6, 7). As one of the C40 

carotenoids, β-carotene is the most prevalent carotenoid in North American diets (8) and detected 

in human serum (8, 9); thus it is widely studied, especially for its potential beneficial effects in 

humans. Chemically, β-carotene is a hydrocarbon carotenoid, composed of the long chain of 

alternating double bonds (polyene chain) and β-ionone rings at both terminal groups (10). From 

the biological point of view, β-carotene is one of the major dietary provitamin A carotenoids, 

meaning that it can be cleaved by beta-carotene-15,15′-oxygenase 1 (BCO1) at the central double 

bond of the polyene chain to yield two molecules of all-trans retinal, which can be further 

oxidized to all-trans retinoic acid (ATRA), the main biologically active form of vitamin A, or 

reduced to all-trans retinol (11). In addition to central (symmetrical) cleavage, eccentric cleavage 

can take place asymmetrically resulting in the formation of β-apo-10’-carotenal and β-ionone 

(10). Other apocarotenoids, such as β-apo-8’-carotenal, β-apo-12’-carotenal, and β-apo-14’-

carotenal, can also be formed enzymatically and non-enzymatically (10). Physiologically within 

humans, β-carotene is released from the food matrix and incorporated into mixed micelles in 

order to be absorbed within intestinal cells. Moreover, this cellular uptake occurs through a 

mechanism of passive diffusion or facilitated transport via scavenger receptor class B type 1 

(SR-B1) (12). Finally, β-carotene is incorporated into chylomicrons for secretion and transport 

into the lymph (13).  
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Besides being a precursor to vitamin A, β-carotene can exert antioxidant and anti-

inflammatory properties in humans. The anti-inflammatory effects of β-carotene have been 

demonstrated in multiple systems. Schultz et al. showed a reverse correlation between plasma β-

carotene and C-reactive protein (CRP), a systemic inflammatory biomarker (14). Additionally, 

by administrating β-carotene-14C intraduodenally, Crain et al. reported that appreciable amounts 

of β-carotene was converted to ATRA in the rat intestinal mucosa (15), highlighting the 

possibility that both β-carotene and ATRA could be bioactive compounds that affected the 

homeostasis of the gastrointestinal (GI) system. Another study showed that subjects containing 

lower levels of β-carotene had increased levels of CRP and interleukin-6 (IL-6) (16), an 

inflammatory cytokine that contributes to the pathogenesis of various GI diseases (17, 18). 

Furthermore, multiple mechanistic studies were conducted to explore the signaling pathways 

involved in the anti-inflammatory activity of β-carotene. Among those, β-carotene was noted for 

inhibition of NF-κB translocation by blocking the activation of the NF-κB p65 subunit (19), 

leading to decreased transcription of pro-inflammatory cytokine genes such as interelukin-1β 

(IL-1β), IL-6, and tumor necrosis factor alpha (TNF-α) (20). Regarding a causative aspect of 

inflammation, lipopolysaccharide (LPS) is a surface molecule derived from the outer membrane 

of almost all gram-negative bacteria (21). Accumulating evidence has revealed that LPS can 

induce pathogen recognition receptors (PRRs), such as TLR4, which subsequently activates NF-

κB, leading to the translocation of NF-κB from the cytoplasm to the nucleus (22). The 

mammalian NF-κB has various subunits including p65, p50, c-Rel, RelB that may form different 

types of hetero- or homodimers (23), but the p50/p65 heterodimer is the most common (24). NF-

κB contributes to various pro-inflammatory activities due to its ability to transcriptionally 

activating pro-inflammatory cytokines including IL-6, IL-1β, and TNF-α (25). 
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Tight junctions are multiprotein cell-cell adhesion complexes whose functions are 

regulated by various tight junction proteins, which together help maintain the integrity of the 

intestinal barrier (26). Tight junction proteins including claudin-1, claudin-3, and claudin-15 

significantly decreased, leading to increased intestinal permeability in a high-fat diet-induced 

obese mice model (27). A leaky gut allows the release of detrimental exterior molecules from the 

GI tract to the host, facilitating the progression of systemic inflammation (28). Therefore, it is 

important to develop an effective method to mitigate LPS-induced colonic inflammation and the 

impairment of gut integrity. The objective of this study was to investigate whether β-carotene 

could be a bioactive compound in modulating LPS-induced inflammation and tight junction 

protein changes in colonic epithelial cells. 

2.3. Materials and Methods 

2.3.1. Chemicals and Reagents 

All-trans retinoic acid (Catalog #R2625) and β-carotene (Catalog #C9750) were purchased from 

Millipore Sigma (Burlington, MA, USA). Fetal Bovine Serum (FBS), Penicillin-Streptomycin 

(Pen-Strep, 100X), McCoy’s 5A medium, and LPS from E. coli serotype EH100 were purchased 

from Thermo Fisher Scientific (Waltham, MA, USA).  Interferon-γ (IFN-γ) was purchased from 

R&D Systems (Minneapolis, MN, USA). PureLink RNA extraction kit was obtained from 

Thermo Fisher Scientific, and Novo cDNA kit was purchased from BioVision Inc (Milpitas, CA, 

USA). PowerUp SYBR Green Master Mix was purchased from Thermo Fisher Scientific. 

Nuclear extract kit and ProStain Protein Quantification Kit were obtained from Active Motif 

(Carlsbad, CA, USA). For western blot, the primary antibodies including TLR4 (category 

number sc-293072), NF-κB p65 (sc-8008), C-reactive protein (CRP, sc-69770), GAPDH (sc-

47724) and β-actin (sc-47778) were mouse monoclonal antibodies and were obtained from Santa 
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Cruz Biotechnology (Dallas, TX, USA). The primary antibodies including claudin-1 (13255), 

occludin (91131), and CD14 (56082) were rabbit monoclonal antibodies, and were purchased 

from Cell Signaling Technology (Danvers, MA, USA). The anti-mouse secondary HRP-

conjugated antibodies were purchased from Santa Cruz Biotechnology, whereas the anti-rabbit 

HRP-conjugated antibodies were purchased from Cell Signaling Technology. Precision Plus 

ProteinTM Standards were purchased from Bio-Rad Laboratories (Hercules, CA, USA). IL-6 

(RAB0306) and IL-1β (RAB0273) ELISA kits were purchased from Millipore Sigma. TNF-α 

ELISA kit (DTA00D) was purchased from R&D Systems. For immunocytochemistry (ICC), 

claudin-1 (D-4) was obtained from Santa Cruz Biotechnology, and the goat anti-mouse 

secondary antibody Alexa fluor 488 conjugates (A-11029) was purchased from Thermo Fisher 

Scientific. ImmunoCruz ABC Kit (sc-516216) was purchased from Santa Cruz Biotechnology, 

and Fluoromount-G Mounting Medium (00-4959-52) was purchased from Thermo Fisher 

Scientific. 

2.3.2. Cell culture and treatment 

HT-29 cells (human colorectal adenocarcinoma cell line) were purchased from the American 

Type Culture Collection (ATCC, HTB-38) (Manassas, VA, USA). HT-29 cells were used 

between passages 5-25 in this study. These cells were cultured in McCoy’s 5A medium 

containing 10% FBS and 1X Pen-Strep, and were housed in a humidified atmosphere of 95% air 

and 5% CO2 at 37°C. Cells were propagated according to the protocol published previously (29). 

Briefly, for individual assays, cells were seeded at a density of 2.5 x 105 per well in 2 mL media 

overnight, followed by IFN-γ pre-treatment at 50 ng/mL for 12 h, and stimulated with 1 μg/mL 

LPS with or without β-carotene or ATRA treatments at different dosages (1 nM, 10 nM, 100 nM, 

1 µM, and 10 µM).  
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Colonic epithelial cells and supernatants were harvested after 15 h and stored at -20°C. The 

doses and time points of IFN-γ and LPS treatment were selected based on the previous report 

(30) and the results of the preliminary study (Supplementary Figure S2.1). 

2.3.3. RNA isolation 

The extraction of mRNA was performed by employing the PureLink RNA Mini Kit according to 

the manufacturer’s instructions and was previously reported (29). In brief, lysis buffer with 1% 

2-mercaptoethanol was used to lyse the cells, and the entire content was transferred to the 

RNase-free microcentrifuge tubes and washed with 70% ethanol. After centrifugation at 2,000 x 

g for 2 minutes, the supernatant was transferred to the cartridges for further filtration. Then, the 

cartridges were washed with two different wash buffers at separate times, and 50 µL nuclease-

free water was added to the center of the cartridges to extract the total RNA. SpectraMax 

QuickDrop Micro-Volume Spectrophotometer (Molecular Devices, LLC - San Jose, CA, USA) 

was utilized to examine RNA quality and quantity.  

2.3.4. cDNA synthesis and quantitative PCR (qPCR) 

cDNA was synthesized from 500 ng RNA samples using the Novo cDNA kit and Biometra 

TAdvanced 96G Thermal Cycler System (Analytik Jena – Jena, Germany) as reported previously 

(29). The program conditions were 25 °C for 10 min, 42 °C for 50 min, and 85 °C for 5 min. The 

detection of mRNA of each sample was carried out by mixing 10 µL 2X PowerUp SYBR Green 

Master Mix, 2 µL of 10 µM primer mix that includes forward and reverse primers, 3 µL DNase-

free water, and 5 µL standardized cDNA. Cycling conditions were 50°C for 2 min and 95°C for 

10 min; followed by 40 cycles at 95°C for 15 seconds, 60°C for 15 seconds; then 95°C for 15 

sec, 60°C for 1 min and 95°C for 15 seconds. Primers were designed using the Primer-BLAST 

tool at NCBI. Primer sequences were listed in Supplementary Table S2.1. 
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2.3.5. Whole cell/nuclear protein extraction and Western blot 

Whole cell lysates were extracted by using radioimmunoprecipitation assay (RIPA) buffer 

containing 1% protease inhibitors. Protein concentration was determined by the Bicinchoninic 

Acid (BCA) Method according to manufacturer instructions.  

Nuclear protein was extracted by utilizing the Nuclear Extract Kit as instructed by the 

manufacturer. Briefly, cells were scraped with ice-cold PBS with phosphatase inhibitors and 

centrifuged at 200 x g at 4°C. Subsequently, Hypotonic Buffer and Detergent were added to the 

resuspended cells, followed by centrifugation for 30 sec. at 14,000 x g at 4°C. After removal of 

the supernatant (cytoplasmic fraction), the nuclear pellets were suspended in Complete Lysis 

Buffer and incubated for 30 min. on ice. Then, the mixture was centrifuged for 10 minutes at 

14,000 x g, and the supernatant (nuclear fraction) was collected and stored at -80°C. Nuclear 

protein concentration was quantified by using the ProStain Protein Quantification Kit according 

to the manufacturer’s instructions. The fluorescence was measured at 488 nm (excitation) and 

635 nm (emission).  

To examine specific protein expression, both whole cell lysates and nuclear protein were 

standardized with molecular biology grade water and mixed with a NuPAGE LDS Sample 

Buffer (4x) and NuPAGE Reducing Agent (10x). The mixture was then incubated at 70°C for 10 

min. To detect the tight junction proteins, 40 µL protein was loaded to the gel, whereas 15-20 μL 

protein was loaded to detect other proteins by using the electrophoresis. Whole protein extracts 

of A431 cells (an epidermoid carcinoma cell line) provided by Cell Signaling Technology 

(Danvers, MA, USA) was used as positive control for the detection of tight junction proteins. 

Then, proteins were transferred to a nitrocellulose membrane by using the iBlot2 dry transfer 

system. The membranes were non-specifically blocked with 5% Bovine Serum Albumin (BSA) 
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for 1 h, followed by primary antibody incubation at 4°C overnight. Secondary antibodies were 

applied to the membranes that were blocked with non-HRP conjugated primary antibodies. 

Chemiluminescent reagents were added to the membranes to detect the signals. Protein 

expressions were detected by using a UVP ChemStudio imaging system (Analytik Jena). The 

target protein bands were at the expected positions within the blots and non-specific bands were 

not observed; therefore, we are confident that the antibodies’ target was displayed as specified by 

the manufacturer. 

2.3.6. Enzyme-linked immunosorbent assay (ELISA) 

Supernatants were collected from cultured cells and stored in -20°C. Quantitative measurement 

of IL-6, IL-1β, and TNF-α in both supernatants and whole cell lysates (WCL) was conducted 

according to the manufacturer’s instructions of the commercialized human ELISA kits, which 

were kit-specific to our cytokines of interest.  The optical density of each sample was assessed 

by using the Synergy H1 microplate reader (BioTek, Winooski, VT, USA). 

2.3.7. Immunocytochemistry (ICC) 

The intensity and localization of claudin-1 were assessed by immunofluorescent antibody 

labeling. Briefly, cells on the coverslips were fixed with 4% paraformaldehyde for 10 minutes at 

room temperature, followed by washing using ice-cold PBS. Then, the cells were non-

specifically blocked with 1% BSA and 22.53 mg/mL glycine in PBST (PBS + 0.1% TWEEN 20) 

for 30 min. After rinsing with PBS for 3 times, the cells were incubated in primary antibody 

(1:10 diluted in 1% BSA) overnight, followed by incubation in the secondary antibody Alexa 

fluor 488 conjugate (1:10 diluted in 1% BSA) for 1 h at room temperature in the dark. The cells 

were then incubated in a reagent mixture from ImmunoCruz ABC Kit for 15 min to amplify the 

signals. Fluoromount-G Mounting Medium with 4′,6-diamidino-2-phenylindole (DAPI) was 
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used to mount the coverslips to the slides as well as provide a blue nuclear counter stain. 

Immunolocalizations of claudin-1 was visualized using a ZEISS LSM710 confocal fluorescence 

microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with a ZEISS camera.  

2.3.8. Statistical analysis 

Normality of distribution of the total samples was examined by utilizing the D’Agostino-Pearson 

omnibus normality test. If p-value is greater than 0.05, the data were considered as normally 

distributed. Equality of variance of data within each group was determined by using an F test. If 

p-value is greater than 0.05, the data was considered as equal variances. Student’s t-test was 

performed to compare the mean of the control group to the mean of the treatment group. A p-

value less than 0.05 was an indication of statistical significance. Each experiment was carried out 

in quadruplicates to ensure reproducibility. 

2.4. Results 

2.4.1 β-Carotene inhibited LPS-induced inflammation.  

The levels of pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α) were determined 

using ELISA procedures in both the cell culture supernatants and whole cell lysates (WCL) in 

HT-29 cells treated with β-carotene. LPS stimulation significantly increased the levels of IL-6 in 

both supernatant (Figure 2.1A) and WCL (Figure 2.1B) of these cells compared to the cells not 

treated with LPS (“No LPS”) as expected. β-Carotene treatment subsequently decreased IL-6 

levels in all treatment groups (1 nM, 10 nM, 100 nM, 1 µM, and 10 µM) in the supernatant 

samples and nearly all treatments in the WCL compared to the LPS stimulated control; even at 

the 1 nM β-carotene treatment group, the level of IL-6 decreased, although the p-value was not 

significant. 
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Furthermore, LPS stimulation significantly increased IL-1β levels compared to “No LPS” 

as expected (Figure 2.1C). β-Carotene treated WCL showed a significant decrease in IL-1β 

cytokine levels at all concentrations compared to the LPS control. Supernatant levels of IL-1β 

were too low to be detected via ELISA. Finally, LPS stimulation significantly increased TNF-α 

levels compared to “No LPS” (Figure 2.1D), as seen with the other cytokines. Although 

supernatant levels of TNF-α were too low to be quantified via ELISA, β-carotene treated WCL 

showed a significant decrease in TNF-α cytokine levels at most concentrations in comparison to 

the LPS control. Additionally, β-carotene treatment showed a nonsignificant decreasing trend at 

1 μM. The ELISA results indicated that β-carotene had an inhibitory effect on the LPS-

stimulated release of these pro-inflammatory cytokines. Also, CRP in HT-29 WCL was 

significantly increased upon LPS stimulation relative to the untreated control, and β-carotene 

decreased CRP at 1 μM and 10 μM (Figure 2.1E). Interestingly, 1 nM β-carotene was able to 

significantly decrease CRP expression, but 10 nM and 100nM did not reach statistical 

significance; in this case, this phenomenon may not be dose-dependent. 
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Figure 2.1: Inhibitory effect of β-carotene on LPS-induced inflammatory markers. A-D) 

Graphical representations of changes in proinflammatory cytokines detected via ELISA: A) 

Cytokine levels of IL-6 in HT-29 cell culture supernatants; B) IL-6 levels in HT-29 whole cell 

lysates (WCL); C) IL-1β levels in WCL; D) TNF-α levels in WCL. E) Western blot of CRP 

expression in WCL. Five treatment doses of β-carotene (1 nM, 10 nM, 100 nM, 1 µM, 10 µM). 

Four replicates were used for statistical analysis in ELISA and western blot. Values are means ± 

SEMs. *significance at p < 0.05 for comparison with the “No LPS” group, **significance at p < 

0.01 for comparison with the “No LPS” group. #significance at p < 0.05 for comparison with the 

“LPS” group, ##significance at p < 0.01 for comparison with the “LPS” group.  

 

2.4.2. β-Carotene improved tight junction proteins 

We explored the efficacy of β-carotene treatment in modulating tight junction proteins. 

Regarding claudin-1, the expected decrease of expression upon LPS stimulation was not 

significantly shown (Figure 2.2A). However, the expression of claudin-1 was drastically 

increased with the medium to high β-carotene doses of 10 nM, 100 nM, 1 μM and 10 μM. These 

substantial changes due to β-carotene treatment at these concentrations were also significant 
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compared to the baseline levels (“No LPS”) of claudin-1 expression. There was a similar trend 

with occludin expression (Figure 2.2B). The positive control, obtained from the epidermoid 

carcinoma cell line (A431), demonstrated a strong expression of both claudin-1 and occludin in 

comparison to HT-29 cells indicating that HT-29 cells might have the low endogenous 

expression of tight junction proteins. We also assessed the mRNA levels of claudin-1 and 

occludin in the same in vitro model. The LPS only treatment group led to a significant decrease 

in claudin-1 levels, whereas the β-carotene treatment provided an overall significant increase in 

claudin-1 at most concentrations, with the exception for the non-significant increase at 1 nM 

(Figure 2.2C). Similar results were observed regarding levels of occludin as LPS treated 

samples showed a non-significant decrease and β-carotene treated samples resulted in increased 

levels, with significant increases at higher doses of 100 nM, 1 μM, and 10 μM (Figure 2.2D). 

 

 

Figure 2.2: β-Carotene treatments induce tight junction proteins. A-B) Western blot membranes 

with tight junction protein expression of A) claudin-1 and B) occludin. Positive control (+CTRL), 

obtained from A431 cells. C-D) Fold changes in mRNA levels of C) claudin-1 and D) occludin 

generated from qPCR. Five treatment doses of β-carotene (1 nM, 10 nM, 100 nM, 1 µM, 10 µM). 

Four replicates were used for statistical analysis of western blot and qPCR. Values are means ± 

SEMs. *significance at p < 0.05 for comparison with the “No LPS” group. #significance at p < 

0.05 for comparison with the “LPS” group, ##significance at p < 0.01 for comparison with the 

“LPS” group.  
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Qualitative analysis of confocal fluorescence microscopy images was obtained to verify 

the effects of β-carotene on tight junction protein expression changes in HT-29 cells (Figure 

2.3). LPS decreased the expression of claudin-1 as expected, and β-carotene increased the 

claudin-1 expression across all concentration groups compared to LPS treatment alone. 

Furthermore, the intensity at the higher end of our treatment range at concentrations of 1 μM and 

10 μM appeared to be stronger than that of the “No LPS” group. These results were correlated 

with the western blotting results and indicated that β-carotene could upregulate claudin-1 tight 

junction levels.  

2.4.3. β-Carotene Metabolism – its cellular uptake and conversion 

 β-Carotene is a provitamin-A carotenoid, so its metabolite ATRA, the biologically active 

form of vitamin A, is of particular interest. We first determined its uptake into the colonic 

epithelial cells via checking SR-B1 levels under our treatment conditions, and there were no 

observed significant differences of srb1 mRNA levels between “No LPS” and LPS stimulated 

groups (Supplementary Figure S2.2A). Likewise, there were no significant changes of srb1 

expression across the β-carotene treated samples compared to the LPS stimulated group. 

Therefore, SR-B1 was not significantly affected by the presence of LPS or β-carotene. 

Furthermore, we examined the expression of BCO1 in our model, and upon LPS stimulation, 

there was a significant increase in bco1 mRNA (Supplementary Figure S2.2B). However, β-

carotene did not significantly affect bco1 mRNA expression except for a downregulation at the 

10 µM treatment group, which could indicate that β-carotene may not significantly hinder the 

BCO1 related cleavage under LPS conditions. 
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Figure 2.3: β-Carotene promotes claudin-1 protein expression. Confocal microscope images of 

claudin-1 protein expression. DAPI panel) HT-29 cell nuclei indicated via DAPI staining. 

Claudin-1 panel) Protein expression of claudin-1 expression portrayed by fluorescent staining via 

Alexa Fluor 488. Panels are merged in the final panel for visualization of localization. Five 

treatment doses of β-carotene (1 nM, 10 nM, 100 nM, 1 µM, 10 µM). Scale bar of 20 µm was 

included for size comparison. 
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2.4.4. ATRA did not alter LPS-induced inflammation 

 Determining how ATRA modulates tight junction proteins and LPS-induced 

inflammation was essential to understanding whether the anti-inflammatory nature of β-carotene 

was due to ATRA or the parent compound, β-carotene. As seen previously, ELISA tests showed 

that LPS stimulation significantly increased the levels of IL-1β in both supernatant (Figure 

2.4A) and WCL (Figure 2.4B) samples of these cells compared to that of the cells not treated 

with LPS. However, no sufficient data was shown in this study to justify that ATRA altered LPS-

induced inflammation. In this case, ATRA did not significantly decrease IL-1β supernatant 

levels, except for at 10 nM (Figure 2.4A).  

We also examined how TNF-α proteins were changed in WCL through ATRA 

treatments. LPS stimulation significantly increased TNF-α levels compared to “No LPS” (Figure 

2.4C). Yet, ATRA had no observed effects on TNF-α WCL levels, except at 1µM. Supernatant 

levels of TNF-α were not detectable via ELISA. Based on these results, ATRA did not inhibit 

LPS-induced production of cytokines to the extent observed in β-carotene treated HT-29 

cells. Additionally, LPS treatment increased CRP expression levels (Figure 2.4D), yet 

treatments of ATRA led to observed no changes, except for the significant decrease at 10 µM. 

Based on these collective results, ATRA appeared to have minimal effect on LPS-induced 

inflammation within HT-29 cells. 
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Figure 2.4: ATRA minimally affects LPS-induced inflammatory markers. A-C) Graphical 

representations of fold changes in proinflammatory cytokines detected via ELISA: A) Cytokine 

levels of IL-1β in HT-29 cell culture supernatants; B) IL-1β levels in HT-29 whole cell lysates 

(WCL); C) TNF-α levels in WCL. D) Western blot of CRP expression in WCL. Five treatment 

doses of ATRA (1 nM, 10 nM, 100 nM, 1 µM, 10 µM). Four replicates were used for statistical 

analysis in ELISA and western blot. Values are means ± SEMs. *significance at p < 0.05 for 

comparison with the ‘No LPS’ group, **significance at p < 0.01 for comparison with the “No 

LPS” group. #significance at p < 0.05 for comparison with the “LPS” group. 

 

2.4.5. ATRA did not alter tight junction proteins  

To further define the role of ATRA in LPS induced inflammation in our cell model, more 

experiments were conducted to assess whether it could modulate the expression of tight junction 

proteins. Like with the β-carotene treated HT-29 cells, expressions of claudin-1 and occludin 

were assessed with ATRA administration. There was no apparent increase of claudin-1 

expression with the treatment of ATRA upon LPS stimulated cells (Figure 2.5A). Furthermore, 

the finding of ATRA’s minimal effect on claudin-1 was opposite compared to the observations 
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of the β-carotene treated HT-29 cells, as those indicated an increase in claudin-1 expression upon 

treatment. Likewise, ATRA notably had no effect on occludin across all treatment conditions and 

failed to improve expression (Supplementary Figure S2.3A).   

Consistently, our qPCR results showed non-significant trends of increasing claudin-1 

mRNA levels LPS stimulation and ATRA treatments (Figure 2.5B). An increase of claudin-1 

expression was observed at the 10 µM level of ATRA treatment, but not significant in measure. 

Results from all other treatment arms indicate that ATRA did not affect mRNA for claudin-1 

expression. Additionally, insufficient data was found regarding occludin mRNA levels after 

ATRA treatment (Supplementary Figure S2.3B). Overall, ATRA administration did not 

significantly influence tight junction protein modulation.  

 

Figure 2.5: ATRA is not as effective as in causing similar tight junction expression trends as β-

carotene. A-B) ATRA treatments on tight junction proteins or mRNA. A) Claudin-1 WCL protein 

in western blot B) and claudin-1 mRNA expressions in qPCR. Five treatment doses of ATRA (1 

nM, 10 nM, 100 nM, 1 µM, 10 µM). Four replicates were used for statistical analysis in western 

blot and PCR. Values are means ± SEMs. *significance at p < 0.05 for comparison with the ‘No 

LPS’ group. 

 

2.4.6. β-Carotene inhibited the TLR4/NF-κB pathway 

It is known that elevated levels of LPS promote a proinflammatory cascade through activation of 

toll-like receptor 4 (TLR4) (22). We showed that stimulation of LPS increased TLR4 expression 

within HT-29 WCL (Figure 2.6A). β-Carotene was subsequently beneficial towards inhibiting 
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this LPS-induced TLR4 activation at higher treatment dosages of 1 μM and 10 μM. Previous 

reports showed beneficial effects of CD14 against inflammatory bowel disease by mitigating 

inflammation and enhancing intestinal barrier function (31, 32). In the current study, β-carotene 

concentrations promoted CD14 membrane protein levels at all tested doses, except 1 nM, and 

such modulation may correlate to regulation of the tight junction claudin-1 and occludin proteins 

(Figure 2.6B). As this inflammatory status of HT-29 cells could also be attributed to NF-κB 

signaling, we investigated the modulation of β-carotene on the NF-κB p65 subunit. Consistent 

with TLR4 expression, most of the β-carotene treatments led to significant decreases in the 

protein expression of the NF-κB p65 subunit at concentrations of 10 nM, 100 nM, 1 µM, and 10 

µM (Figure 2.6C). Additionally, we investigated the nuclear translocation of NF-κB p65 within 

nuclear extracts of HT-29 cells. As expected, LPS treatment significantly increased expression of 

NF-κB p65 in these nuclear extracts, and β-carotene treatments showed significant decreases 

seen in treatment arms 100 nM and 1 µM (Figure 2.6D). 

We also tested whether ATRA treatments exerted similar effects in the TLR4/NF-κB 

pathway. ATRA showed a slight decreasing dose-dependent trend in TLR4 expression in treated 

samples, albeit nonsignificant except at 10 µM (Figure 2.6E). ATRA similarly affected in NF-

κB p65 expression (Figure 2.6F). In conclusion, β-carotene decreased LPS-induced TLR4 

activation at higher treatment dosages of 1 μM and 10 μM, whereas ATRA did not. Likewise, 

most β-carotene treatments led to a significant decrease in the protein expression of the NF-κB 

p65 subunit on both WCL and nuclear extracts, but ATRA had no such effect.  
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Figure 2.6: β-Carotene inhibits the TLR4 and NF-κB pathway. A-C) Western blots of β-

carotene treated HT-29 WCL-graphical fold changes of A) TLR4 expression, B) CD-14 

expression, and C) NF-κB p65. Control images were re-used for illustrative purposes in figures 

6A and 6C. D) Nuclear protein extractions from β-carotene treated samples-western blot and 

graphical fold changes of D) NF-κB p65 expression. E-F) Western blots of ATRA treated HT-29 

WCL proteins-graphical fold changes of E) TLR4 expression and F) NF-κB p65. Four replicates 

were used for statistical analysis in western blot. Values are means ± SEMs. *significance at p < 

0.05 for comparison with the “No LPS” group, **significance at p < 0.01 for comparison with 

the “No LPS” group. #significance at p < 0.05 for comparison with the “LPS” group, 
##significance at p < 0.01 for comparison with the “LPS” group. 

 

2.5. Discussion 

In the current study, β-carotene treatment in HT-29 cells reduced LPS-induced 

inflammation and enhanced tight junction proteins in colonic epithelial cells. In accordance, one 

in vivo study reported that in weaning piglets, β-carotene supplementation significantly 

decreased serum IL-1β, IL-6, and TNF-α concentrations, compared to the cell without LPS 

treatment (33). In an ulcerative colitis (UC)-associated mouse model, β-carotene 

supplementation at 20 mg/kg body weight (BW)/day for 28 days significantly reduced colonic 
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IL-6 and TNF-α levels (34), which was in line with our findings. Another study reported that in 

β-lactoglobulin-sensitized mice, β-carotene at 5 and 10 mg/kg body weight significantly 

decreased intestinal inflammation and enhanced intestinal barrier function (35). Yu et al. 

reported that in rats, β-carotene supplementation suppressed LPS-induced intestinal 

inflammation via modulating autophagy and regulating the JAK2/STAT3 and JNK/p38 MAPK 

signaling pathways (36). A recent study depicted the beneficial effects of β-carotene in a DSS-

induced UC model by showing decreased colonic levels of proinflammatory cytokines, lowered 

expression levels of phospho-p65, phospho-p38 and reduced activation of Erk and JNK in the 

rats fed with β-carotene (37). Nevertheless, these were in vivo studies that mostly focused on 

small intestine, whereas we concentrated more on answering fundamental questions about the 

effects and potential mechanism of β-carotene treatment in modulating LPS-induced 

inflammation and changes in tight junction protein expression in colon, by particularly using the 

human epithelial cells.     

The efficacy of vitamin A on intestinal barrier function was inconsistently reported. Li et 

al. showed that in Caco-2 cells, ATRA treatment at 5 μM substantially enhanced transepithelial 

electric resistance (TEER) and ZO-2 (38). On the contrary, Baltes et al. reported that ATRA 

treatment at 10 nM-1 μM in Caco-2 cells significantly reduced the TEER values and increased 

claudin-2, a tight junction protein that decreases barrier function by forming ion pores (39). In 

the current study, ATRA treatment at 1 nM-10 μM did not show consistent effects in altering 

colonic inflammatory biomarkers or tight junction protein expressions. The discrepancy between 

our study and earlier reports might be due to the differentiation status of the cells. It is worth 

mentioning that plasma ATRA levels in human beings are approximately 0.57-6.6 ng/mL (40, 

41), at least 150-fold less than plasma retinol concentration (40). Such value was substantially 
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lower than the ATRA dosage given to the cells in the previous reports (38, 39). Therefore, future 

studies may be needed to achieve physiological relevance by supplementing the cells with an 

even lower dosage of ATRA. We failed to observe a difference of claudin-1 and occludin protein 

expressions in LPS-treated cells compared to the cells without LPS treatment. Multiple 

publications have portrayed a loss of tight junction proteins in LPS-treated cells (42-44), but 

none of these studies investigated the effect of LPS on tight junction protein expressions in 

intestinal epithelial cells. It has been reported that in mice, the injection of 2 mg/kg LPS induced 

resulted in gut epithelial barrier dysfunction, which was accompanied by decreased ZO-1 and 

occludin in the colonic mucosa (45). However, the colonic protein level of claudin-1 was 

comparable between the control and LPS-treatment groups (45), which was in line with our 

finding that LPS did not alter claudin-1 protein expression. In Caco-2 cells, LPS treatment 

induced an increase in tight junction permeability by up-regulating TLR4 (46). In the current 

study, we found that β-carotene significantly decreased TLR4 protein levels, which was 

associated with an enhancement of claudin-1 and occludin protein concentrations. One previous 

study reported that LPS increased cell permeability via an intracellular mechanism involving 

TLR-4-dependent regulation of CD14 (31). CD14 is a membrane protein that is constitutively 

expressed on the surfaces of epithelial cells (32) and showed beneficial effects against 

inflammatory bowel disease by mitigating inflammation and enhancing intestinal barrier function 

(32, 47). We found increased CD14 protein expression and reduced TLR4 protein expression in 

the cells treated with β-carotene, indicating the possibility that β-carotene might enhance 

claudin-1 and occludin protein levels through regulating CD14. Nevertheless, we only showed 

the mechanistic investigation highlighting the correlation between the TLR4-CD14 pathway and 

tight junction expressions, not causality. We cannot rule out the possibility that β-carotene 
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alleviated colonic inflammation and improved tight junction proteins through other molecular 

pathways. 

Considering that HT-29 cells are hyporesponsive to LPS (48), we primed the cells with 

IFN-γ at 50 ng/mL for 12 h before LPS treatment since priming HT-29 cells with IFN-γ can 

enhance their responsiveness to LPS (48). We selected to treat the cells with LPS at a dosage of 

at 1 μg/mL for 15 h based on the results of our preliminary study (Supplementary Figure S2.1). 

However, it is worth mentioning that in human plasma, LPS concentration ranges from 

undetectable levels up to 0.2 ng/mL (49-52), even in patients with systemic endotoxemia (52), 

but with LPS at this range, we were not able to observe increased inflammatory cytokine release 

or enhanced TLR4 protein expression in HT-29 cells.  

Our results showed a reduction of IL-1β and IL-6 in the supernatant with β-carotene 

treatment at any dosage, and a decrease of TNF-α in the cell WCL with β-carotene treatment at 

10 nM, 100 nM, 1 μM, and 10 μM. However, it remains unknown that whether β-carotene 

decreased the levels of pro-inflammatory cytokines at transcriptional levels, since we failed to 

detect the mRNA concentrations of these cytokines by using PCR due to their relatively low 

quantification in the cells. 

Regarding the doses that we selected in this study, previous human studies have shown 

that plasma β-carotene concentration ranges from approximately 125 – 425 nM (53, 54). β-

Carotene concentration can be between 680 – 2255 nM in circulation depending on whether it is 

consumed as a pure compound or within the foods (53, 55). We recently reported that engineered 

S. boulardii synthesized high doses of β-carotene in the colon of mice, and the intake of such 

engineered probiotics may result in an even higher β-carotene concentration in the gut (56). 
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Altogether, the dosage of β-carotene used in this study is within physiological relevance and can 

be achieved by humans.  

There are several limitations and shortcomings in the current study. First, we could not 

conduct a TEER assay to explore the LPS-induced changes in cell permeability. A differentiated 

HT-29 cell line is required to ensure that the cells form a monolayer to conduct TEER assay (57). 

However, cellular differentiation in HT-29 cells may attenuate their response to LPS by down-

regulating TLR4 (58). Furthermore, the differentiated HT-29 cells may express brush-border-

associated hydrolases and present brush-border microvilli, which resembles small intestinal cells 

(57). Since our research focuses on LPS-induced colonic dysfunction, we utilized 

undifferentiated HT-29 cells, which explains the inability to conduct the TEER assay. We plan to 

use NCM460D, a normal human colon mucosal epithelial cell line (59), to investigate further the 

efficacy of β-carotene in inhibiting LPS-induced colonic inflammation and colonic barrier 

function. Finally, yet importantly, β-carotene can be cleaved eccentrically to form a series of 

products such as β-apo-14′-carotenoic acid and β-apo-13-carotenone (60). Since earlier reports 

showed that the metabolites of carotenoids from eccentric cleavage might present various 

beneficial effects (61-63), we cannot rule out the possibility that compared with a single β-

carotene compound, the eccentric cleavage products from β-carotene may play a more prominent 

role in anti-inflammation and modulate tight junction proteins. Finally, we also will conduct 

experiments to examine whether other major dietary carotenoids would mitigate inflammation in 

colon.  

Taken together, we provided the first evidence that β-carotene treatment, even at low 

dosages, can inhibit LPS-induced colonic inflammation and enhanced the expression of tight 
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junction proteins possibly by down-regulating the TLR4 pathway as summarized in Figure 7. 

Further in vitro mechanistic studies and in vivo studies are warranted. 

 

Figure 2.7: Graphical representation of proposed pathway in which β-carotene impacts 

colonic epithelial cells. β-Carotene effectively inhibits the LPS-induced inflammatory response 

within HT-29 colonic epithelial cells by downregulating TLR4, which may block the activation 

and nuclear translocation of the NF-κB p65 subunit and related downstream signaling. Thus, the 

release of proinflammatory cytokines (IL-6, IL-1β, TNF-α) is compromised. The β-carotene 

induced downregulation of TLR4 may also alleviate the inhibition of its co-receptor CD14. 

Enhanced CD14 levels by β-carotene may upregulate tight junction proteins (claudin-1 and 

occludin), leading to decreased intestinal permeability and enhanced barrier integrity. 
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2.6. Supplementary Materials 

 

Supplementary Table S2.1: Primer sequences used in qPCR experiments. Forward and reverse 

sequences generated with the NCBI BLAST tool.  

 

Supplementary Figure S2.1: Selection of LPS treatment conditions. A) Time course and dose 

response for LPS treatment-four time points (6hr, 12hr, 15hr, 24hr) and three dosages (No LPS, 

1 ng/mL, 10 ng/mL). Top-western blot of TLR4 expression in HT-29 WCL; Bottom-fold 

changes of TLR4. B) LPS dose response at 15hr, three dosages (“No LPS”, 100 ng/mL, 1 

μg/mL). Top- western blot of TLR4 expression; Bottom- fold changes of TLR4. Four replicates 

were used for statistical analysis in western blot. Values are means ± SEMs. *indicates 

significance at p < 0.05 for comparison of cells not treated with LPS (No LPS) versus cells 

treated with LPS.  
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Supplementary Figure S2.2: β-Carotene metabolism in HT-29 cells. Fold changes in mRNA 

levels of A) sr-b1 B) bco1 Five treatment doses of β-carotene (1 nM, 10 nM, 100 nM, 1 µM, 10 

µM). Four replicates were used for statistical analysis of qPCR. Values are means ± SEMs. 

**indicates significance at p < 0.01 for comparison with the “No LPS” group. #indicates 

significance at p < 0.05 for comparison with the “LPS” group.  

 

Supplementary Figure S2.3: The effect of ATRA in occludin protein expression. A) Western 

blot of occludin protein levels in ATRA treated HT-29 WCL. Positive control (+CTRL), 

obtained from A431 cells. No statistical analysis was done due to lack of occludin expression. B) 

Graphical fold changes of occludin mRNA levels in ATRA treated HT-29 cells obtained via 

qPCR. Four replicates were used for statistical analysis in western blot and qPCR. Values are 

means ± SEMs. 
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Chapter 2 Unpublished Data: NCM460D Proteomics 

 

2.8 Introduction:  

In collaboration with the Molecular Education, Technology, and Research Innovation Center 

(METRIC), a core facility at NCSU, an isobaric-labeling based quantitative proteomics study 

was conducted with human colonic epithelial cells (cell line NCM460D) exposed to β-carotene. 

Compared to the human HT-29 cells used in the main study, these NCM460D cells are non-

cancerous colon epithelial cells [1] so these were a more physiologically relevant model to study. 

Bottom-up quantitative proteomics was utilized in this study to obtain a birds-eye, discovery-

oriented view on the changes of the cellular proteome induced by LPS and β-carotene treatment. 

Isobaric tandem mass tags (TMT 10-plex) were used to label and portray the differential 

quantitation of the digested peptides. 

Methods: 

Cell culture: NCM460D cells were purchased from Incell Inc., grown in antibiotic containing 

M3 media (Incell) supplemented with 10% FBS and incubated in a humidified atmosphere of 

95% air and 5% CO2 at 37°C. For the proteomic experiments, cells were seeded at a density of 

2.5 x 105 per well in 2 mL FBS-starved media overnight, which was replaced with FBS-

containing media at the time of LPS and β-carotene treatment. LPS (10 ng/mL in cell culture 

media), β-carotene (1 µM in acetone), and vehicle (acetone) treatments, in triplicate, were 

administered for 24 hours.  

Extraction, reduction, alkylation, digestion:  

Whole cell lysates were extracted by using the lysis buffer containing 1% nuclease from the 

EasyPep Mini MS kit (ThermoFisher #A40006). The protein concentration was determined by 

the Rapid Gold BCA kit (ThermoFisher) according to manufacturer instructions and 
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standardized to 100 μg protein with the EasyPep lysis buffer. A series of incubations were done 

components of the EasyPep kit:  50 µL reducing buffer and 50 µL alkylating buffer for 10 min at 

95°C. Proteins were digested into peptides via incubation with 50 µL trypsin/Lys-C protease mix 

for three hours at 37°C, after which a stop solution was added to terminate the digestion. 

Peptides were isolated from hydrophilic/hydrophobic contaminants (i.e. buffer salts, detergents, 

other biomolecules) via the kit-provided clean-up spin columns and then dried down with 

nitrogen gas.  

TMT labeling:  

Peptides (100 µg) were reconstituted in 100 µL of 100 mM triethylamine bicarbonate (TEAB), 

pH 8.5. The TMT labels were thawed, reconstituted in 41 µL anhydrous acetonitrile, the total 

volumes of TMT labels were added to the peptides and incubated at room temperature for 60 

min. TMT labels were organized for their respective treatment group in the following manner:  

Vehicle (126, 127N, 127C), LPS (128N, 128C, 129N), LPS+BC (129C, 130N, 130C); not 

utilized (131).  The labeling reaction was quenched by adding 8 µL 5% hydroxylamine for 15 

minutes. The labeled peptides were then dried down nitrogen gas.  

Fractionation:  

The dried, TMTpro-labeled peptides were dissolved in 300 μL of 0.1% trifluoroacetic acid 

solution and fractionated via high-pH, reversed-phase fractionation spin columns per the 

manufacturer’s instructions (Pierce™ High pH Reversed-Phase Peptide Fractionation Kit 

#84868, ThermoFisher). The fractions were eluted from the columns via an increasing gradient 

of acetonitrile and a decreasing gradient of triethylamine and Fraction 8 was dried down with 

nitrogen gas and saved for LC/MS analysis. 
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LC-MS/MS: EASY nanoLC-1200 interfaced to a Thermo Scientific Exploris-480 with an 

EASY-Spray source was used for data collection. Analytical Column: EASY-Spray C18 nanoLC 

column, 2 μm particle size, 75 μm ID, 250 mm length. Trap Column: Thermo Scientific Acclaim 

PepMapTM 100 C18 nanoLC column, 3 μm particle size, 75 μm ID, 20 mm length. 

 

Results:  

 
Figure A2.1: Gene Ontology Network (GOnet) map of differently expressed proteins identified 

in NCM460D cells. Ovals are proteins, rectangles are associated pathways; color of proteins 

correspond to LPS+BC/LPS fold change (i.e. change in abundance induced by β-carotene 

treatment) 
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Vitamin A metabolism:  

Name Abbrev.  UniProt LPS 

avg. 

LPS+BC 

avg. 

Fold 

change 

Retinal dehydrogenase 1 ALDH1A1 P00352 522.7 1024.5 1.96 

Retinol dehydrogenase 10 RDH10 Q81ZV5 139.35 341.35 2.45 

Short-chain dehydrogenase/reductase 3 DHRS3 075911 65.75 155.05 2.36 

 

Oxidative stress/Inflammation:  

Name Abbrev. UniProt LPS 

avg. 

LPS+BC 

avg. 

Fold 

change 

Peroxiredoxin-1 PRDX1 Q06830 263.65 931 3.53 

Thioredoxin-dependent peroxide 

reductase, mitochondrial  

PRDX3 P30048 35.2 117.5 3.34 

Thioredoxin  TXN P10599 270.35 871.45 3.22 

Thioredoxin reductase 1, cytoplasmic  TXNRD1 Q16881 288.8 995.5 3.45 

Thioredoxin domain-containing 

protein 12 

TXNDC12 O95881 58.65 282.2 4.81 

Sulfiredoxin-1 SRXN1 Q9BYN0 38.25 109.7 2.87 

Glutathione S-transferase P GSTP1 P09211 11.2 20 1.79 

Superoxide dismutase [Mn], 

mitochondrial 

SOD2 P04179 182.5 354.05 1.94 

Serum paraoxonase/arylesterase 2 PON2 Q15165 159.15 408.05 2.56 

NF-κB repressing factor NKRF O15226 298.05 449.8 1.51 

Claudin-7 CLDN7 O95471 118.95 272.8 2.29 

 

DNA repair:  

Name Abbrev. UniProt LPS 

avg. 

LPS+BC 

avg. 

Fold 

change 

DNA repair protein RAD50 RAD50 Q92878 6.85 27.85 4.07 

DNA mismatch repair protein MSH2 MSH2 P43246 43.2 92.45 2.14 

DNA mismatch repair protein MSH6 MSH6 P52701 40.4 97.95 2.42 

DNA damage-binding protein 1 DDB1 Q16531 922.2 1634.65 1.77 

Telomere-associated protein RIF1 RIF1 Q5UIP0 58.65 165.3 2.82 
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Golgi/ER:  

Name Abbrev. UniProt LPS 

avg. 

LPS+BC 

avg. 

Fold 

change 

ATP-binding cassette sub-family D 

member 3 

ABCD3 P28288 49.85 115.15 2.31 

Trans-Golgi network integral 

membrane protein 2 

TGOLN2 O43493 57.45 138.3 2.41 

Golgi reassembly-stacking protein 2 GORASP2 Q9H8Y8 1175.4 1728.6 1.47 

AP-1 complex subunit gamma-1 AP1G1 O43747 202.8 450.15 2.22 

AP-2 complex subunit beta AP2B1 P63010 16.9 50.5 2.99 

AP-3 complex subunit delta-1 AP3D1 O14617 23.0 79.35 3.45 

Table A2.1 GOnet values for NCM460D cells  

 

 

 

Discussion:  

 

Within these non-cancerous colon epithelial NCM460 cells, the LPS treatment regulated 

the abundance of all proteins compared to the vehicle treatment (data not shown). LPS+BC 

treatment regulated the abundance of various proteins in comparison to LPS treatment alone that 

were involved in multiple pathways. The stimulation of proteins involved in vitamin A activity 

like retinal dehydrogenase 1 (ALDH1A1) and retinol dehydrogenase 10 (RDH10) signify that 

these cells were able to metabolize the β-carotene. Notably, β-carotene promoted the expression 

of NF-κB repressor factor (NKRF) and claudin-7. In this study, we also found that β-carotene 

increased the abundance of proteins in several other clusters in response to LPS treatment, 

including oxidative stress and inflammation, DNA repair, and Golgi assembly. Altogether, we 

demonstrated that β-carotene improved gut barrier function, displaying antioxidant and anti-

inflammatory properties in healthy human colonic epithelial cells. 

1.Moyer, M.P., et al., NCM460, a normal human colon mucosal epithelial cell line. In Vitro Cell 

Dev Biol Anim, 1996. 32(6): p. 315-7. 
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3.1. Abstract  

(1) Background: Carotenoids are abundant in colored fruits and vegetables. Non-alcoholic fatty 

liver disease (NAFLD) is a global burden and risk factor for end-stage hepatic diseases. This 

study aims to compare the anti-NAFLD efficacy between carotenoid-rich and carotenoid-

deficient vegetables.  

(2) Methods: Male C57BL/6J mice were randomized to one of four experimental diets for 15 

weeks (n=12 animals/group): Low-fat diet (LFD, 10% calories from fat), high-fat diet (HFD, 

60% calories from fat), HFD with 20% white carrot powders (HFD+WC), or with 20% orange 

carrot powders (HFD+OC).  

(3) Results: We observed that carotenoids in the orange carrots reduced HFD-induced weight 

gain, better than white carrots. Histological and triglyceride (TG) analyses revealed significantly 

decreased HFD-induced hepatic lipid deposition and TG content in the HFD+WC group, which 

was further reduced in the HFD+OC group. Western blot analysis demonstrated inconsistent 

changes of fatty acid synthesis-related proteins but significantly improved ACOX-1 and CPT-II, 

indicating that orange carrot carotenoids had the potential to inhibit NAFLD by improving β-

oxidation. Further investigation showed significantly higher mRNA and protein levels of PPARα 

and its transcription factor activity.  

(4) Conclusions: Carotenoid-rich foods may display more potent efficacy in mitigating NAFLD 

than those with low carotenoid levels. 

Keywords: Phytochemicals, Nutrition, Lipid Metabolism, Beta-oxidation, Nuclear 

Receptors 
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3.2. Introduction 

Non-alcoholic fatty liver disease (NAFLD) is characterized by a 5 - 10% excessive lipid 

deposit in hepatocytes without significant alcohol intake (1). It is the most common form of 

chronic liver disease in the USA, affecting 80-100 million individuals (2). Obesity has been 

shown to be the principal risk factor for NAFLD development (3). Although isolated hepatic 

steatosis is considered a benign condition or minimal rate of progression (4), NAFLD patients 

generally have a higher risk of developing end-stage liver diseases and increased morbidity and 

all-cause mortality than healthy individuals (5, 6). Currently, there is no FDA-approved 

medication for NAFLD, and the optimal method of alleviating NAFLD is the adoption of 

lifestyle changes, including weight management and embracing healthy eating habits (7).  

Carotenoids are naturally occurring pigments synthesized by plants, algae, and 

photosynthetic bacteria (8-10). They can scavenge reactive oxygen species and deactivate 

electronically excited sensitizer molecules (11). Accumulating evidence has shown health 

benefits of carotenoids in various organs (12-15). Recently, a randomized, double-blinded trial 

showed that compared to consuming vegetable pastes containing low levels of carotenoids, the 

consumption of carotenoid-rich vegetable pastes promoted the decrease of visceral fat and waist 

circumference among obese subjects (16), indicating that carotenoids from whole foods may 

display an independent beneficial efficacy against obesity. However, the role of fruits or 

vegetables against NAFLD was less evident. A cross-sectional study with middle-aged subjects 

failed to observe a significant association between fruit or vegetable intake and NAFLD (17). 

Consistently, a meta-analysis with six cross-sectional studies and two case-control studies found 

the association between fruit intake and the likelihood of developing NAFLD to be not beneficial 

(18). A potential explanation for the negative results might be the misclassification of the food 
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groups by combining the low-carotenoid food with those enriched with carotenoids. Therefore, 

the major knowledge gap is whether whole foods containing high carotenoid levels (such as 

orange carrots) are more efficient in preventing NAFLD than low-carotenoid foods (such as 

white carrots).  

The efficacy of β-carotene in ameliorating NAFLD has been shown in multiple studies 

(19-21). However, realizing that single nutrient theories were inadequate to explain the efficacy 

of daily dietary changes on non-communicable diseases (22), an increasing number of nutritional 

studies shifted their focus from single nutrients to whole foods. Specifically, scientists in the 

carotenoid studies found that whole food enriched with β-carotene, such as apricots and Campari 

tomatoes, were effective in mitigating diet-induced NAFLD (23, 24). Nevertheless, these foods 

contain a wide arrange of compounds such as fiber, so whether the anti-NAFLD efficacy was 

mainly from carotenoids or other compounds remains unknown. Another class of food-derived 

compounds known as flavonoids have been documented to provide health benefits through anti-

hyperlipidemic, anti-inflammatory, and anti-diabetic effects against high-fat and high-fructose 

conditions (25).  

From the mechanistic point of view, NAFLD results from imbalanced hepatic lipid 

homeostasis, which can be caused by increased hepatic triglyceride (TG) uptake, enhanced fatty 

acid synthesis, or decreased β-oxidation. Peroxisome proliferator-activated receptors (PPARs) 

belong to a ligand-activated transcription factor superfamily comprising three isoforms: alpha 

(α), beta/delta (β/δ), and gamma (γ) (26). PPARα is ubiquitously expressed while highly 

expressed in the liver (26, 27). Over the last several decades, various studies have focused on 

investigating PPARα due to its critical role in lipid and lipoprotein metabolism (28-30) by 

regulating a wide spectrum of target genes such as acyl-CoA oxidase 1 (ACOX1) (30) and 
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carnitine palmitoyltransferase-I (CPT-I) (31). AMP-activated protein kinase (AMPK) is a master 

regulator of metabolism, which coordinates metabolic pathways and therefore maintains energy 

homeostasis (32). Interestingly, genetic liver-specific AMPK activation in mice alleviated the 

diet-induced obesity and NAFLD, suggesting that AMPK could be a potential target for 

preventing NAFLD (33). Since several publications reported that dietary carotenoids and their 

metabolites were effective in upregulating PPARα and activating AMPK (34-36), we performed 

further studies focusing on these targets.  

To conclude, the major gap of knowledge in the carotenoid and NAFLD research relates 

to the failure of introducing a positive control that contains the similar compounds from the food 

source other than carotenoids. Therefore, the objective of this study was to compare the anti-

NAFLD efficacy between carotenoid-rich vegetables (orange carrots) and carotenoid-deficient 

vegetables with similar concentrations of other compounds (white carrots). We hypothesize that 

orange carrots are more efficient in mitigating NAFLD in HFD-induced obese mice compared 

with white carrots. 

3.3. Methods 

3.3.1. Animals  

All animal protocols for the study were approved by the Institutional Animal Care and 

Use Committee (IACUC) at North Carolina State University. C57BL6J mice (male, n=48) were 

purchased from Jackson Laboratory (Bar Harbor, ME, USA). Four mice were co-housed in one 

cage in a controlled temperature and humidity room with a 12-hour light/dark cycle and fed with 

a standard chow diet. At 11 weeks of age, mice were randomized to four dietary groups (n =12 in 

each group): low-fat diet (LFD, D12450J, 10% calories from fat), high-fat diet (HFD, D12492, 

60% calories from fat), HFD with 20% w/w white carrot (HFD+WC), and HFD with 20% w/w 
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orange carrot (HFD+OC). We utilized 20% (w/w) carrots due to the limited bioaccessibility of 

carotenoids (37). Moreover, the cleavage efficiency of carotenoids to produce apocarotenoids is 

much higher in mice than in humans (38, 39). Therefore, although 20% carrots seem to be a 

supraphysiological dose in human beings, such dosage serves the purpose of this study (our 

research interests focus on carotenoids, not carotenoid metabolites). Food and water were 

administered ad libitum. Compositions of dietary pellets and vitamin mix (V10001) have been 

provided in Supplementary Table S3.1. The dietary intervention lasted for 15 weeks. Carrots 

were purchased from local grocery stores and lyophilized at NC Food Innovation Lab in 

Kannapolis, NC. All diet pellets were made at Research Diets Inc. (New Brunswick, NJ, USA). 

Body weight for each mouse and the food consumption amount were recorded weekly. 

Submandibular blood collection was performed every month; one mouse in the LFD group was 

deceased during the submandibular blood collection, making LFD n=11 for subsequent studies. 

At the end of the study, mice were anesthetized with isoflurane, followed by cardiac puncture. 

Blood was transferred to a capillary blood collection tube and placed at room temperature for 30 

minutes. Serum was collected by centrifuging the blood at 1,500 x g for 10 minutes at 4°C. 

Livers were weighed and washed with saline. A piece of liver tissue was fixed in 10% formalin 

(Thermo Fisher Scientific, Waltham, MA, USA) for histopathological examination. All the 

tissues were harvested, snap-frozen in liquid nitrogen, then stored at -80°C for further analysis. 

3.3.2. Body Composition Analysis  

EchoMRI-100 (EchoMRI, Houston, TX, USA) was used to measure body composition 

measurements of fat and lean masses in mice at baseline and the end of the study. Briefly, non-

anesthetized mice were placed in a restraining cylinder, locked using the Velcro attachment. The 
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tube was subsequently inserted to the chamber unit of the equipment, and mice’s fat mass, lean 

mass, free water, and total water mass were determined.  

3.3.3. Liver and Serum triglyceride (TG) Analysis 

Liver and serum TG levels were assessed using a commercialized colorimetric kit 

(Abcam, Waltham, MA, USA). Weighed liver samples (approximately 100 mg) were 

homogenized in an extraction buffer (5% Tween-20 in deionized water). Serum samples were 

1:1 diluted with the extraction buffer. Both liver and serum mixtures were incubated at 90 °C for 

3 minutes and centrifuged at 24,532 x g for 2 minutes. Then, the supernatants, lipase, TG probe 

and TG enzyme mix were successively added to the 96-well plate according to the 

manufacturer’s protocol. The output was measured on a microplate reader at OD 570 nm. 

3.3.4. Histology 

Liver tissues were fixed in 10% formalin and washed with 70% ethanol. Then, the livers 

were placed in a tissue processor for dehydration, clearing, and paraffin wax infiltration, 

followed by paraffin embedding and sectioning. Five-micrometer sections of liver tissues were 

stained with hematoxylin and eosin and examined using a ZEISS Axio Observer microscopy 

platform (Carl Zeiss Microscopy, White Plains, NY, USA) with AxioVision software. Liver 

steatosis was assessed according to the percentage of the macro- and micro-vesicular fat 

vacuoles at 20 X magnification in four fields, using Image J software (NIH, Bethesda, MD, 

USA), as was described previously (40). Briefly, the original images were converted to 8-bit 

black-and-white, followed by black and white inversion. Then, an upper threshold of the 

grayscale was applied to the converted images. Subsequently, a particle analysis was conducted 

by using the “Analyze Particles” function of Image J. A circularity parameter of 0.5-10 was set 

to remove any potential noise that are not lipid droplets. 
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3.3.5. RNA Isolation, cDNA Synthesis and Quantitative Polymerase Chain Reaction 

(qPCR) 

Liver mRNA extraction was performed using the PureLink RNA Mini Kit (Thermo 

Fisher Scientific) as reported previously (13, 41). Weighted liver tissues (approximately 100 mg) 

were homogenized in a lysis buffer with 1% 2-mercaptoethanol and centrifuged at 2,600 x g for 

five minutes. Then, the supernatant was transferred to an RNase-free tube and washed with 70% 

ethanol. The entire mixture was filtered by the spin cartridge and washed with two different wash 

buffers. A total of 100 μL RNase-free water was added to the center of the spin cartridge at three 

separate times; the mixture was incubated at room temperature for one minute, followed by 

centrifugation at 12,000 x g for 2 minutes to elute the liver mRNA. Liver cDNA synthesis was 

performed by using Novo cDNA Kit (BioVision, Minneapolis, CA, USA) according to the 

manufacturer’s instructions. Each reaction contained 500 ng mRNA samples, 1 µL random 

primer, 1 µL dNTP, 5 µL RT buffer, 0.5 µL RNase inhibitor, and 1 µL RTase in a Biometra 

TAdvanced 96G Thermal Cycler (Analytik Jena, Jena, Germany). The program conditions were 

25°C for 10 minutes, 42°C for 50 minutes, and 85°C for 5 minutes. The quantification of liver 

cDNA was carried out by mixing the 10-fold diluted cDNA with 10 μL 2X PowerUp SYBR 

Green Master Mix, 2 μL of 10 μM primer mix that includes forward and reverse primers, and 3 

μL PCR water. The cycling conditions were described previously (13). Primer sequences were 

listed in Supplementary Table S3.2. 

3.3.6. Protein Extraction and Western Blot 

Protein was extracted from whole cell lysates of liver tissue (approximately 50 mg) by 

homogenizing the tissues in a radioimmunoprecipitation assay buffer (Thermo Fisher Scientific) 

containing 1% protease inhibitors. Subsequently, the homogenates were centrifuged at 25,200 x 
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g for 30 minutes at 4°C, and the supernatants were collected for further analyses. Liver nuclear 

protein was extracted by using the Nuclear Extraction Kit (Abcam). Briefly, 100 mg frozen liver 

tissues were homogenized in a pre-extraction buffer and incubated on ice for 15 minutes. After 

centrifugation for 10 minutes at 16,128 x g at 4°C, an extraction buffer containing 1% 

dithiothreitol (DTT) and a protease inhibitor cocktail was added. The entire mixture was placed 

on ice for 15 minutes, followed by centrifugation at 4°C for 10 minutes. The concentration of the 

proteins was quantified by using the Pierce Rapid Gold BCA Protein Assay Kit (Thermo Fisher 

Scientific). 

The detailed western blot protocol was described in our previous publications (13, 41). 

The primary antibodies including acetyl coenzyme A carboxylase alpha (ACCα), diacylglycerol 

O-acyltransferase 2 (DGAT2), fatty acid synthase (FAS), stearoyl-CoA desaturase-1 (SCD-1), 

acyl-CoA oxidase 1 (ACOX1), carnitine palmitoyltransferase-II (CPT-II), sterol regulatory 

element-binding protein 1 (SREBP-1), peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC-1α), and AMP-activated protein kinase (AMPK) were mouse obtained 

from Santa Cruz Biotechnology (Dallas, TX, USA); phospho-AMPK (Thr172, p-AMPK), and 

peroxisome proliferator-activated receptor alpha (PPARα) were obtained from ABclonal 

(Woburn, MA, USA). The antibodies from Santa Cruz Biotechnology were 1:1000 diluted with 

5% bovine serum albumin (BSA, Thermo Fisher Scientific). The antibodies from ABclonal were 

1:2000 diluted with 3% non-fat milk (Research Products International, Mt Prospect, IL, USA). 

An anti-mouse secondary antibody (1:1000 5% BSA) or anti-rabbit secondary antibody (1:500 

3% non-fat milk) was applied to the membranes that were blotted with primary antibodies from 

Santa Cruz Biotechnology or ABclonal, respectively. 
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Briefly, 50 μg protein was loaded to the gel. We utilized 4-12% Bis-Tris gels with MOPS 

running buffer for proteins with a low to medium molecular weight (DGAT2, SCD-1. ACOX-1, 

CPT-II, p-AMPK, AMPK, and PPARα), while 3-8% Tris-Acetate gels with Tris-Acetate SDS 

Running Buffer were utilized to separate high molecular weight proteins (MTP, FAS, ACCα, 

SREBP-1, and PGC-1α). Gels and running buffers were purchased from Thermo Fisher 

Scientific. Electrophoresis was conducted per manufacturer’s instructions. A dry transfer system 

(iBlot2) was employed to transfer proteins from gels to nitrocellulose membranes. This was 

followed by non-specific blocking with 5% bovine serum albumin (BSA) for one hour. After 

three washes, the membranes were incubated in the primary antibodies at 4°C overnight. If the 

primary antibodies were not conjugated with horseradish peroxidase (HRP), a secondary 

antibody was applied. Membranes were developed for visualization with the addition of 

chemiluminescent reagents and the signals were extracted with a UVP ChemStudio Imaging 

System (Analytik Jena). The signal intensity of all blots was analyzed by using Image J software. 

𝛽-Actin was used as a loading control. The signal intensity ratios between the target proteins and 

𝛽-actin were calculated and further analyzed.     

3.3.7. Extraction of carotenoids and High-Performance Liquid Chromatography (HPLC)  

β-Apo-8’-carotenal (purity ≥ 96%, catalog number: 10810, Sigma-Aldrich, St. Louis, 

MO, USA) was dissolved in HPLC-grade acetone and added to the samples as an internal control 

before carotenoid extraction. A total of 80 mg dietary pellets were placed in the ZR Bashing 

Bead Lysis Tubes (Zymo Research, Irvine, CA, USA). HPLC-grade acetone (500 µL) was added 

to each tube, followed by a vibrant vortex and centrifugation for 5 minutes at 16,000 x g at 4°C. 

Individual liver tissue (approximately 60 mg) was homogenized in 1 mL HPLC-grade acetone 

and centrifuged at 16,000 x g at 4°C for 10 minutes. For serum carotenoid extraction, 60 μL 
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pooled serum from the co-housed mice was extracted with a mixture of petroleum ether (PE), 

acetone, and butylated hydroxytoluene (BHT) (PE: acetone = 3:1:1% BHT), followed by 

centrifugation at 1,792 x g for 1 minute. All the supernatants were collected and dried under 

nitrogen gas. Carotenoids in the dietary pellets were reconstituted in 80 μL acetone, whereas 

liver carotenoids and serum carotenoids were reconstituted in 200 μL and 60 μL acetone, 

respectively.  

The reconstituted carotenoids (5 μL) were detected by an Ultimate 3000 HPLC (Thermo 

Fisher Scientific). Varying concentrations of pure α-carotene (purity ≥ 97%, catalog number: 

50887, Sigma-Aldrich) and β-carotene (purity ≥ 97%, catalog number: 217538, Millipore Sigma, 

Burlington, MA, USA) were used as external controls. The channels used for β-apo-8’-carotenal 

was 459 nm, for β-carotene was 455 nm, and for α-carotene was 449 nm. The HPLC conditions 

were described previously (42). Briefly, the column was Acclaim C30, 5 μm, 4.6 x 150 mm. The 

gradient of the mobile phase was set as follows: acetonitrile: methanol: methyl tert-butyl ether 

(v/v/v: 25:75:0 at time 0–20 min, 15:35:50 at time 20–25.5 min, 25:75:0 at time 25.5–30 min). 

The flow rate for the mobile phase was 1.0 mL/min. 

3.3.8. PPARα Transcription Factor Activity Assay 

The activity of PPARα was measured using a commercialized kit (Abcam) according to 

the manufacturer’s protocol. Following nuclear protein extraction and protein concentration 

quantification, 90 μL Assay Buffer was added to a 96-well plate containing a specific double-

stranded DNA probe with the peroxisome proliferator response element (PPRE) immobilized at 

the bottom. Subsequently, 10 μL liver nuclear proteins were added. The plate was sealed and 

incubated overnight at 4°C without agitation. Then, a diluted PPARα primary antibody (1:100 

with Assay Buffer) was added to the plate, followed by incubation for 1 hour at room 
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temperature. After washing the plate with the supplied wash buffer, we added a secondary 

antibody, followed by an anti-rabbit HRP conjugate. Following an hour of incubation, 100 μL 

Stop Solution was added to end the reaction, and the plate was read at OD 450 nm.  

3.3.9. Statistical Analysis 

Normality of distribution of the data was assessed using the D’Agostino-Pearson 

omnibus normality test with p > 0.05 considered normally distributed. Equality of data variance 

was examined by using an F test with p > 0.05 considered equal variances. One-way ANOVA 

with post-hoc Tukey HSD was utilized to compare the differences between multiple groups. 

Kruskal-Wallis test with post-hoc Tukey HSD was used to compare the differences of 

nonparametric parameters between multiple groups. Two-way mixed ANOVA with post-hoc 

Tukey HSD was employed to depict the difference between multiple groups by including time as 

a factor. Statistical significance was set as p < 0.05. All statistical analysis was performed using 

GraphPad Prism 9 (San Diego, CA, USA). Values are listed in the text and figures as mean ± 

standard error of the mean (SEM).  

3.4. RESULTS 

3.4.1. Carotenoid Composition- Diet Pellets, Serum, & Liver 

Carrots are the main dietary sources of 𝛼-carotene and 𝛽-carotene (43); thus, we 

measured the concentration of these carotenoids using HPLC as described in the methods 

section. LFD and HFD pellets did not contain either 𝛼-carotene or 𝛽-carotene (Table 3.1A). The 

incorporation of the white carrots essentially acted as a carrot carotenoid control group as they 

were integrated into the dietary pellets at the same percentage. Therefore, the components of the 

white carrot and orange carrot pellets are similar, except for these carotenoids. Consistently, the 

HFD+WC pellet consisting of 20% white carrot powder contained no detectable 𝛼-carotene and 
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a negligible amount of 𝛽-carotene (0.002 µmol/g). The HFD+OC pellet consisting of 20% 

orange carrot powder was determined to contain a similar amount of 𝛼-carotene and 𝛽-carotene 

at concentrations of 0.12 µmol/g and 0.11 µmol/g, respectively. 

In the circulation, 𝛼-carotene and 𝛽-carotene were not detected in the LFD and HFD 

groups since these compounds were not present in the diets (Table 3.1B). Notably, neither 𝛼-

carotene nor 𝛽-carotene was detected in the serum of the HFD+WC fed group. Both 𝛼-carotene 

and 𝛽-carotene were detected in the serum of the HFD+OC fed group with a higher 

concentration of 𝛽-carotene (1.4 ± 0.1 µM) compared to the concentration of 𝛼-carotene (0.5 ± 

0.2 µM). We measured the hepatic concentration of 𝛼-carotene and 𝛽-carotene since liver is the 

main storage of carotenoids including 𝛼-carotene, 𝛽-carotene, lycopene, lutein, zeaxanthin, and 

𝛽-cryptoxanthin (44, 45). We observed neither 𝛼-carotene nor 𝛽-carotene in the LFD, HFD, and 

HFD+WC groups (Table 3.1C), which was in line with the minimal carotenoid content in the 

diet pellet and circulation. 𝛼-Carotene and 𝛽-carotene were measured in HFD+OC group at 

concentrations of 3.3 ± 1.9 µmol/g and 8.0 ± 3.0 µmol/g, respectively, in line with earlier reports 

that 𝛽-carotene was found in higher concentrations than 𝛼-carotene in liver (44, 45). The 

chromatograms of 𝛼-carotene and 𝛽-carotene within the diet pellet, serum, and liver samples are 

provided in Supplementary Figure S3.1. 

Table 3.1. 𝛼-Carotene and 𝛽-carotene concentrations in A) diet pellets (n=3), B) serum (LFD: 

n=11; HFD, HFD+WC, HFD+OC: n=12), and C) liver (LFD: n=11; HFD, HFD+WC, HFD+OC: 

n=12). ND: not detected. Values are means ± SD. Diet pellets were administered ad libitum. 
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3.4.2. Carotenoids in Orange Carrot Significantly Reduced Body Weight 

We monitored the weight gain throughout the study. The body weights of the HFD+OC 

became significantly lower than the HFD group from Week 2, which persisted for the duration of 

the study (p < 0.05), except for Weeks 12 & 13 (Figure 3.1A). There was a continuous trend of 

lower body weight changes in the HFD+OC group compared to HFD+WC that reached 

statistical significance at Weeks 4, 5, and 6 (p < 0.05). Food consumption is reported in 

Supplementary Figure S3.2. Following Week 15 and prior to necropsy, body weight was 

recorded a final time (Figure 3.1B). On average, mice in the HFD gained significantly more 

body weight than the LFD group (25.8 ± 3.4 g vs. 5.8 ± 2.5 g, p < 0.01); HFD+WC was not 

significantly different from HFD. HFD+OC was significantly lower than HFD (20.0 ± 4.0 g vs. 

25.8 ± 3.4 g, p < 0.05) and was trending to be lower than HFD+WC, but this difference was not 

statistically significant.  

Consistent with the pattern of body weight gain, the Echo-MRI results depicted a 

significantly higher fat mass increase in the HFD than in the LFD group (19.9 ± 0.7 g vs. 2.9 ± 

0.7 g, p < 0.01). At the same time, the HFD+WC was not significantly different from the HFD 

group. HFD+OC was significantly lower than HFD (15.4 ± 0.9 g vs. 19.9 ± 0.7 g, p < 0.01) and 

was trending to be lower than HFD+WC, but this difference did not reach statistical significance 

(Figure 3.1C). The fat mass percentage of total body weight was measured, of which the HFD, 

HFD+WC, and HFD+OC groups were significantly higher than the LFD group (Figure 3.1D). 

The decrease in fat mass percentage from HFD conditions seen in the HFD+OC group nearly 

reached significance (p=0.06). The changes in the lean mass amongst the groups were not 

statistically significant (Figure 3.1E).  
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Figure 3.1. Orange carrot-rich diet inhibited HFD-induced changes in body composition. 

LFD: n=11; HFD, HFD+WC, HFD+OC: n=12. A) Weekly changes in body weight compared to 

baseline (week 0), *: HFD vs. HFD+OC, p < 0.05; #: HFD+WC vs. HFD+OC, p < 0.05. B) 

Body weight change at endpoint (week 15) compared to baseline. C) Change in fat mass 

determined by EchoMRI; D) Fat mass percentage of Week 15 body weight. E) Change in lean 

mass determined by EchoMRI. Values are means ± SEM. Body weight change was analyzed by 

two-way mixed ANOVA with post-hoc Tukey HSD. Changes of body weight, fat mass and lean 

mass were analyzed by one-way ANOVA with post-hoc Tukey HSD. Letter difference indicate 

statistical significance (p < 0.05). 

 

3.4.3. Carotenoids in Orange Carrots Inhibited NAFLD Severity  

 

3.4.3.1. Hepatic Steatosis 

 

Liver weights depicted a similar trend to the overall body weight (Figure 3.2A). The 

HFD treatment group had a significantly higher liver weight-to-body weight (LW/BW) ratio than 
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the LFD group. The LW/BW ratio of the HFD+WC group decreased from the HFD group but 

was not significantly different; additionally, this decrease reached a level statistically comparable 

to the LFD group. Finally, the LW/BW ratio of the HFD+OC group was significantly lower than 

the ratio of the HFD group, though not significantly different from the HFD+WC ratio. Notably, 

orange carrot supplementation sufficiently decreased the liver weight/body weight ratio in the 

HFD+OC group to a point comparable to LFD, like the HFD+WC group but to a greater degree.   

H&E staining depicted the extent of fat deposits within the livers (Figure 3.2B). The 

LFD liver histology showed a very minimal presence of fat. The HFD livers were riddled with 

fatty deposits that were large in both size and number, which covered a significantly larger 

percentage of area than the LFD livers (23.7% ± 2.9% vs. 1.2% ± 0.2%, p < 0.01). The 

HFD+WC livers still contained fat throughout the tissues (13.8% ± 2.6%), but not to the extent 

of the HFD livers (p < 0.01). However, in the HFD+OC group, the area of livers covered by lipid 

droplets (3.2% ± 0.6%) was significantly reduced compared to both HFD and HFD+WC (p < 

0.01) and to a level comparable to LFD.  
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Figure 3.2: Orange carrot-rich diet improved status of HFD-induced hepatic steatosis. A) 

Graphical representation of liver weight-to-body weight (BW) ratio. LFD: n=11; HFD, 

HFD+WC, HFD+OC: n=12. B) hematoxylin and eosin (H&E) staining of livers, percentage of 

area covered by lipid deposits at 20 X magnification. Liver weight was analyzed by one-way 

ANOVA with post-hoc Tukey HSD. Liver histology was analyzed by using the Kruskal-Wallis 

test with post-hoc Tukey HSD. Letter differences indicate statistical significance (p < 0.05). 

 

3.4.3.2. Triglycerides & Free Fatty Acids in the Liver and the Circulation 

Based on the differential presence of fatty deposits within the livers throughout the 

treatment groups, hepatic triglyceride (TG) levels were measured (Figure 3.3A). The HFD livers 

contained a significantly higher content of TG than the LFD livers (28.3 ± 1.5 mM/g tissue vs. 

14.3 ± 2.4 mM/g tissue, p < 0.01), and a significant reduction in TG content was observed in the 

HFD+WC livers (17.6 ± 0.9 mM/g tissue) compared to the HFD group (p < 0.01), which was 

further reduced in the HFD+OC livers (12.9 ± 0.1 mM/g tissue, p < 0.01). However, the 

difference in TG content between the HFD+WC and HFD+OC groups was not significant. 

Circulatory TG levels were investigated by measuring triglyceride content within the serum 

(Figure 3.3B). As expected, TG content in the HFD group was significantly higher than in the 

LFD group (0.7 ± 0.1 mM vs. 0.3 ± 0.1 mM, p < 0.01). Serum TG in the HFD+WC group (0.6 ± 
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0.1 mM) was significantly higher than LFD (p < 0.01) and comparable to the HFD group. 

Notably, the serum TG content was significantly reduced in the HFD+OC (0.4 ± 0.04 mM) 

compared to both HFD and HFD+WC groups (p < 0.01, p = 0.04, respectively), and such 

decrease was brought down to a level comparable to the LFD group. 

To investigate how serum TG was associated with the TG content in the liver, fatty acid 

transport cluster of differentiation 36 (CD36) and microsomal triglyceride transfer protein (MTP) 

were examined. As a result, the LFD livers contained the least mRNA amount of cd36 compared 

to HFD, HFD+WC, and HFD+OC (p < 0.01) (Figure 3.3C). This trend of higher cd36 content is 

expected in these HFD due to the increased composition (60%) of fat within the diet compared to 

LFD (10%). The protein expression of MTP within the liver was quite consistent across the 

groups with no significant differences (Figure 3.3D). These data indicate that the higher lipid 

accumulation in the HFD liver might be due to the increased hepatic fatty acid intake, not 

disturbed fatty acid output.  
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Figure 3.3: Hepatic and circulatory fat content. A-B) Triglyceride (TG) content in A) liver 

and B) serum. For both liver and serum TG assay, LFD, HFD, HFD+WC, HFD+OC: n=10. C) 

Changes in mRNA levels in hepatic cd36 generated from qPCR. D) Western blot of hepatic MTP 

protein expression performed with 3-8% Tris-Acetate gel, graphical changes between the dietary 

groups. For both western blot and qPCR assays, LFD: n=11; HFD, HFD+WC, HFD+OC: n=12. 

Values are means ± SEM. Data were analyzed by one-way ANOVA with post-hoc Tukey HSD. 

Letter differences indicate statistical significance (p < 0.05). 

 

3.4.3.3. Fatty Acid Synthesis  

In order to look into the changes observed in the histology and triglyceride experiments, 

genes and proteins related to fatty acid synthesis were investigated. Fatty acid synthase (FAS) is 

a major player in this process as the enzyme catalyzes the de novo synthesis of fatty acids (46). 

Protein expression of FAS in the LFD and HFD were comparable, which were slightly higher 

than the carrot groups. However, there were no significant differences between all the treatment 

groups (Figure 3.4A). Additionally, this study did not lead to significant changes in fas at the 

mRNA level (Figure 3.4F). 
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Stearoyl-CoA desaturase-1 (SCD-1) is involved in fatty acid synthesis by catalyzing the 

generation of monounsaturated fatty acids (MUFAs), such as oleate and palmitoleate formed via 

desaturation of stearoyl-CoA and palmitoyl-CoA, respectively (47). Firstly, the LFD and HFD 

groups did not differ significantly (Figure 3.4B). HFD+WC led to a drop in SCD-1 expression, 

but this was nonsignificant compared to both LFD and HFD groups. Notably, the HFD+OC 

significantly decreased SCD-1 compared to the HFD (p < 0.01), which was not achieved by the 

HFD+WC. While the difference between the carrot-fed groups was not significant, a lower SCD-

1 expression can be observed in the HFD+OC. The mRNA levels of SCD-1 depicted similar 

trends as the protein expression. Analysis achieved via qPCR portrayed that mRNA levels of 

scd-1 were differentially expressed across the treatment groups (p < 0.01), and the pattern was 

consistent with the protein expression (Figure 3.4F).  

Protein expression of acetyl coenzyme A carboxylase alpha (ACCα) was also 

investigated due to its role in catalyzing the carboxylation of acetyl-CoA to form malonyl-CoA 

(48). ACCα did not appear to be highly expressed in the liver, and no significant trends were 

observed amongst the treatment group (Figure 3.4C). Finally, protein expression of 

diacylglycerol O-acyltransferase 2 (DGAT2) was investigated due to its role in synthesizing 

triglycerides by covalently binding diacylglycerol to long-chain fatty acyl-CoAs (49). Most of 

the groups did not have differential expression of DGAT2 as the changes between LFD, HFD, 

and HFD+WC were not significant (Figure 3.4D). Surprisingly, the HFD+OC group expressed a 

significantly higher content of DGAT2 compared to all the other dietary groups (p < 0.01).   

Sterol regulatory-element binding proteins (SREBPs) are a family of transcription factors 

responsible for regulating lipid biosynthesis, and adipogenesis via enzymes involved in 

cholesterol, fatty acid, triacylglycerol and phospholipid synthesis (50). The activity of SREBP-1 
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is dependent on the cleavage of its precursor compound; thus, the ratio of cleaved SREBP-

1/SREBP-1 portrays the relative activity within that group. This ratio was comparable in the 

LFD, HFD, and HFD+WC groups (Figure 3.4E). The HFD+OC group had the lowest ratio 

(HFD+OC vs. LFD, p < 0.01; HFD+OC vs. HFD, p = 0.09), indicating the least amount of 

SREBP-1 activity. At the same time, this change did not reach a significant decrease compared 

to the HFD and HFD+WC groups; this ratio was significantly lower than the LFD group. There 

were no observed significant differences in srebp-1 between the groups at the mRNA level 

(Figure 3.4F).  

 

Figure 3.4: Carotenoids minimally inhibit hepatic fatty acid synthesis. Western blot of 

hepatic A) FAS, B) SCD-1, C) ACCα, D) DGAT2, and E) ratio of cleaved SREBP-1 to SREBP-

1 precursor protein expression; blots in A,C,E performed with 3-8% Tris-Acetate gels; blots in 

B,D performed with 4-12% Bis-Tris gels; graphical changes between the dietary groups. F) 

Changes in mRNA levels in hepatic fas, scd-1, and srebp-1 generated from qPCR. For both 

western blot and qPCR, LFD: n=11; HFD, HFD+WC, HFD+OC: n=12. The fold change of 

mRNA and protein levels were analyzed by one-way ANOVA with post-hoc Tukey HSD. Letter 

differences indicate statistical significance (p < 0.05). 
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3.4.3.4. β-Oxidation 

To further investigate hepatic lipid regulation, we explored 𝛽-oxidation related targets, 

including acyl-CoA oxidase 1 (ACOX1) and carnitine palmitoyltransferase-2 (CPT-II) within the 

fatty acid 𝛽-oxidation pathway. The HFD+OC group had the most robust ACOX1 protein 

expression, significantly higher than the LFD group (p < 0.01) (Figure 3.5A). Despite the non-

significant difference, there was a pattern of higher ACOX1 in the HFD+OC group compared to 

other groups. The protein content of ACOX1 portrayed a slightly different story than the mRNA 

levels. Most of these treatment groups did not exhibit differential expression of acox1 mRNA 

levels as the changes between LFD, HFD, and HFD+WC were not significant (Figure 3.5B). 

Notably, the HFD+OC group expressed a significantly higher content of acox1 compared to all 

the other treatment groups (p < 0.01).  

The LFD and HFD livers expressed comparable levels of CPT-II protein content. 

HFD+WC had a slightly higher but insignificant increase in expression than HFD (Figure 3.5C). 

HFD+OC livers had the strongest expression of CPT-II, significantly higher than both LFD and 

HFD groups (p < 0.01, p = 0.0149, respectively). Despite the lack of significance, the HFD+OC 

CPT-II expression trended higher than the HFD+WC group. The cpt mRNA content was 

consistent throughout most groups as the LFD, HFD, HFD+WC levels were comparable (Figure 

3.5D). Notably, there was a significant increase in cpt within the HFD+OC group compared to 

the HFD and HFD+WC groups (p = 0.02, p < 0.01, respectively). 
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Figure 3.5: Carotenoids in HFD+OC diet promote hepatic β-oxidation. Western blot of A) 

ACOX-1 and C) CPT-II protein expression; performed with 4-12% Bis-Tris gels; graphical 

changes between the dietary groups. Changes in mRNA levels in hepatic B) acox-1 and D) cpt 

generated via qPCR. For both western blot and qPCR, LFD: n=11; HFD, HFD+WC, HFD+OC: 

n=12. The fold change of mRNA and protein levels were analyzed by one-way ANOVA with 

post-hoc Tukey HSD. Letter differences indicate statistical significance (p < 0.05). 

 

3.4.4. Potential Underlying Pathways 

As phosphorylation of AMPK is required for activation of downstream regulation (51-

53), protein levels of the p-AMPK/total AMPK ratio within the liver were assessed (Figure 

3.6A). The LFD and HFD groups expressed comparable levels of the p-AMPK/AMPK ratio. The 

HFD+WC group exhibited a slight increase in p-AMPK/AMPK compared to the LFD and HFD 

groups, but this difference was not significant in measure. The HFD+OC group had a further 

increase in the p-AMPK/AMPK ratio that was significantly higher than the LFD, HFD, and 

HFD+WC groups (p < 0.01, p < 0.01, p = 0.03, respectively). 

AMPK activity can promote the activity of PPARs by upregulating peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) (54). The PGC-1α protein 
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expression was consistent throughout most groups as the LFD, HFD, HFD+WC levels were 

comparable (Figure 3.6B). Notably, there was a significant increase in PGC-1α within the 

HFD+OC group compared to the HFD and HFD+WC groups (p < 0.01). The mRNA levels 

depicted similar trends to protein expression as pgc-1𝛼 in the HFD and HFD+WC groups were 

significantly decreased from LFD (p < 0.01) (Figure 3.6C). The HFD+OC group restored the 

pgc-1𝛼 to a statistically comparable level with the LFD group.  

Consistently, the protein content of PPARα within the LFD and HFD groups were similar 

(Figure 3.6D). The HFD+WC group exhibited a slightly greater expression of PPARα than the 

LFD and HFD groups, but this difference was not significant in measure. Finally, PPARα 

expression was the strongest in the HFD+OC group; this change was significant compared to the 

LFD and HFD groups (p < 0.01), but not against the HFD+WC group. At the mRNA level, 

pparα was similar across the LFD, HFD, HFD+WC groups but significantly higher in the 

HFD+OC group (p < 0.05) (Figure 3.6E). To further determine the influence of PPARα within 

the liver, PPARα transcription factor activity was investigated within nuclear protein extracts 

(Figure 3.6F). PPARα transcription factor activity within the HFD+OC was comparable with the 

HFD+WC group, but statistically higher than those within the LFD and HFD groups (p = 0.04, p 

= 0.03, respectively). 
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Figure 3.6: Carotenoids in HFD+OC diet enhance regulators of hepatic lipid metabolism. 

A) Western blot of phosphorylated AMPK (p-AMPK) and total AMPK protein expression, 

performed with 4-12% Bis-Tris gel; statistical analysis of p-AMPK/AMPK ratio. B) Western 

blot of PGC-1α protein expression, performed with 3-8% Tris-Acetate gel. C) Changes in 

mRNA levels in hepatic pgc-1α. D) Western blot of PPARα protein expression, performed with 

4-12% Bis-Tris gel. E) Changes in mRNA levels in hepatic pparα. For both western blot and 

qPCR, LFD: n=11; HFD, HFD+WC, HFD+OC: n=12. F) Graphical changes in nuclear PPARα 

transcription factor activity. LFD, HFD, HFD+WC, HFD+OC: n=10. Values are means ± SEM. 

The fold change of mRNA, protein, and PPARα transcription factor activity were analyzed by 

one-way ANOVA with post-hoc Tukey HSD. Letter differences indicate statistical significance 

(p < 0.05). 

 

3.5. DISCUSSION 

Throughout the study, the orange carrot diet displayed more potent efficacy in reducing 

the HFD-induced body weight gain than the white carrot diet. In a clinical study by Takagi et al. 

(16), subjects were randomly assigned to one of the four diets: high lycopene + high lutein, high 

lycopene + low lutein, low lycopene + high lutein, and low lycopene + low lutein. At the end of 

the study, the visceral fat level was significantly decreased in all the dietary groups. However, a 

significant decrease in waist circumference was only observed in the high lycopene + high lutein 

(16). Such data were consistent with the results of our study, showing that the dietary carotenoids 

in the vegetables may add another layer of protective effect against lipogenesis. However, the 
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study by Takagi et al. employed lycopene and lutein. To our best knowledge, till date, no study 

has used the same methodology to explore the effects of alpha- and beta-carotene, in whole food. 

α-Carotene and β-carotene are among the most frequently consumed dietary carotenoids 

in North American diets (55). Liver is the major storage organ for dietary carotenoids, including 

α-carotene, β-carotene, lycopene, β-cryptoxanthin, lutein, and zeaxanthin, while β-carotene is 

one of the most abundant carotenoids, other being lycopene (44, 45, 56). In this study, the 

average serum and hepatic β-carotene concentrations of the orange carrot supplemented mice 

were 1.4 ± 0.1 μM and 8.0 ± 3.0 μmol/g tissue, respectively. The average hepatic α-carotene 

concentration of the orange carrot supplemented mice was 3.3 ± 1.9 μmol/g tissue, and the serum 

α-carotene concentration was not detected due to the extremely low circulating α-carotene 

concentration that was expected at a nanomolar level (57). These concentrations fall within the 

range of typical β-carotene concentrations in human serum (0.04 –2.26 μM) and livers (0.39–

19.4 μmol/g tissue), and human hepatic α-carotene concentration (0.075–10.8 μmol/g) (55). Oral 

β-carotene supplementation or the consumption of a high-β-carotene diet may lead to a higher 

circulating β-carotene concentration at 0.68 – 2.26 μM (58, 59). We recently engineered S. 

boulardii that could synthesize high doses of β-carotene, so the intake of such engineered 

probiotics may lead to an even higher β-carotene concentration in the circulation (42), indicating 

that the dosage of supplemented dietary carotenoids through carrots was of physiological 

relevance. 

As provitamin A carotenoids, α-carotene and β-carotene can be enzymatically cleaved at 

the 15’, 15’-double bond by β-carotene dioxygenase 1 (BCO1) to produce all-trans retinal 

(vitamin A aldehyde) (9). In the liver, all-trans retinal can be either reversibly reduced to all-

trans retinol and then esterified to retinyl esters for storage, or irreversibly oxidized to all-trans 
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retinoic acid (ATRA), the biologically active form of vitamin A (60). It has been reported that 

the hepatic ATRA and retinol concentrations in mice livers were at the pmol/g tissue range (61), 

which was beyond the limit of detection of our carotenoid quantification method. Therefore, it is 

unknown whether orange carrot supplementation results in higher levels of hepatic vitamin A 

and ATRA. As the biologically active form of vitamin A, ATRA is a high-affinity ligand for 

retinoic acid receptors, while its isomer, 9-cis-retinoic acid (9cRA) is an agonist of retinoid X 

receptors (62-64). However, we were unable to detect 9cRA in animals’ livers and serum. Since 

we did not observe a significant change in hepatic RXRα and RARβ expressions 

(Supplementary Figure S3.3), and the hepatic RXRβ concentration was undetectable (data not 

shown), the beneficial effects of orange carrots may stem from α- and β-carotene as parent 

compounds, not ATRA. 

Hepatic steatosis may result from excessive fatty acid or TG uptake, reduced TG output, 

increased de novo lipogenesis, decreased β-oxidation, or a combination. In the HFD group, we 

observed promoted levels of serum TG, which was intriguingly significantly correlated with 

higher liver TG levels (p < 0.01) (Supplementary Figure S3.4). CD36 mediates long-chain fatty 

acid uptake in liver (65). In this study, the expressions of cd36 mRNA were higher in mice fed 

on the HFD diet, despite white carrot or orange carrot supplementation, indicating that the 

increased hepatic uptake of FFA from the circulating system played a vital role in developing 

HFD-induced liver steatosis. MTP is rate-limiting for the assembly of apoB-containing 

lipoprotein and hepatic TG secretion (66, 67), so the comparable MTP protein expressions across 

the dietary groups suggested that hepatic TG output minimally contributed to the development of 

NAFLD. 
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The orange carrot supplementation was more efficient in alleviating HFD-induced 

NAFLD than the supplementation of white carrots. Such result is in line with a previous 

publication that the consumption of spinach and tomato (both containing high levels of 

carotenoids) efficiently ameliorated NAFLD in rats fed with the HFD (68). However, the 

positive control of that study was a lower percentage of carotenoid-rich vegetables, leading to a 

proportionally lower concentration of other beneficial compounds, such as fiber. Therefore, it is 

unknown whether the anti-NAFLD efficacy of that diet was mainly attributed to carotenoids or 

fiber. The advantage of the current study is that we employed white carrot as a positive control, 

which contains an extremely low level of carotenoids, but an equivalent amount of fiber, 

compared to the orange carrot. Thus, we are confident that the NAFLD-preventive efficacy of 

the orange carrot diet was primarily from α-carotene and β-carotene, not fiber. ACCα is the rate-

limiting enzyme in regulating fatty acid synthesis (48, 69). In the current study, the ACCα 

protein levels did not differ among the groups. Although we observed a pattern of decreased FAS 

and significantly reduced SCD-1 in the HFD+OC group, DGAT-2 significantly increased in the 

HFD+OC group. Therefore, it is inconclusive to address whether orange carrot supplementation 

ameliorated NAFLD through modulating fatty acid synthesis. ACOX1 catalyzes the first and 

rate-determining step in peroxisomal fatty acid oxidation (70), and the mutation of ACOX1 was 

shown to induce NAFLD progression and exacerbate hepatocellular damage (71). In the current 

study, ACOX1 was significantly improved in the mice with orange carrot supplementation, 

which was in line with the report that the consumption of foods high in β-carotene and other 

carotenoids increased hepatic ACOX1 in rats (68). CPT-II is one of the key enzymes in the 

mitochondrial β-oxidation of fatty acids (72). A significantly enhanced CPT-II protein in the 
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HFD+OC group indicates that promoted fatty acid β-oxidation may be the primary mechanism of 

an orange carrot-rich diet that prevented HFD-induced NAFLD development. 

By further exploring the molecular targets involved in β-oxidation, we found a 

significantly increased p-AMPK expression in the HFD+OC group compared with the HFD 

group. AMPK is a heterotrimeric complex, and its α subunit is the main catalytic domain (53). 

Although the α subunit can be phosphorylated at Thr172, Thr258, and Ser485 sites, 

phosphorylation of Th172 is the hallmark of AMPK activation (51-53). Previous studies have 

shown that the activation of AMPK could protect against diet-induced NAFLD and NASH (33, 

73). AMPK phosphorylation can inhibit the cleavage and maturation of SREBP-1, subsequently 

attenuating hepatic steatosis through regulating lipogenic genes (74), so it is possible that the 

dietary carotenoids in the orange carrot could reduce SRBEP-1 cleavage through promoting the 

phosphorylation of AMPK. In addition to AMPK activation, we observed significantly higher 

hepatic levels of pparα mRNA, PPARα protein, and PPARα transcription factor activity in the 

mice supplemented with orange carrots, indicating that the dietary carotenoids in orange carrots 

might prevent the development of NAFLD by targeting the PPARα pathway. PPARα, PPARβ/δ, 

and PPARγ are three PPAR isoforms ubiquitously expressed in various tissues, but PPARα is 

mainly present in liver (75). In NAFLD patients, the hepatic PPARα expression was negatively 

correlated with occurrence of NASH, severity of NAFLD, ballooning of the hepatocytes, and 

NASH activity score and fibrosis (76). Ip et al. found that in mice, PPARα knockout resulted in 

significantly more severe steatohepatitis, while the administration of Wy-14643, a potent PPARα 

agonist, substantially prevented diet-induced NAFLD and liver injury (77). Furthermore, the 

injection of Wy-14643 promoted expression of acyl-CoA oxidase (77), which was in line with 

our finding that the increased PPARα was associated with an elevated level of ACOX1 in the 
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HFD+OC group. PGC-1α acts as a coactivator of PPARα and promotes PPARα-mediated 

transcriptional activity in modulating its target genes, such as genes involved in β-oxidation (78). 

Interestingly, in this study, we found a more potent increase in PGC-1α protein expression in the 

HFD+OC group, compared with the HFD+WC group, indicating that the dietary carotenoids in 

the orange carrots may activate the PGC-1α-PPARα pathway. 

 In summary, our study reveals that the dietary carotenoids in the orange carrots rich in 

dietary carotenoids, specifically α-carotene and β-carotene, may regulate the fatty acid synthesis 

and β-oxidation-related genes by activating AMPK and PPARα. However, how these compounds 

promote the phosphorylation of AMPK and activate the PGC-1α-PPARα pathway remains 

enigmatic. Another potential target of interest in future studies can be epoxide hydrolase (sEH) 

as previous studies have shown that inhibiting sEH may be involved in alleviating HFD-induced 

hepatic adiposity and inflammation (79, 80). 

One major limitation of the current study is the number of the examined proteins. Since a 

large variety of proteins with various functions orchestrates the lipid metabolism process, we 

could not analyze all these participants. With regard to this, we are planning to utilize 

proteomics, a powerful tool that characterizes a large scale of proteins by their expressions, 

functions, structures, and protein-protein interactions (81), in our future studies to acquire a 

broader perspective. Another limitation is that we only examined liver, although the development 

of NAFLD could be a joint result of changes in several organs. Therefore, we cannot conclude 

that carotenoids alleviate NAFLD by directly targeting the liver. Previous studies have reported 

that carotenoids may mitigate NAFLD via the gut- and adipose-liver crosstalk (14). For example, 

one study showed that disrupted free fatty acid mobilization from mesenteric adipose (MAT) 

tissue to liver significantly exacerbated NAFLD in mice (82). A potential brain-liver axis 
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involving melanocortin-4 receptor, neuropeptides like neuropeptide Y and agouti-related peptide 

together regulates food intake, energy expenditure and the pathogenesis of NASH (83, 84). In 

addition, we failed to provide precise measurement of food consumption of each dietary group as 

the mice portrayed a behavior of tearing up their food and placing it within their bedding. 

Although we observed a consistently higher food consumption in the HFD+OC group, compared 

with other dietary groups, it is difficult to explain whether the orange carrot diet motivated the 

food intake or promoted physical activity that led the mice to tear more food for bedding. Last 

but not the least, the β-actin bands were not unanimous in this article. This was due to the 

different types of gels used. For the high molecular proteins such as MTP, FAS, ACCα, and 

PGC-1α, we used Tris-Acetate gels for optimal separation, which impaired the resolution of β-

actin. However, the β-actin expressions were identified within each blot, so our statistical 

analysis was not affected. 

3.6. Conclusion 

Our results showed that orange carrot supplementation was more effective in preventing 

HFD-induced NAFLD than white carrots, potentially by increasing hepatic β-oxidation through 

upregulating PPARα (Figure 3.7). Such data indicate that carotenoid-rich fruits and vegetables 

may be more efficient in alleviating NAFLD than those with a low carotenoid level. Further 

clinical trials are warranted to confirm the findings before providing any dietary suggestions to 

NAFLD patients. 
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Figure 3.7: Graphical representation of proposed pathway in which carotenoid-rich orange 

carrots alleviate NAFLD severity. Orange carrots rich in α-carotene and β-carotene combated 

the severity of hepatic steatosis brought on by a high-fat diet by partially inhibiting fatty acid 

synthesis and significantly enhancing β-oxidation proteins, due to promotion of master regulators 

of hepatic lipid metabolism (i.e., p-AMPK, PGC-1α, PPARα). 

 

 

 

 

 

 

 



   

185 

 

3.7. Supplementary Material  

 

 

 

Supplementary Figure S3.1: HPLC chromatograms of α-carotene and β-carotene in diet pellets, 

serum, and liver.  β-Apo-8’-carotenal used as an internal standard during extractions.   
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Supplementary Figure S3.2: Weekly report of dietary pellet loss (consumption and bedding 

utilization) by weighing food leftover in basket.  

 

 
Supplementary Figure S3.3: Western blots of hepatic A) RXRα and B) RARβ. For both 

western blot, LFD: n=11; HFD, HFD+WC, HFD+OC: n=12.  
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Supplementary Figure S3.4: Correlation analysis between hepatic and serum triglyceride (TG) 

content in the HFD group, p < 0.001.  
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A)  

ID D12450J D12492     
Treatment name LFD HFD White carrot 

(HFD+WC) 
Orange carrot 

(HFD+OC) 
kcal%         
Protein 20 18 19 19 

Carbohydrate 70 21 19 19 
Fat 10 61 62 62      

Ingredient g g g G 
Casein 200 200 200 200 

L-Cysteine 3 3 3 3 
Corn Starch 506.2 0 0 0 

Maldotexrin 10 0 125 20.24 20.24 
Lodex 125 0 0 0 

Sucrose 72.8 68.8 68.8 68.8 
White carrot 

powder 
0 0 154.76 0 

Orange carrot 

powder 
0 0 0 154.76 

Cellulose, BW200 0 50 0 0 
Solka Floc, FCC200 50 0 0 0 

Soybean Oil 25 25 25 25 
Lard 20 245 245 245 

Mineral Mix, 

S10026 
50 10 10 10 

DiCalcium 

Phosphate 
0 13 13 13 

Calcium Carbonate 0 5.5 5.5 5.5 
Potassium Citrate 0 16.5 16.5 16.5 

Vitamin Mix, 

V10001 
1 10 10 10 

Choline Bitartrate 2 2 2 2 
Total (g) 1055.05 773.8 773.8 773.8 

          
kcal/g 3.82 5.11 5.08 5.08 
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B) 

 

Class Description Ingredient Grams (g) 

Carbohydrate Sucrose, Fine Granulated 78.42 

Vitamin Vitamin E Acetate, 50% 10.00 

Vitamin Niacin 3.00 

Vitamin Biotin, 1% 2.00 

Vitamin Pantothenic Acid, d. Calcium (B5) 1.00 

Vitamin Vitamin D3, 100,000 IU/g 1.00 

Vitamin Vitamin B12, 0.1% Mannitol 1.00 

Vitamin Vitamin A Acetate, 500,000 IU/g 0.80 

Vitamin Pyridoxine HCl (B6) 0.70 

Vitamin Riboflavin (B2) 0.60 

Vitamin Thiamin (B1) 0.60 

Vitamin Folic Acid 0.20 

Vitamin Menadione Sodium Bisulfite 0.08 

  
Total: 100.00 g 

Supplementary Table S3.1: Compositional break down of A) dietary pellets and B)  vitamin 

(V10001) mix formulated by Research Diets, Inc.  
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Genes: Forward: Reverse: 

Acox1 TAACTTCCTCACTCGAAGCCA AGTTCCATGACCCATCTCTGTC 

β-Actin CTTTTCCAGCCTTCCTTCTTGG CAGCACTGTGTTGGCATAGAGG 

Cd36 GCGACATGATTAATGGCACA CCTGCAAATGTCAGAGGAAA 

Cpt GCACTGCAGCTCGCACATTACAA CTCAGACAGTACCTCCTTCAGGAAA 

Fas GCTGCGGAAACTTCAGGAAAT AGAGACGTGTCACTCCTGGACTT 

Pparα GTACCACTACGGAGTTCACGCA CATTGTGTGACATCCCGACAG 

Pgc1α TATGGAGTGACATAGAGTGTGCT CCACTTCAATCCACCCAGAAAG 

Scd1 CCGGAGACCCCTTAGATCGA TAGCCTGTAAAAGATTTCTGCAAACC 

Srebp1 TAGAGCATATCCCCCAGGTG GGTACGGGCCACAAGAAGTA 

Supplementary Table S3.2: Primer sequences used in qPCR experiments. Forward and 

reverse sequences generated with the NCBI BLAST tool.  
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acyltransferase 2; FAS, fatty acid synthase; HFD, high-fat diet; HFD+OC, high-fat diet w/ 20% 

orange carrot powder; HFD+WC, high-fat diet w/ 20% white carrot powder; IACUC, 

Institutional Animal Care and Use Committee; LFD, low-fat diet; MTP, microsomal triglyceride 

transfer protein; NAFLD, non-alcoholic fatty liver disease; PPARα, peroxisome proliferator-

activated receptor alpha; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 

1-alpha; SCD-1, stearoyl-CoA desaturase-1; SREBP-1, sterol regulatory element-binding protein 
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Chapter 3 Unpublished Data: HFD+OC vs HFD Colon Proteomics  

 

3.9 Introduction:  

 

In another collaboration with METRIC, we performed a preliminary isobaric labeling based 

quantitative proteomics study on the distal colon tissue of the mice from the study in Chapter 3. 

Colonic proteins from the HFD and HFD+OC groups were labeled with isobaric tandem mass 

tags (TMT 6-plex) for the differential quantitation of the digested peptides. The goal of this 

preliminary experiment was to assess the impact of the carotenoid-rich dietary intervention of 

orange carrot on the colon tissue under HFD-induced stress.  

Methods:  

 

Further details on the quantitative proteomics methods for distal colon tissue have been provided 

in the Methods section of Chapter 4 (4.3.6). Briefly, whole-cell tissue lysates were prepared from 

distal colonic tissue (approximately 30 mg; n = 3) of the HFD and HFD+OC fed animals using 

the EasyPep Mini MS Sample Prep kit (#A40006, ThermoFisher). Proteins were extracted with 

the EasyPep lysis buffer and quantified with the Rapid Gold BCA kit for standardization. 

Proteins (100 μg) were then digested into peptides with a trypsin/Lys-C protease mixture for 

three hours at 37℃. The tryptically digested peptides were then labeled with TMT 6-plex as 

follows: HFD (126, 127, 128); HFD+OC (129, 130, 131). Finally, the peptides were fractionated 

with high-pH, reversed-phase fractionation spin columns per the manufacturer’s instructions 

(Pierce™ High pH Reversed-Phase Peptide Fractionation Kit #84868, ThermoFisher). The 

fractions were eluted from the columns via an increasing gradient of acetonitrile and a decreasing 

gradient of triethylamine and Fraction 8 was dried down with nitrogen gas and saved for LC/MS 

analysis 
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LC-MS/MS: EASY nanoLC-1200 interfaced to a Thermo Scientific Exploris-480 with an 

EASY-Spray source was used for data collection. Analytical Column: EASY-Spray C18 nanoLC 

column, 2 μm particle size, 75 μm ID, 250 mm length. Trap Column: Thermo Scientific Acclaim 

PepMapTM 100 C18 nanoLC column, 3 μm particle size, 75 μm ID, 20 mm length. 

 

 
Figure A3.1: Gene Ontology Network (GOnet) map of differently expressed proteins identified 

in distal colon protein. Ovals are proteins, rectangles are associated pathways; color of proteins 

correspond to HFD+OC/HFD fold change (i.e. change in abundance induced by β-carotene 

treatment). 
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Vitamin A metabolism:  

Name Abbrev. UniProt HFD+OC/HFD 

Fold change 

Cytochrome P450 2S1 Cyp2s1 Q9DBX6 2.38 

Aldehyde dehydrogenase 1A1 Aldh1a1 PS4549 1.48 

Aldehyde dehydrogenase, cytosolic 1 Aldh1a7 O35945 1.64 

Retinol dehydrogenase 11 Rdh11 Q9QYF1 1.5 

Retinol dehydrogenase 14 Rdh14 Q9ERI6 2.01 

Dehydrogenase/reductase SDR family member 4 Dhrs4 Q99LB2 2.56 

 

Intestinal Barrier   

Name Abbrev. UniProt HFD+OC/HFD 

Fold change 

Mucin-2 Muc2 Q80Z9 2.7 

Tight junction protein ZO-2 Tjp2 Q9Z0U1 1.94 

Claudin-7 Cldn7 Q9Z261 2.65 

 

Inflammation/Oxidative Stress 

Name  Abbrev.  UniProt HFD+OC/HFD 

Fold change  

Interleukin-1 receptor antagonist protein Il1rn P25085 3.18 

Superoxide dismutase [Cu-Zn] Sod1 P08228 1.3 

Superoxide dismutase [Mn], mitochondria; Sod2 P09671 1.93 

Peroxiredoxin-1 Prdx1 P35700 1.43 

Thioredoxin-dependent peroxide reductase, 

mitochondrial 

Prdx3 P20108 

1.97 

Peroxiredoxin-4 Prdx4 O08807 2.19 

Peroxiredoxin-5, mitochondrial Prdx5 P99029 2.77 

Thioredoxin reductase 1, cytoplasmic Txnrd1 Q9JMH6 2.22 

Prostaglandin-endoperoxide synthase 1  Ptgs1 P22437 1.89 

 

Lipid Metabolism:  

Name Abbrev. UniProt HFD+OC/HFD 

Fold change 

ATP-binding cassette sub-family D member 3 Acox1 Q9R0H0 1.63 

Hydroxysteroid 17-beta dehydrogenase 4  Hsd17b4 P51660 1.93 
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Cell Growth:  

Name  Abbrev.  UniProt HFD+OC/HFD 

Fold change  

Mitogen-activated protein kinase 1 Mapk1 P63085 2.08 

Mitogen-activated protein kinase 3 Mapk3 Q63844 2.35 

Mitogen-activated protein kinase 9 Mapk9 Q9WTU6 1.96 

Prostaglandin reductase 1 Ptgr1 Q91YR9 2.22 

Prostaglandin reductase 2 Ptgr2 Q8VDQ1 2.42 

Phosphatidylinositol 3-kinase regulatory subunit 

alpha 

Pik3r1 P26450 1.84 

 

Golgi/ER:  

Name Abbrev. UniProt HFD+OC/HFD 

Fold change 

ATP-binding cassette sub-family D member 3 Abcd3 P55096 1.84 

AP-1 complex subunit gamma-1 Ap1g1 P22892 1.71 

AP-2 complex subunit beta Ap2b1 Q9DBG3 1.62 

AP-3 complex subunit delta-1 Ap3d1 O54774 1.56 

Table A3.1 GOnet values for pilot colon samples  

 

Discussion: 

A total of 2693 differentially expressed proteins in the colon samples. As anticipated, some of 

these proteins are involved in carotenoid and retinoid metabolic processes. The anti-

inflammatory and antioxidant functions of β-carotene were noted since the relative abundance of 

proteins like interleukin-1 receptor antagonist protein (IL1RN), superoxide dismutases, and 

peroxiredoxins were higher in the β-carotene group. Also, the same was true for barrier function 

proteins such as mucin 2 (MUC2) and tight junction protein ZO-2 (TJP2). IL1RN showed the 

highest enrichment in the bioinformatics analysis.  
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4.1. Abstract: 

Background: Carotenoids are naturally occurring pigments in plants responsible for the orange, 

yellow, and red color of fruits and vegetables. Carrots are one of the primary dietary sources of 

carotenoids. The biological activities of carotenoids in higher organisms are well documented in 

most tissues but not the large intestine. The gastrointestinal barrier acts as a line of defense against 

the systemic invasion of pathogenic bacteria, especially at the colonic level. Proteins involved in 

tight junction assembly between epithelial cells and mucus secretion from goblet cells are essential 

for maintaining intestinal barrier homeostasis. A high-fat diet can cause gut impairment by 

inducing barrier permeability, leading to low-grade chronic inflammation via metabolic 

endotoxemia. Our hypothesis for this study is that the dietary intake of carotenoid-rich foods can 

alleviate obesity-associated gut inflammation and strengthen the intestinal barrier function.  

Methods: Male C57BL/6J mice were randomized to one of four experimental diets for 20 weeks 

(n = 20 animals/group): Low-fat diet (LFD, 10% calories from fat), high-fat diet (HFD, 45% 

calories from fat), HFD with white carrot powder (HFD + WC), or HFD with orange carrot powder 

(HFD + OC). Colon tissues were harvested to analyze the biochemical effects of carotenoids in 

carrots. The distal sections were subjected to isobaric labeling-based quantitative proteomics in 

which tryptic peptides were labeled with tandem mass tags, followed by fractionation and LC-

MS/MS analysis in an Orbitrap Eclipse Tribrid instrument.  

Results: High-performance liquid chromatography results depicted that the HFD+WC pellets 

were carotenoid-deficient, and the HFD+OC pellets contained high concentrations of provitamin 

A carotenoids, specifically α-carotene and β-carotene. As a result of the quantitative proteomics, 

a total of 4410 differentially expressed proteins were identified. Intestinal barrier-associated 

proteins were highly upregulated in the HFD+OC group, particularly mucin-2 (MUC2). Upon 
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closer investigation into mucosal activity, other proteins related to MUC2 functionality and tight 

junction management were upregulated by the HFD+OC dietary intervention.  

Discussion: Collectively, our findings suggest that carotenoid-rich foods may prevent high-fat 

diet-induced intestinal barrier disruption by promoting colonic mucus synthesis and secretion in 

mammalian organisms. 

 

Keywords: Carotenoids; quantitative proteomics; colon; intestinal barrier; diet-induced obesity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

210 

 

4.2. Introduction  

Carotenoids are naturally occurring pigments synthesized in plants, fungi, and some 

microorganisms (1). From a chemistry point of view, they are mainly C40 terpenoids 

(tetraterpenoids) and composed of eight isoprene units. While they are abundant in nature, only a 

few are found in our diet (2). Depending on their chemical structure, they can be classified as 

either carotenes or xanthophylls. Carotenes, such as α-carotene, β-carotene, and lycopene, are 

hydrocarbons, while their oxygenated derivatives are called xanthophylls, including β-

cryptoxanthin, lutein and zeaxanthin (3). These are major dietary carotenoids detected in human 

serum (1). Among them, α-carotene, β-carotene, and β-cryptoxanthin can function as vitamin A 

precursors; thus, they are referred to as provitamin A carotenoids. In addition to that, carotenoids 

can exert essential biological functions due to their antioxidant and immunological properties, 

thereby serving as proxy biological markers of general population health (4).  

Carotenoids are mainly absorbed in the small intestine in mammalian organisms (5). 

Cholesterol, fatty acids, phospholipids, monoacylglycerides, bile salts, and other hydrophobic 

molecules interact to produce mixed micelles with carotenoids. The bioaccessibility of individual 

carotenoids in naturally occurring mixed micelles is determined by their hydrophobicity, 

affecting the postprandial blood response (6). Once micelles form, absorption via transport 

receptors or passive diffusion occurs in the intestinal epithelial cells, depending on the dose (7). 

After micellization, carotenoids permeate through the intestinal mucus layer. This layer, 

structurally and characteristically determined predominantly by goblet and epithelial cells (8), is 

crucial for carotenoid absorption and serves as an immunological and physical barrier, regulating 

nutrient uptake and waste transit.   
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Carotenoids and their metabolites form chylomicron particles, enter the lymphatic 

system, and are absorbed for utilization in the systemic circulation (5).  Factors such as bile acid 

salts and digestive enzymes may influence carotenoid transport through micelles (7). Reduced 

lipid droplet size can enhance mixed micelle formation and carotenoid incorporation, improving 

micellization. Still, excessive lipase activity may elevate free fatty acids, potentially lowering 

micelle pH, accelerating carotenoid degradation, and diminishing micellization efficacy (9). The 

transport of carotenoids from fruits and vegetables to the lipid phase of food, known as mass 

transfer, is significantly influenced by the food matrix, which primarily determines their 

bioavailability (10). β-Carotene from plants can have low bioavailability (10–65%) due to 

resistance from carotene-protein complexes, fibers, and plant cell walls during digestion, 

hindering adequate carotenoid release (11). Dietary β-carotene is mainly excreted through the 

large intestine due to poor bioavailability. The stability and bioavailability of carotenoids in the 

gut, the function of gastrointestinal bacteria in their metabolism, and the direct biological actions 

of carotenoids or their metabolites in the colon are among the critical knowledge gaps (12,13). 

Recent developments in proteomics have provided the most comprehensive view of the complex 

connections between carotenoid intake, gut health, and obesity, highlighting the need for 

additional integrative study in this area (1). Since the role of carotenoids in obesity-induced 

colon dysfunction is not established, we utilized a model of diet-induced obesity as carotenoids 

can display anti-obesogenic efficacy in other organs like the liver and adipose tissue (14,15).  

Cellular uptake of carotenoids is facilitated by different molecules, including cluster 

determinant 36 (CD36) and scavenger receptor class B type 1 (SR-B1), that are highly expressed 

in proximal sections of mice intestines and less expressed in distal sections (16). Provitamin A 

carotenoids regulate intestinal protein expression for carotenoid absorption, with retinoids partly 
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controlling SR-BI activity. Studies using mouse models and human cell lines show that dietary 

precursors produce retinoic acid via ꞵ-carotene 15,15’-dioxygenase (BCO1), inducing homeobox 

transcription factor intestine-specific homeobox (ISX) to suppress BCO1 and SR-B1 expression, 

impacting carotenoid conversion and uptake (17). Multiple dietary factors can influence the 

absorption of carotenoids. Fatty acids such as eicosapentaenoic acids increase SR-BI expression 

in Caco-2 cells (18). Moreover, it has been observed that dietary glucose leads to heightened 

expression of SR-BI in both Caco-2 cells, a widely used model for studying intestinal absorption, 

and in the intestines of mice, suggesting a potential regulatory role for glucose in modulating the 

absorption process of nutrients (19). 

The presence of mucin and the charge of particles facilitate proper mucus adhesion, 

enabling mixed micelles to traverse the mucus layer and enhance the bioaccessibility of 

carotenoids (20). Mucins, particularly mucin-2, play a critical role in the mucus layer’s structure 

and function (21). For carotenoids, mixed micelles penetrate mucus to reach intestinal cells, 

releasing them to enter cells passively or via lipid transporters. Lipid transporters are crucial for 

carotenoid and lipid absorption, as lipid modulation can affect carotenoid uptake by altering 

transporter expression or interaction (20). Linoleic acid-rich glycolipids were found to enhance 

PPARγ and SR-B1 expression in rat intestines, improving fucoxanthin bioavailability (22), with 

further support from a Caco-2 cell study indicating increased SR-B1 mRNA expression in the 

presence of linoleic acid (23).  

Metabolic syndrome is a disorder that increases the risk of type 2 diabetes and 

cardiovascular diseases as it is characterized by increased abdominal obesity, hyperglycemia, 

higher blood pressure, reduced HDL cholesterol, and hypertriglyceridemia (24). Furthermore, 

obesity due to Westernized high-fat diet (HFD) is associated with intestinal hyperpermeability 
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via the promotion of intestinal inflammation and modulation of epithelial tight protein 

organization through signaling toll-like receptor (TLR) and nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) signaling cascades (25). This HFD-induced 

proinflammatory response can lead to the development of intestinal pathologies like Crohn’s 

disease and ulcerative colitis, which are subsets of inflammatory bowel disease (IBD), as well as 

irritable bowel syndrome and celiac disease (25,26).  

Carotenoids have a regulatory effect on multiple mediators related to inflammation and 

chronic diseases. These include C-reactive protein (CRP), proinflammatory cytokines 

(interleukin -1, -8, and -6), NF-κB, and tumor necrosis factor-alpha (TNF-α). Carotenoids can 

modulate the levels of these mediators by modulating oxidative stress or by promoting the 

overexpression of antioxidant and cytoprotective Phase II enzymes via the nuclear factor-

erythroid 2-related factor 2 (Nrf2) and peroxisome proliferator-activated receptor (PPAR) 

pathways (27). Studies suggest ingesting carotenoids may help with obesity and associated 

concerns such as low-grade inflammation, insulin resistance, and hepatic steatosis (14). With an 

odds ratio of 0.66, a meta-analysis of 11 studies showed a negative association between total 

carotenoids and metabolic syndrome (28). The most significant inverse correlation was observed 

for β-carotene, followed by α-carotene and β-cryptoxanthin (28). A study demonstrated that 

treatment with fucoxanthin holds promise in preventing obesity by modulating intestinal 

homeostasis and alleviating gut dysbiosis and inflammation in a high-fat diet-induced mouse 

model.  In male C57BL/6J mice fed a high-fat diet, 0.1% fucoxanthin supplementation from 

brown kelp U. pinnatifida reversed HFD-induced gut microbiota dysbiosis. This was achieved by 

inhibiting obesity- and inflammation-related Erysipelotrichaceae and Lachnospiraceae and 

encouraging the growth of beneficial bacteria such as Bifidobacterium, 
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Lactobacillus/Lactococcus, and certain butyrate-producing bacteria (29). Additionally, 

fucoxanthin treatment increased butyrate levels in the colon contents of HFD-fed mice, 

improving insulin sensitivity and alleviating HFD-induced obesity. Consequently, fucoxanthin 

treatment could reverse HFD-induced gut microbiota dysbiosis (29). 

The gut, which has a high lymphocyte population, serves as an essential barrier against 

toxins and antigens. Intake of sufficient vitamin A is vital for preserving immunological 

homeostasis in this barrier. Vitamin A metabolite, retinoic acid, stimulates T and B cell 

expression of the gut-homing receptor, promotes regulatory T cell conversion, and causes T cell-

independent IgA changes in naïve B cells (30). Intestinal immunity is weakened by vitamin A 

deficiency, increasing vulnerability to bacterial infections. Along with resistance to nematode 

infections, vitamin A-deficient mice have an increase in type 2 innate lymphoid cells that 

produce IL-13 (31). Other studies have shown that the altered immune profile in ISX-deficient 

mice may result from shifts in intestinal carotenoid processing. These mice show increased 

intestinal retinoic acid levels on a β-carotene-rich diet, synthesized in dendritic cells of lymphoid 

organs and in epithelial and stromal cells of mucosal lymphoid tissues where BCO1 is expressed 

(5). However, many of these studies have concentrated on administering individual compounds 

rather than whole foods, disregarding the effect of the pre-digestion process and focusing on a 

limited number of targets.  

Advanced analytical techniques, particularly hyphenated approaches (e.g., LC-MS/MS) 

and multi-omics approaches, are essential for identifying carotenoids and their metabolites along 

with their potential biological effects. The merging of proteomics, transcriptomics, 

metabolomics/lipidomics, and metagenomics is critical for improving our understanding of the 

bioactivity of natural components; carotenoids as a key focus with -omics studies has been 
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highlighted by our team and collaborators (1). Proteomics explicitly allows for studying the 

biological activities of carotenoid metabolites by detecting proteins that are differentially 

regulated within organs, tissues, or plasma, including subcellular fractions such as the cytosol, 

nucleus, or cell membrane. Unlike transcriptomics, it may better capture carotenoid bioactivity 

by accounting for posttranscriptional alterations and time-dependent mRNA expression, 

collecting additional biological variations (1). The usefulness of mass spectrometry-based 

proteomics as a method for determining the carotenoid status of populations was shown by our 

research team, Eroglu et al. (4), in which the more general metabolic effects of carotenoids 

concerning inflammation have been demonstrated. In this study, we analyzed how dietary 

carotenoids in orange carrots modulated low-grade inflammation and impaired intestinal barrier 

function in obesity-related colonic dysfunction. 

4.3. Materials & Methods 

4.3.1. Plant Material and Diet Formulation  

Carrot varieties of two distinct colors (white and orange) were obtained from local 

supermarkets and then freeze-dried at the North Carolina Food Innovation Lab in Kannapolis, 

NC. All diet pellets were formulated at Research Diets, Inc. (New Brunswick, NJ, USA). 

Standard low-fat (D12450H, 10% calories from fat) and high-fat (D12451, 45% calories from 

fat) diet pellet compositions were selected; the sucrose content of D12450H and D12451 were 

matched. Lyophilized carrot powders were incorporated into the high-fat D12451 formula at 

20% weight/weight (w/w). The dosage of 20% w/w has previously been utilized by our lab (32) 

and was selected to take account of the limited bioaccessibility of dietary carotenoids (33). 

Furthermore, rodents possess higher cleavage efficiency of carotenoids via BCO1 and ꞵ-carotene 

9,10-dioxygenase (BCO2) than humans (15), so this dosage of 20% carrots is appropriate for the 
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examination of intact, parent carotenoids rather than apocarotenoid cleavage products. Once 

formulated, all diets were irradiated (10 to 20 kGy) for sterility. The compositions of standard 

and custom diet pellets, as well as a vitamin mix (V10001C), have been provided in 

Supplementary Table S4.1.  

4.3.2. Animals  

Approval for the animal protocols in this study was obtained through the Institutional 

Animal Care and Use Committee (IACUC) at the North Carolina Research Campus. Male 

C57BL/6J mice (5 weeks of age, n=80) were purchased from The Jackson Laboratory (Bar 

Harbor, ME, USA). Two mice were co-housed per cage and fed a standard chow diet upon 

arrival in a temperature and humidity-controlled room with a 12-hour light/dark cycle. Following 

an acclimation period of seven days, mice were randomized into four dietary groups: (n = 20 per 

group): low-fat diet (LFD), high-fat diet (HFD), HFD with white carrot powder (HFD+WC), and 

HFD with orange carrot powder (HFD+OC). Since mice are coprophagic, fecal samples were 

grouped by the cage (n=10 per group for fecal endpoints). The dietary intervention lasted 20 

weeks; water and experimental food pellets were administered ad libitum. Body weight for each 

mouse, the body weight change from baseline (before dietary intervention, week 0), and food 

consumption per cage were recorded every week. Following the 20-week dietary intervention, 

mice were anesthetized with isoflurane for cardiac blood and tissue harvest. Cardiac blood was 

collected in serum separator tubes (Sarstedt Inc., Newton, NC, USA) and placed at room 

temperature for 30 minutes, and serum was isolated by centrifuging the blood at 1,500 x g for 10 

min at 4℃. Unexpelled feces still present in the colon were flushed out with saline. A portion of 

the distal colon was fixed in 10% formalin for histological examination. The remaining harvested 

tissue was snap-frozen in liquid nitrogen and then stored at −80℃ for further analysis. 
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4.3.3. Body Composition Analysis 

Body composition measurements at baseline and week 20 of the study were analyzed 

with an EchoMRI-100 (EchoMRI, Houston, TX, USA). Mice were placed in a restraining 

cylinder without anesthesia and locked using the Velcro attachment. Total body composition (fat 

mass, lean mass, free water, and total water mass) was calculated by inserting the cylinder 

containing the mice into the chamber unit of the EchoMRI-100. 

4.3.4. Biochemical assays  

Serum Endotoxin and Lipopolysaccharide Binding Protein (LBP): For endotoxin 

analysis, serum samples were diluted 1:5,000, and the manufacturer’s instructions were followed 

(PyroGene Recombinant Factor C Endpoint Fluorescent Assay-#50-658U, Lonza Bioscience, 

Walkersville, MD, USA). Serum samples were diluted at 1:50 for LBP analysis, conducted via 

the manufacturer’s instructions (Abcam, Waltham, MA, USA).  

Serum C-Reactive Protein (CRP): For CRP analysis, serum samples were diluted 

1:2,000 (Mouse C-Reactive Protein/CRP Quantikine ELISA Kit #MCRP00, R&D Systems/Bio-

Techne, Minneapolis, MN, USA) and the assay was executed following manufacturer’s 

instructions. 

Fecal Calprotectin: Fecal protein was extracted via homogenization in an extraction 

buffer (0.1M Tris, 0.15M NaCl, 1.0M urea, 10 mM CaCl2, 0.1M citric acid monohydrate, 0.5 

g/L BSA at a pH = 8.0) (34). Protein concentrations were measured with Rapid Gold BCA 

(Thermo Fisher Scientific, Waltham, MA, USA), and manufacturer’s kit instructions were 

followed for analysis using undiluted samples (Mouse S100A8/S100A9 Heterodimer DuoSet 

ELISA #DY8596-05 and DuoSet Ancillary Reagent Kit #DY008B, R&D Systems). Results were 

reported as calprotectin (pg)/total fecal protein (µg).  
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Colon IL-6: Distal colon tissues (approximately 30 mg) were homogenized in 

radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher) and incubated on ice for 30 

minutes. Colon lysates were centrifuged at 16,000 xg for ten minutes, and the supernatants were 

collected. Protein quantification was conducted with Rapid Gold BCA, and manufacturer’s kit 

instructions were followed for analysis using undiluted samples (Mouse IL-6 DuoSet ELISA 

#DY406-05, R&D Systems).  

4.3.5. Carotenoid Extraction and High-Performance Liquid Chromatography (HPLC) 

Internal standards of all-trans-β-apo-8’-carotenal (purity ≥ 96%, catalog #10810, Sigma-

Aldrich, St. Louis, MO, USA) for carotenoids and retinyl acetate (purity ≥ 95%, catalog #20242, 

Cayman Chemical, Ann Arbor, MI, USA) for vitamin A-related compounds were dissolved in 

HPLC-grade acetone and ethanol, respectively, and then added to all sample types before 

carotenoid extraction. Major dietary carotenoids and vitamin A-related compounds were used as 

external controls: ⍺-carotene (purity ≥ 95%, catalog #19772, Cayman Chemical), β-carotene 

(purity ≥ 95%, catalog #16837, Cayman Chemical), and retinol (purity ≥ 95%, catalog #20241, 

Cayman Chemical). Dietary pellets (~100 mg) were placed in the ZR Bashing Bead Lysis Tubes 

(Zymo Research, Irvine, CA, USA), and carotenoids were extracted via 500 μL HPLC-grade 

acetone followed by vibrant vortexing and centrifugation at 16,000 x g for five minutes at 4°C. 

The extraction steps were repeated two times, and supernatants were collected. Pooled 

supernatants were dried with nitrogen gas and reconstituted with 400 μL HPLC-grade acetone. 

Colon tissues (~100 mg) were homogenized in 1 mL HPLC-grade hexane/acetone/ethanol (2:1:1 

v/v/v) with internal standards and centrifuged at 16,000 x g for 10 minutes at 4°C. The step was 

repeated two times, and the supernatants were transferred to a fresh tube. Collected supernatants 

were centrifuged for the last time under the same conditions, followed by the nitrogen gas drying 
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step, and reconstituted with 65 μL HPLC-grade acetone. Serum samples (60 μL) were placed in 

the Eppendorf tubes, and 180 μL HPLC-grade hexane/acetone/ethanol (2:1:1 v/v/v) was added to 

each sample. Centrifugation was done at 4,000 rpm for 1 minute at 4 °C and repeated. The upper 

layer of the supernatant was collected, dried down with nitrogen gas, and reconstituted with 65 

μL HPLC-grade acetone. 

Extracted carotenoids from all sample types were detected by an Ultimate 3000 HPLC 

(Thermo Fisher Scientific). Separation of the carotenoids was achieved by an Acclaim C30 5µm 

4.6 x 150 mm column (Thermo Fisher Scientific), which was housed within a thermostatted 

TCC-3000 column oven (Thermo Fisher Scientific) held at 25℃. The instrument method 

involved a nine-minute isocratic equilibration period before sample injection- acetonitrile: 

methanol (v/v: 25:75 at time -9 to -0.5 min at a flow rate of 1.5 mL/min, 25:75 at time -0.5 to 0 

min at a flow rate of 1.0 mL/min). The mobile phase was set as follows for the acquisition period 

at time zero- methyl tert-butyl ether :acetonitrile: methanol (v/v/v: 0:25:75 to 50:15:35 linear 

gradient at time 0–20 min, 50:15:35 isocratically at time 20–25 min) at a flow rate of 1.0 

mL/min. The channels used for the detection of carotenoids and retinoids were as follows: all-

trans-β-apo-8’-carotenal (464 nm), ⍺-carotene (444 nm), β-carotene (450 nm), retinol (325 nm), 

and retinyl acetate (325 nm).  

4.3.6. Quantitative Proteomics 

4.3.6.1. Sample Preparation for Quantitative Bottom-up Colon Proteomics 

Extraction, Reduction, alkylation, digestion; Peptide clean-up: Peptide samples were 

prepared for proteomic analysis with the EasyPep Mini MS Sample Prep kit (#A40006, 

ThermoFisher). Whole-cell lysates were extracted from distal colonic tissue (approximately 30 

mg; n = 4) using the EasyPep lysis buffer containing 1% nuclease. The Rapid Gold BCA kit 
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determined the protein concentration according to manufacturer instructions, and samples were 

standardized to 100 μg protein with the EasyPep lysis buffer. Reduction and alkylation buffers 

were added to the standardized protein and incubated at 95℃ for ten minutes on a heat block. 

Digestion into peptides was achieved via adding a trypsin/Lys-C protease mix and incubating 

with shaking for three hours at 37℃ on a heat block, after which a stop solution was added to 

terminate the digestion. Hydrophilic/hydrophobic contaminants (i.e., buffer salts, detergents, and 

other biomolecules) were removed from the peptides by the clean-up columns from the EasyPep 

kit according to the manufacturer's instructions. The resulting cleaned peptides were then dried 

by nitrogen gas.  

Tandem Mass Tag pro (TMTpro) 16-plex Labeling: The dried peptides (100 µg) were 

reconstituted in 100µL of 100 mM triethylamine bicarbonate (TEAB). TMTpro reagents 

(TMTpro 16-plex Label Reagent Set 0.5mg #A44521, ThermoFisher) were dissolved in 20µL of 

100% LC/MS-grade anhydrous acetonitrile following equilibration to room temperature and the 

entire volume was added to the peptide samples of their respective treatment groups: LFD (126, 

127N, 127C, 128N); HFD (128C, 129N, 129C, 130N); HFD+WC (130C, 131N, 131C, 132N), 

and HFD+OC (132C, 133N, 133C, 134N). Peptides were labeled for one hour at room 

temperature, after which the labeling reaction was quenched by incubation with 5 µL of 5% 

hydroxylamine for 15 minutes at room temperature. Equal amounts of each labeled peptide 

sample were combined into a single microfuge tube and dried down with nitrogen gas.  

Peptide Fractionation: The dried, TMTpro-labeled peptides were dissolved in 300 μL of 0.1% 

trifluoroacetic acid solution and fractionated via high-pH, reversed-phase fractionation spin 

columns per the manufacturer’s instructions (Pierce™ High pH Reversed-Phase Peptide 

Fractionation Kit #84868, ThermoFisher). The fractions were eluted from the columns via an 
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increasing gradient of acetonitrile and a decreasing gradient of triethylamine (Supplementary 

Table S4.2). Fraction 8 was dried with nitrogen gas and saved for LC/MS analysis. 

4.3.6.2. Nano-Liquid Chromatography-Mass Spectrometry (nanoLC-MS/MS)  

The following LC-MS/MS experimentation was conducted by the Molecular Education, 

Technology, and Research Innovation Center (METRIC) at North Carolina State University. 

Materials were purchased from Fisher Scientific (Wilmington, DE): LC/MS grade water, LC/MS 

grade acetonitrile, LC/MS grade formic acid, PepMap™ Neo trap cartridge (C18, 5 µm particle, 

300 µm × 5 mm). An Aurora Frontier analytical column (1.7 µm particle, 75 µm × 60 cm) was 

purchased from Ionopticks (Fitzroy, Victoria, AU). 

Fractionated, TMTpro-labeled peptides were reconstituted in 100 µL water containing 2% 

acetonitrile and 0.1% formic acid. A 10 µL injection was analyzed by reversed-phase nano-liquid 

chromatography-mass spectrometry (nanoLC-MS/MS) using a Vanquish™ Neo UHPLC system 

(Thermo Scientific™, San Jose, CA, USA) interfaced with an Orbitrap Eclipse™ Tribrid 

(Thermo Scientific™) mass spectrometer. Peptides were concentrated, desalted, and separated 

using a trap and elute column configuration consisting of a PepMap Neo trap cartridge (Thermo 

Scientific™) in line with an Aurora Frontier analytical column held at 45 °C. Mobile Phase A 

(MPA) consisted of water containing 0.1% formic acid, and Mobile Phase B (MPB) consisted of 

acetonitrile containing 20% water and 0.1% formic acid. The trap cartridge loading program 

used combined pressure (800 bar maximum) and flow control (100 µL/min maximum) with the 

loading volume automatically determined. For the analytical gradient, MPB increased from 2% 

at 0 min to 4% at 1 min, increased to 22% at 51 min, increased to 32% at 72 min, increased to 

44% at 95 min, and increased to 50% at 105 min. The cartridge and column were washed for 10 

min at 95% MPB. Mass spectrometer parameters were optimized for the detection and 
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fragmentation of TMT-labeled peptides in a data-dependent experiment. Mass spectrometer 

parameters were set as follows: 1.8 kV positive ion mode spray voltage, ion transfer tube 

temperature of 275 °C, master scan cycle time of 3 s, m/z scan range of 400 to 1,600 at 120 K 

resolution, standard AGC Target, automatic MS1 injection time, RF lens of 30%, intensity 

threshold for MS2 scan of 5.0e4, theoretical precursor fit threshold of 70% and m/z  window of 

0.7, dynamic exclusion for precursors applied for 90 s, mass resolving power of 50 K for data-

dependent MS2 scans, m/z isolation window of 0.7, 38% normalized HCD collision energy, 

200% normalized AGC Target, and 105 ms maximum injection time. 

4.2.6.3 Mass Spectrometry Data Analysis 

Mass spectrometer raw data files were processed by Proteome Discoverer™ version 2.5 

(PD2.5, Thermo Scientific) using a non-nested study design and a TMTpro quantification 

method. Within Chemical Modifications of PD, the TMTpro delta mass was defined as 

304.207146 with possible modification at the protein N-terminus, any N-terminus, and possible 

residue targets H, K, S, and T. The TMTpro parameters were set according to specifications on 

the product data sheet for the TMTpro 16plex Isobaric Label Reagent Set, as shown in 

Supplementary Table S4.3. Reporter ion masses and their isotope correction factors were 

recorded in the Quan Channels dialog box. Residue modification of K and N-terminal 

modifications were selected. Mouse samples were categorized into 4 exposure groups: low-fat 

diet, high-fat diet, high-fat diet white carrots, and high-fat diet orange carrots and were 

associated with TMT quantification channels. 

A Mus musculus protein database (92,954 sequences, taxonomy 10090) from Swiss-Prot 

and a custom home-built contaminants database containing human keratins and porcine trypsin 

were searched using PD2.5. Processing and consensus workflows were optimized for searching 
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and quantifying TMTpro-labeled peptides. The Spectrum Files RC node used the following 

settings: Mus musculus protein database; trypsin (full) enzyme; 20 ppm precursor and 0.5 Da 

fragment mass tolerances; dynamic modification of TMTpro on any N-terminus; static 

modifications of TMTpro on K and carbamidomethyl on C; and non-linear regression with 

coarse tuning. The Spectrum Selector node used the following settings: MS1 precursor selection; 

isotope pattern re-evaluation; mass range from 350 – 5000 Da; FTMS mass analyzer; MS order 

of MS2; HCD activation; and scan type of full. The Reporter Ions Quantifier node used a 20 ppm 

integration tolerance and the most confident centroid integration method. The SEQUEST HT 

database search node used the following settings: Mus musculus and contaminants protein 

databases; trypsin (full) enzyme; maximum of 2 missed cleavage sites; minimum peptide length 

of 6 amino acids; 10 ppm precursor mass tolerance; 0.02 Da fragment mass tolerance; maximum 

of 3 equal dynamic modifications, which were N-terminal addition of acetyl group on 

methionine, oxidation or N-terminal loss of methionine, or loss of acetylated methionine; static 

modifications of carbamidomethyl on cysteine, TMTpro on any N-terminus, and TMTpro on 

lysine. Peptides were validated by the Percolator node with a q-value set to 0.05 and a strict false 

discovery rate (FDR) set to 0.01. The MSF Files node in the consensus step filtered peptide 

spectral matches with a maximum delta Cn of 0.05 and xCorr score of 1. The Reporter Ions 

Quantifier node used the following settings: use unique plus razor peptides; automatic reporter 

abundance, no quantitation value corrections; co-isolation threshold of 50; reporter signal-to-

noise threshold of 10; SPS mass matches threshold of 65%; normalization using total peptide 

amount; scaling using “on controls average”; protein abundance-based ratio calculations; no 

imputation; and ANOVA hypothesis testing. 
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4.3.7. Bioinformatic tools 

Gene Ontology Network (GOnet) and STRING Protein-Protein Interaction Network  

The GOnet maps for the HFD+OC vs. HFD and HFD+OC vs. HFD+WC comparisons 

were generated for functional enrichment analysis of proteins of interest by selecting job 

parameters: “Species: Mouse; GO namespace: biological process.” The GO term enrichment 

analysis type was chosen with a q-value <0.001. The output type of the analyzed results was an 

interactive graph with a p-value ≤ 9.70e-9 and formatted in the Cose layout selected with the 

unconnected annotation hidden. The software was accessed via GOnet using https://tools.dice-

database.org/GOnet/ (35). The STRINGv12 software (https://string-db.org/) (36) highlighted a 

protein-protein interaction network for the selected proteins. The protein names were listed under 

the “Multiple Proteins by Identifiers” tab, and the chosen organism was Mus musculus. 

4.3.8. Immunohistochemistry 

Distal portions of colon tissues were fixed in 10% formalin and washed with 70% 

ethanol. The tissue cassettes were then sent to the Anatomical Pathology Histology Lab in the 

College of Veterinary Medicine at North Carolina State University for processing. Once there, 

the colon portions were placed in a tissue processor for dehydration, clearing, and paraffin wax 

infiltration, followed by paraffin embedding and sectioning. Five-micrometer sections of colon 

tissues were stained with Alcian Blue or Mucin-2 (Abcam #ab272692), examined using a ZEISS 

Axio Observer microscopy platform (Carl Zeiss Microscopy, White Plains, NY, USA), and 

photographs were taken with AxioVision software. Briefly, Mucin-2 staining was achieved by a 

series of incubations:  hydrogen peroxide (20 min), Fc receptor block (30 min), primary antibody 

MUC2 (1:4000 for 30 min), polymer rabbit secondary antibody (30 min), 3,3'-diaminobenzidine 

(DAB) chromogen (3 min), and hematoxylin counterstain (5 min). Mucin-2-positive (MUC2+) 
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staining was quantified by ImageJ software (NIH, Bethesda, MD, USA) by converting the image 

to black and white 8-bit, and the default threshold of the grayscale was applied to the converted 

images. The percentage of area coverage by the stain (black) was measured via particle analysis 

through ImageJ's “Analyze Particles” function. Unwanted staining (i.e., mucus masses between 

layers of tissue) was excluded from the analysis.  

4.3.9. Statistical Analysis:  

Normality of distribution of the data was assessed via the D’Agostino-Pearson omnibus 

normality test for body weight, body composition, serum, and fecal analyses, while the Shapiro-

Wilk test was used for colonic endpoints; p > 0.05 considered normally distributed. Equality of 

data variance was examined by using an F test with p > 0.05 considered equal variances. Then, 

one-way ANOVA and post hoc Tukey HSD were used to analyze the differences in endpoints 

across the various dietary intervention groups. The study employed a two-way mixed ANOVA 

with post hoc Tukey HSD to illustrate the differences in food consumption over time among 

multiple groups. A mixed-effect analysis using post hoc Tukey HSD was employed to examine 

the changes in body weight over time. The threshold for statistical significance was p < 0.05, and 

GraphPad Prism 9 was used for all statistical analysis (San Diego, CA, USA). The values within 

the text and figures were depicted as mean ± standard deviation (SD) or mean ± standard error of 

the mean (SEM) as indicated. 
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4.4 Results  

4.4.1 Orange Carrots are a Source of Provitamin A Carotenoids for Diet-induced Obese Mice 

Table 4.1: Content of dietary carotenoids (⍺-carotene, ꞵ-carotene) and vitamin A (retinol) 

measured via HPLC in A) diet pellets (n=3), B) mouse serum (n=10), and C) mouse colon (n=4) 

samples. ND: not detectable, below the limit of detection in HPLC. Values are means ± SD.  

 

In the diet pellets, carotenoids were not detectable in the low-fat diet (LFD) and high-fat 

diet (HFD) formulations, indicating the absence or deficient levels of these compounds in these 

diets that could not be detected by the method used. Furthermore, the HFD supplemented with 

white carrot (HFD+WC) pellets also showed no detectable levels of carotenoids, suggesting that 

the white carrot component did not contribute significant amounts of ⍺-carotene or ꞵ-carotene to 

the diet pellets. In contrast, the HFD supplemented with orange carrot (HFD+OC) pellets contained 

quantifiable amounts of carotenoids, expressly ⍺-carotene (0.25 ± 0.01 µmol/g) and ꞵ-carotene 

(0.18 ± 0.01 µmol/g). These results demonstrate how the variety of carrots consumed can 

significantly impact their carotenoid concentration. It's also important to note that Research Diets, 

Inc. supplied 500,000 IU/g of vitamin A acetate, which was consistently incorporated into each 

treatment of diet pellets to achieve vitamin A-sufficient conditions.  

The analysis of serum samples revealed findings that align with the carotenoid content 

observed in the diet pellets. There were no detectable carotenoids in the serum of mice fed the 

LFD, HFD, and HFD+WC, mirroring the absence of these compounds in the corresponding diet 

pellets. However, in mice fed the HFD+OC pellets, near-equivalent levels of ⍺-carotene (0.25 ± 

Treatment 

groups 

A) Diet Pellets 

(µmol/g) 

B) Serum  

(µM) 

C) Colon  

(nmol/g) 

 α-carotene β-carotene α-carotene β-carotene Retinol α-carotene β-carotene Retinol 

LFD 0.0 0.0 0.0 0.0 0.88 ± 0.17 0.0 0.0 ND 

HFD 0.0 0.0 0.0 0.0 0.75 ± 0.26 0.0 0.0 ND 

HFD+WC ND ND ND ND 0.92 ± 0.11 ND ND ND 

HFD+OC 0.25 ± 0.01 0.18 ± 0.01 0.25 ± 0.07 0.26 ± 0.06  1.06 ± 0.24 0.72 ± 0.28  0.43 ± 0.14 ND 
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0.07 µM) and ꞵ-carotene (0.26 ± 0.06 µM) were measured in their serum. Furthermore, no 

significant variations were observed in the levels of circulatory retinol among any of the dietary 

groups, suggesting that vitamin A levels were constant irrespective of the diets. When examining 

the colon tissues of mice given the LFD, HFD, and HFD+WC, our findings showed that no 

noticeable concentrations of carotenoids were present. In contrast, colonic tissue extracts from 

mice fed HFD+OC had measurable amounts of ⍺-carotene (0.72 ± 0.28 nmol/g) and ꞵ-carotene 

(0.43 ± 0.14 nmol/g). Despite the presence of these carotenoids in the HFD+OC group, retinol 

levels were undetectable in the colon tissues across all treatment groups. 

4.4.2 Carrot Supplementation on Body Composition and Metabolic Endotoxemia  

Over time, analysis of body weight changes revealed distinct patterns among the dietary 

groups (Figure 4.1A). Starting at Week 2, all HFD groups exhibited significantly higher body 

weights than the LFD group. Between Week 9 and Week 14, mice in the HFD supplemented with 

white carrot and orange carrot groups had significantly higher body weights than those fed the 

HFD alone (p < 0.05). However, from Week 14 until the study endpoint at Week 20, only the body 

weight of the HFD+WC group remained significantly higher than that of the HFD group (p < 0.05). 

Conversely, as the experiment proceeded, the body weight of the HFD+OC group approximated 

that of the HFD and HFD+WC groups, suggesting an alignment in body weight among these 

groups. 

The body weight analysis of the different dietary groups provided clear distinctions 

(Figure 4.1B). Mice in the HFD group showed significantly higher body weights than those in the 

LFD (24.0 ± 0.8 g vs 11.3 ± 0.5 g, p < 0.0001), establishing the impact of a high-fat diet on body 

weight gain. Notably, mice in the HFD+WC treatment had significantly increased body weight 

than the HFD group (27.6 ± 0.5 g vs 24.0 ± 0.8 g, p < 0.001). In the comparison of the carrot-
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supplemented groups, no significant difference in body weight was observed between the 

HFD+WC and HFD+OC groups (27.6 ± 0.5 g vs. 25.4 ± 0.8 g), suggesting a similar influence of 

both types of carrot on body weight. Furthermore, the body weight of mice in the HFD+OC group 

was not significantly different from those in the HFD group (25.4 ± 0.8 g vs. 24.0 ± 0.8 g), 

suggesting that orange carrot supplementation did not add or reduce the weight gain compared to 

what was observed with the high-fat diet alone. These findings underscore the varying impacts of 

white and orange carrot supplementation on body weight under high-fat diet conditions. 

At baseline, EchoMRI analysis revealed no significant differences in body weight across 

all treatment groups, indicating a consistent starting point for the study (Supplementary Figure 

S4.1A). However, after 20 weeks of treatment, fat mass gain measured by EchoMRI was 

significantly higher in all HFD groups, i.e. HFD (16.3 ± 0.5 g), HFD+WC (18.4 ± 0.4 g), and 

HFD+OC (16.3 ± 0.8 g), compared to the LFD group (4.9 ± 0.4 g, p < 0.0001) with HFD+WC 

consisting of the highest fat mass gain of all groups (Figure 4.1C). These findings demonstrate 

that all high-fat diet groups, irrespective of carrot supplementation, experienced a substantial 

increase in fat mass relative to the low-fat diet group throughout the study due to increased fat 

intake. Fat mass percentage of body weight at Week 20 is illustrated in Figure 4.1D, showing 

significantly lower fat mass in the LFD group (20.1 ± 1.1%) compared to all HFD treatment groups 

(p < 0.001), reflecting the influence of the assigned diets. Whereas the change in lean mass (Figure 

4.1E) indicates that the HFD+OC group resulted in the highest lean mass gain (9.7 ± 0.3 g) among 

the groups with a significant increase compared to LFD (6.2 ± 0.2 g, p < 0.001) and HFD (8.1 ± 

0.5 g, p < 0.05); no significant difference compared to HFD+WC lean mass (9.3 ± 0.3 g). 

Supplementary Figure S4.1 provides an extensive description of baseline and Week 20 values, 

which are essential for evaluating the effects of carotenoid intake throughout the study.  
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Figure 4.1: Dietary effects of carrots on HFD-induced body composition. A) Measurements of 

body weight gain on a weekly basis compared to baseline (week 0). *HFD vs HFD+WC p < 0.05, 

#HFD vs HFD+OC p < 0.05. B) Change in body weight at endpoint (week 20) compared to 

baseline. C) Change in fat mass determined by EchoMRI. D) Fat mass percentage of Week 20 

body weight. E) Change in lean mass determined by EchoMRI. LFD, HFD, HFD+WC, HFD+OC 

n=20. Values are means ± SEM. Weekly body weight change was analyzed by two-way mixed 

ANOVA with post-hoc Tukey HSD. Changes in body weight, fat mass, fat mass percentage, and 

lean mass were analyzed by one-way ANOVA with post-hoc Tukey HSD. Letter differences 

indicate statistical significance (p < 0.05). 
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Figure 4.2: Serum, fecal, and colon ELISAs. A-C) Levels of circulating A) LPS, B) LBP, and 

C) CRP in the serum. D) amount of fecal calprotectin in total fecal protein. E) level of colonic IL-

6 in total colonic protein. All analyses were determined via commercial ELISA kits. LFD, HFD, 

HFD+WC, HFD+OC n=10 for serum and fecal analyses; LFD, HFD, HFD+WC, HFD+OC n=4 

for colonic analysis. Values are means ± SEM. ELISA measurements were analyzed by one-way 

ANOVA with post-hoc Tukey HSD. Letter differences indicate statistical significance (p < 0.05). 

 

After 20 weeks on the specified diets, Figure 4.2 depicts the levels of various targets as 

determined by ELISA in the serum, feces, and colon. The LFD group had significantly lower serum 

lipopolysaccharide (LPS) levels versus the HFD+WC group (p < 0.05), though there were no 

significant differences across the other groups (Figure 4.2A). Lipopolysaccharide-binding protein 

(LBP) (Figure 4.2B) and C-reactive protein (CRP) (Figure 4.2C) demonstrated similar trends, 



   

231 

 

with the LFD group having significantly lower levels of these markers in comparison to all other 

high-fat diet groups (p < 0.0001). These findings indicate that the low-fat diet is associated with 

lower systemic levels of inflammatory markers, though the carrot supplementation did not mitigate 

the HFD-induced gain. The amount of fecal calprotectin, a marker of intestinal inflammation (37), 

relative to total fecal protein was elevated in the HFD-fed animals. However, HFD+OC-fed mice 

showed significantly lower levels of fecal calprotectin compared to the HFD control (p < 0.05) 

(Figure 4.2D). Similarly, the HFD+WC intervention also exhibited lower calprotectin levels 

compared to those on the HFD alone, though the reduction was more pronounced in the HFD+OC 

group. Additionally, the HFD+OC group showed the lowest concentrations of colonic interleukin-

6 (IL-6) to total colonic protein (Figure 4.2E); however, these variations were not statistically 

significant (p = 0.0664).  

4.4.3. Quantitative Proteomics: Key Comparisons between Dietary Intervention Groups  

An outline of the quantitative, bottom-up proteomics process conducted on the distal colon 

tissue has been provided (Figure 4.3A). Volcano plots were generated to portray differentially 

expressed peptides across two dietary intervention groups that significantly increased or decreased 

relative abundance. Surprisingly, there were no significantly regulated peptides in the comparison 

between LFD and HFD (Figure 4.3B). Supplementation of white carrots under high-fat conditions 

induced proteomic changes as seven peptides were significantly downregulated, and HFD+WC 

upregulated five peptides compared to HFD (Figure 4.3C). Furthermore, the downregulation of 

two peptides and the upregulation of ten peptides were induced in the HFD+WC group compared 

to LFD (Supplementary Figure S4.3A).  

Regarding orange carrots, seven peptides were significantly downregulated, three peptides 

were upregulated by HFD+OC compared to HFD (Figure 4.3D), and five peptides were 

https://www.zotero.org/google-docs/?XfWShc
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upregulated versus LFD (Supplementary Figure S4.3B). Most notably, four peptides were 

significantly upregulated by the HFD+OC groups compared to the HFD+WC group (Figure 4.3E), 

indicating that carotenoids induce some proteomic changes. The Kyoto Encyclopedia of Genes 

and Genomes (KEGG) components of the proteins identified in the quantitative proteomics for 

Biological Processes, Molecular Function, and Cellular Components were detailed in 

Supplementary Figure S4.3C-E. The principal component analysis (PCA) plot depicted 

clustering for LFD and HFD+WC (Supplementary Figure S4.3F). Less clustering across the four 

replicates was seen with the HFD and HFD+OC, as these two groups had a slight overlap. 

 

Figure 4.3: Quantitative proteomics on distal colon tissue. A) Outline of discovery bottom-up 

proteomics conducted with murine distal colon tissue. B-E) Volcano plots of differentially 

expressed peptides upon a comparison of abundances between B) HFD vs. LFD, C) HFD+WC vs. 

HFD, D) HFD+OC vs HFD, E) HFD+OC vs HFD+WC; boxes designate significant 

downregulation (green) or upregulation (red). LFD, HFD, HFD+WC, HFD+OC n=4 for colonic 

analysis.  
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Figure 4.4: HFD+OC/HFD GOnet Map. Gene Ontology Network (GOnet) map of key 

differentially expressed proteins with a relative quantitative comparison between HFD+OC versus 

HFD (color of protein nodes and legend correspond to HFD+OC/HFD fold change). KEGG 

Pathway: Biological Process 
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4.4.4 Mapping the Colon Proteome: HFD+OC versus HFD and HFD+WC 

Gene Ontology Network (GOnet) maps have been utilized to portray functional annotation 

and differential expression of proteins identified in the distal colon extracts. In particular, maps 

including the relative expression between HFD+OC versus HFD (Figure 4.4), HFD+OC versus 

HFD+WC (Supplementary Figure S4.4), and fold changes of various proteins have been 

provided (Table 4.2).   

Due to the documented anti-inflammatory and antioxidant efficacy of major dietary 

carotenoids, particular focus was placed on how the HFD+OC influenced the proteomic profile 

of significant players within these pathways. Notably, tumor necrosis factor receptor-associated 

factor 6 (TRAF6), an activator of NF-𝜅B and mitogen-activated protein kinase (MAPK) 

signaling (38) (39), was significantly suppressed by both HFD+WC (p < 0.01) and HFD+OC (p 

< 0.01) compared to HFD abundance. However, there was no significant difference between the 

carrot groups. Unexpectedly, the abundance of toll-like receptor 2 (TLR2) and signaling partner 

myeloid differentiation primary response 88 (MYD88) (40) was not significantly affected by any 

dietary intervention groups, even when comparing LFD and HFD controls. Furthermore, players 

in the NF-κB signaling pathway such as the NF-κB p105 subunit (NFKB1), inhibitor of kinase 

NF-κB subunit beta (IKBKB/IKK-ꞵ), transforming growth factor-β-activated kinase 1 regulatory 

subunit (TAB1), and interleukin 1 receptor antagonist (IL1RN) (38,41) did not differ in 

abundance. MAPK signaling was affected in various ways depending on the specific protein; for 

example, MAPK1 (also known as extracellular signal-regulated kinase 2, ERK2) was not 

significantly affected, while MAPK3 (also known as ERK1) was significantly upregulated by 

HFD+WC (p < 0.01) and HFD+OC (p < 0.05) relative to HFD. Furthermore, MAPK8 (also 

known as Jun N-terminal kinase, JNK) and MAPK14 (also known as p38) were significantly 
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elevated by HFD+WC compared to HFD (p < 0.05) though no such changes were seen with 

HFD+OC. 

Tyrosine-protein Janus Kinase 2 (JAK2) was also significantly downregulated by both 

HFD+WC (p < 0.05) and HFD+OC (p < 0.05) relative to HFD, along with its signaling partner 

signal transducer and activator of transcription 3 (STAT3) by HFD+WC (p < 0.01) and 

HFD+OC (p = 0.078); JAK1 and STAT6 were not affected by the treatment groups. C-C motif 

chemokine 6 (CCL6), which can act as an antibacterial peptide in the colonic mucosa (42), was 

highly upregulated by HFD+WC (p < 0.05) and to a greater extent by HFD+OC (p < 0.01) 

compared to HFD, also leading to a nearly significant difference between the carrot groups (p = 

0.083). Fold change (FC) values of calcium/calmodulin-dependent protein kinase kinase 2 

(CAMKK2), a promoter of tumorigenesis (43), were reduced in HFD+WC (fc = 0.45) and 

HFD+OC (fc = 0.56) versus HFD, though these changes did not reach significance due to sample 

variance.  

Various proteins are involved in the cellular response to oxidative stress in the intestine 

(44,45), primarily regarding the breakdown of reactive oxygen species. However, several of the 

critical proteins involved in this antioxidant mechanism, including thioredoxin (TRX1), 

peroxiredoxin-1 (PRDX1), superoxide dismutase (SOD1), Kelch-like ECH associated protein 

(KEAP1), and glutathione peroxidase 1 (GPX1), NAD(P)H quinone dehydrogenase 1 (NQO1), 

and nitric oxide synthase (NOS1) were not influenced by any treatment groups. Catalase (CAT) 

was significantly increased by HFD alone compared to LFD (p < 0.05), as no other substantial 

changes were seen. Meanwhile, mitochondrial SOD2 was upregulated by HFD+WC compared to 

LFD (p < 0.05) and HFD (p < 0.05).  Additionally, HFD+WC and HFD+OC led to an elevation 

of glutathione reductase (GSR) compared to LFD (p < 0.05, p < 0.05) but not to HFD. Most 
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notably, PRDX2 was highly affected by the treatment groups as both HFD+WC and HFD+OC 

were significantly higher than HFD (p < 0.01, p < 0.05) and LFD (p < 0.01, p < 0.05) as well as 

significantly different from each other (p < 0.05) with a more substantial increase caused by 

HFD+WC of the two carrot groups. 

Under the challenge of a high-fat diet, there was a chance that lipid metabolism-related 

proteins were affected at the colonic level (46); however, the only changes seen in these selected 

proteins were compared to the LFD group. β-Oxidation protein acyl-Coenzyme A oxidase 1 

(ACOX1) was significantly higher in all HFD groups compared to LFD (p < 0.01, p < 0.05, p < 

0.05) and ACOX3 was elevated in HFD+WC and HFD+OC relative to LFD (p < 0.05, p < 0.05). 

Furthermore, carnitine O-palmitoyltransferase (CPT1A) and choline/carnitine acyltransferase 

domain-containing protein (CPT2) were upregulated by HFD+WC compared to LFD (p < 0.01, p 

< 0.01). However, there were no significant changes in stearoyl-Coenzyme A desaturase 2 

(SCD2) and intestinal fatty acid binding protein (FABP2). Fatty acid synthase (FASN), involved 

in de novo lipogenesis of palmitate from malonyl-CoA and acetyl-CoA (47), was indeed 

upregulated by HFD+WC and HFD+OC compared to HFD (p < 0.01, p < 0.01).  

Due to the supplementation of provitamin A carotenoids, enzymes involved in converting 

α-carotene and ꞵ-carotene into retinoids, whose roles have been detailed previously (5),  were 

assessed. Scavenger receptor class B member 1 (SCARB1/SR-B1) was suppressed by HFD+OC 

compared to HFD (p < 0.05), which could indicate the negative feedback mechanism with ISX 

that down-regulates retinoid production from carotenoids under vitamin A-sufficient conditions 

(48). In line with this, proteins like retinal dehydrogenase 2 (ALDH1A2), aldehyde 

dehydrogenase 3 (ALDH1A3), retinol dehydrogenase 10 (RDH10), RDH14, RDH16, and 

dehydrogenase/reductase SDR family member 4 (DHRS4), DHRS7, DHRS11 were not 
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significantly regulated by any treatment groups. Furthermore, the retinoid X receptor beta 

(RXRꞵ) transcription factor, which is activated by 9-cis-retinoic acid (49), was not significantly 

affected by any dietary intervention group. However, DHRS1 abundance was upregulated by 

HFD+WC and HFD+OC compared to HFD (p < 0.01, p < 0.05), and DHRS4 was elevated by 

HFD+WC and HFD+OC in relation to HFD (p < 0.01, p < 0.01).  

Finally, proteins involved with intestinal epithelial homeostasis were highlighted due to 

apparent differential expression uniquely induced by the orange carrot group. Developmentally-

regulated GTP-binding protein 1 (DRG1) was strongly elevated by HFD+OC compared to all 

groups, most notably when compared to HFD (p < 0.01) and also HFD+WC (p < 0.05). 

However, expression of colitis-associated galactoside alpha-(1,2)-fucosyltransferase 2 (FUT2) 

(50) was not significantly affected by any treatment group. Mucin-2 (MUC2), associated with 

epithelium development and tight junction proteins, was one of the highly upregulated proteins 

induced by HFD+OC supplementation compared to HFD (p < 0.01), which was also seen when 

compared to HFD+WC (p < 0.01). As this pathway appears to be significantly regulated by 

HFD+OC, we focused on proteins involved in colonic mucus activity, which will be elaborated 

on in the following section.  
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Table 4.2: GOnet Fold Change. Average peptide abundances per treatment group and relative fold change comparisons of key 

identified proteins via Proteome Discoverer that were mapped in the GOnet plots of Figure 4.4 and Supplementary Figure S4.4. 

 

Description Protein 

Abbrv. 

UniProt 

ID 

LFD 

avg 

HFD 

avg 

HFD+ 

WC avg 

HFD+ 

OC avg 

HFD/

LFD  

HFD+WC/ 

HFD  

HFD+OC/

HFD 

HFD+OC/

HFD+WC 

Tight Junctions/Mucins                     

Mucin-2     MUC2 Q80Z19 5846.2 5570.2 5626.3 8106.2 0.95 1.01 1.46 1.44 

Tight junction protein ZO-1    TJP1 P39447 2925.9 2979.4 2526.8 2721.8 1.02 0.85 0.91 1.08 

Tight junction protein 2     TJP2 A0A3B2

WBH9 

1633.2 1500.2 1421.7 1514.3 0.92 0.95 1.01 1.07 

Claudin-3 CLDN3 Q3TMQ3 17.1 14.6 17.4 15.0 0.85 1.19 1.03 0.86 

Claudin-7     CLDN7 Q9Z261 666.9 697.0 677.5 735.6 1.05 0.97 1.06 1.09 

Galactoside alpha-(1,2)-

fucosyltransferase 2     

FUT2 Q9JL27 618.7 556.9 700.0 700.6 0.90 1.26 1.26 1.00 

Developmentally-regulated 

GTP-binding protein 1     

DRG1 P32233 523.5 478.4 575.2 849.6 0.91 1.20 1.78 1.48 

Inflammation                      

TNF receptor-associated 

factor 6     

TRAF6 P70196 193.3 280.8 170.9 175.8 1.45 0.61 0.63 1.03 

Tyrosine-protein kinase   JAK1 B1ASP2 288.2 265.1 275.9 268.4 0.92 1.04 1.01 0.97 

Tyrosine-protein kinase 

JAK2     

JAK2 Q62120 174.9 217.7 139.6 154.2 1.24 0.64 0.71 1.10 

Signal transducer and 

activator of transcription 3     

STAT3 P42227 1250.2 1123.7 1316.8 1189.8 0.90 1.17 1.06 0.90 

Signal transducer and 

activator of transcription     

STAT6 Q8R4D4 176.4 174.5 174.4 179.5 0.99 1.00 1.03 1.03 

Calcium/calmodulin-

dependent protein kinase 

kinase 2     

CAMK

K2 

Q8C078 128.3 204.4 92.8 85.8 1.59 0.45 0.42 0.92 

Nuclear factor NF-kappa-B 

p105 subunit     

NFKB1 P25799 1192.1 1122.6 1175.4 1144.6 0.94 1.05 1.02 0.97 

TGF-beta-activated kinase 1 

and MAP3K7-binding 

protein 1   

TAB1 Q8CF89 90.9 82.6 98.2 77.3 0.91 1.19 0.94 0.79 

Inhibitor of nuclear factor 

kappa-B kinase subunit beta   

IKBKB O88351 150 174.6 156.175 151.95 1.16 0.89 0.87 0.97 
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Table 4.2 continued  
Description Protein 

Abbrv. 

UniProt 

ID 

LFD 

avg 

HFD 

avg 

HFD+ 

WC avg 

HFD+ 

OC avg 

HFD/

LFD  

HFD+WC/ 

HFD  

HFD+OC/

HFD 

HFD+OC/

HFD+WC 

Toll-like receptor 2 TLR2 G3X8Y8 53.6 52.5 61.15 53.5 0.98 1.16 1.02 0.87 

Myeloid differentiation 

primary response protein 

MyD88   

MYD88 Q3U6W5 276.8 283.9 262.7 276.4 1.03 0.93 0.97 1.05 

Mitogen-activated protein 

kinase 1     

MAPK1 P63085 608.5 695.9 675.2 692.0 1.14 0.97 0.99 1.02 

mitogen-activated protein 

kinase     

MAPK3 A0A0U1

RPZ0 

230.0 209.9 423.0 337.2 0.91 2.02 1.61 0.80 

Stress-activated protein 

kinase JNK     

MAPK8 Q7TSJ7 182.2 171.3 221.2 195.7 0.94 1.29 1.14 0.88 

Mitogen-activated protein 

kinase 14     

MAPK14 P47811 166.5 141.5 195.4 149.7 0.85 1.38 1.06 0.77 

C-C motif chemokine 6     CCL6 P27784 125.3 155.7 247.7 325.3 1.24 1.59 2.09 1.31 

Interleukin-1     IL1RN Q8CGA1 310.7 358.2 446.8 432.1 1.15 1.25 1.21 0.97 

Oxidative Stress                      

Thioredoxin     TRX1 P10639 5333.5 5601.0 5960.1 6032.1 1.05 1.06 1.08 1.01 

Peroxiredoxin-1     PRDX1 P35700 2133.2 2099.3 2151.9 2158.6 0.98 1.03 1.03 1.00 

Peroxiredoxin 2     PRDX2 D3Z4A4 253.8 254.1 340.7 297.7 1.00 1.34 1.17 0.87 

Superoxide dismutase [Cu-

Zn]     

SOD1 P08228 992.2 1068.4 941.8 975.0 1.08 0.88 0.91 1.04 

Superoxide dismutase     SOD2 Q4FJX9 877.8 911.3 1288.5 1180.7 1.04 1.41 1.30 0.92 

Catalase     CAT Q8C6E3 174.0 208.0 186.1 186.6 1.20 0.89 0.90 1.00 

Kelch-like ECH-associated 

protein 1     

KEAP1 Q9Z2X8 829.5 803.9 791.4 803.6 0.97 0.98 1.00 1.02 

Glutathione peroxidase 1     GPX1 P11352 518.9 588.8 526.4 518.2 1.13 0.89 0.88 0.98 

Glutathione reductase     GSR Q3UB84 1343.1 1427.7 1619.6 1570.5 1.06 1.13 1.10 0.97 

Nitric oxide synthase 1   NOS1 F8WGF2 2243.4 2262.6 2041.2 1968.2 1.01 0.90 0.87 0.96 

Nqo1 Protein  NQO1 Q99KL8 292.1 331.83 374.95 411.08 1.14 1.13 1.24 1.10 

Lipid Metabolism                      

Fatty acid synthase   FASN Q3UHT6 6901.6 6012.8 7387.6 7142.5 0.87 1.23 1.19 0.97 
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Table 4.2 continued 

 
Description Protein 

Abbrv. 

UniProt 

ID 

LFD 

avg 

HFD 

avg 

HFD+ 

WC avg 

HFD+ 

OC avg 

HFD/L

FD  

HFD+WC/ 

HFD  

HFD+OC/H

FD 

HFD+OC/H

FD+WC 

Fatty acid-binding protein, 

intestinal   

FABP2 Q53YP5 1199.6 1150 1251.3 1258.8 0.96 1.09 1.09 1.01 

Stearoyl-Coenzyme A desaturase 

2     

SCD2 A0A494B

AV5 

423.0 533.4 408.8 431.4 1.26 0.77 0.81 1.06 

carnitine O-palmitoyltransferase     CPT1A Q3UGT1 2667.3 3085.4 3246.8 3029.6 1.16 1.05 0.98 0.93 

Choline/carnitine acyltransferase 

domain-containing protein     

CPT2 Q3UDA8 572.4 707.5 776.6 701.4 1.24 1.10 0.99 0.90 

submitted name: Acyl-

Coenzyme A oxidase 1, 

palmitoyl   

ACOX1 A2A848 946.2 1146.6 1106.3 1122.1 1.21 0.96 0.98 1.01 

Peroxisomal acyl-coenzyme A 

oxidase 3  

ACOX3 Q9EPL9 734.9 797.4 858.9 860.3 1.09 1.08 1.08 1.00 

Retinoid 

Metabolism/Receptors 

                    

Retinal dehydrogenase 2     ALDH1

A2 

Q62148 177.9 177.8 234.4 207.8 1.00 1.32 1.17 0.89 

Aldehyde dehydrogenase     ALDH1

A3 

Q3UIA4 33.6 38.8 46.6 39.4 1.16 1.20 1.02 0.85 

Retinoid X receptor beta     RXRB Q3TWJ1 361.6 359.4 375.1 358.0 0.99 1.04 1.00 0.95 

 Retinol dehydrogenase 14 (All-

trans and 9-cis)     

RDH14 Q569U9 1170.1 1207.7 1200.5 1241.9 1.03 0.99 1.03 1.03 

Retinol dehydrogenase 16     RDH16 O54909 291.1 298.7 259.6 269.0 1.03 0.87 0.90 1.04 

Retinol dehydrogenase 10     RDH10 Q8VCH7 205.7 305.5 212.2 222.6 1.48 0.69 0.73 1.05 

Retinol dehydrogenase 13     RDH13 Q8CEE7 386.2 373.8 413.8 369.2 0.97 1.11 0.99 0.89 

NADPH-dependent retinol 

dehydrogenase/reductase     

DHRS4 Q3UIB5 697.2 779.1 806.6 813.9 1.12 1.04 1.04 1.01 

Dehydrogenase/reductase (SDR 

family) member 7     

DHRS7 A0A1Y7V

N19 

1307.0 1313.6 1384.9 1403.8 1.01 1.05 1.07 1.01 

Dehydrogenase/reductase SDR 

family member 11     

DHRS11 Q3U0B3 1021.3 1038.6 1097.7 1109.6 1.02 1.06 1.07 1.01 

Dehydrogenase/reductase SDR 

family member 1     

DHRS1 Q99L04 451.6 442.5 586.0 532.3 0.98 1.32 1.20 0.91 

Scavenger receptor class B 

member 1     

SCARB1 Q61009 356.6 387.4 352.1 344.7 1.09 0.91 0.89 0.98 



   

241 

 

 

Figure 4.5: Upregulation of colonic mucus-associated proteins by HFD+OC. A-P) 

Quantitation for proteomic abundances of A) MUC2, B) FCGBP, C) CLCA1, D) ZG16, E) AGR2, 

F) KLK1, G) , MUC3, H) MUC4, I) MUC13, J) MCAM, K) CLDN3, L) CLDN7, M) TJP1, N) 

TJP2, O) MPTX1,  P) MPTX2  identified via Proteome Discoverer. Q) STRINGv12 network map 

of selected mucus-associated proteins; experimentally determined (pink), curated databases (light 

blue), gene co-occurrence (dark blue), co-expression (black), text mining (mentioned together in 

Pubmed abstracts; yellow), protein homology (purple).   
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Table 4.3- Peptide abundances of mucus-associated proteins: Average peptide abundances per treatment group and relative fold 

change comparisons of mucus-associated proteins highlighted in Figure 4.5. 
 

Description Protein 

Symbol 

UniProt ID LFD 

avg 

HFD avg HFD+ 

WC avg 

HFD+ 

OC avg 

HFD/LFD  HFD+WC/

HFD  

HFD+OC

/HFD 

HFD+OC/

HFD+WC 

Mucin-2  MUC2 Q80Z19 5846.2 5570.2 5626.3 8106.2 0.95 1.01 1.46 1.44 

Fc fragment of IgG 

binding protein 

FCGBP E9Q9C6 10707.3 8427.0 8284.4 14516.7 0.79 0.98 1.72 1.75 

Calcium-activated 

chloride channel 

regulator 1  

CLCA1 Q9D7Z6 9173.8 6384.1 4575.5 12737.4 0.70 0.72 2.00 2.78 

Zymogen granule 

membrane protein 16  

ZG16 Q8K0C5 410.5 423.8 393.9 474.6 1.03 0.93 1.12 1.20 

Anterior gradient 

protein 2 homolog  

AGR2 O88312 2548.9 1988.8 2250.2 2609.1 0.78 1.13 1.31 1.16 

Kallikrein-1  KLK1 P15947 1275.4 1602.8 1770.6 2059.4 1.26 1.10 1.28 1.16 

Mucin-3 MUC3 Q80Y91 1301.0 1571.1 1494.3 1649.4 1.21 0.95 1.05 1.10 

Mucin-4 MUC4 Q9QXG1 237.2 228.2 281.0 276.9 0.96 1.23 1.21 0.99 

Mucin-13 MUC13  Q3V1S6 155.6 162.4 144.0 160.2 1.04 0.89 0.99 1.11 

Mucin-18 MCAM Q8R2Y2 491.8 515.7 564.8 516.7 1.05 1.10 1.00 0.91 

Tight junction protein 

ZO-1 

TJP1 P39447 2925.9 2979.4 2526.8 2721.8 1.02 0.85 0.91 1.08 

Tight junction protein 

ZO-2 

TJP2 A0A3B2WB

H9 

1633.2 1500.2 1421.7 1514.3 0.92 0.95 1.01 1.07 

Claudin-3 CLDN3 Q3TMQ3 17.1 14.6 17.4 15.0 0.85 1.19 1.03 0.86 

Claudin-7 CLDN7 Q9Z261 666.9 697.0 677.5 735.6 1.05 0.97 1.06 1.09 

Pentraxin family 

member 1 

MPTX

1 

A0A0R4J07

7 

2274.8 1752.1 1399.3 3639.2 0.77 0.80 2.08 2.60 

Pentraxin family 

member 2 

MPTX

2 

D3YYJ7 1368.0 861.9 645.2 1508.3 0.63 0.75 1.75 2.34 
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4.4.5 Orange Carrot Feeding Upregulated Colonic Mucus Synthesis and Secretion  

Proteins involved in mucus production and secretion were highly differentially expressed 

within the distal colon samples, with notable upregulation by HFD+OC feeding (Table 4.3). For 

mucin-2 (MUC2), which is a major component of the protective mucus layer of the intestine 

(51), there was a significant increase in protein abundance in the HFD+OC group compared to 

all other groups (p < 0.01), there were no differences between the LFD, HFD, and HFD+WC 

groups (Figure 4.5A). The abundances of IgGFC-binding protein (FCGBP), a coreceptor of 

MUC2 (51), in both HFD and HFD+WC, were trending lower compared to LFD, though not 

statistically significant (Figure 4.5B). HFD+OC elevated FCGBP abundance to near substantial 

levels compared to the HFD and HFD+WC groups (p = 0.061, p = 0.054) and to a level higher 

than LFD, though insignificant. A similar trend was seen with calcium-activated chloride 

channel regulator 1 (CLCA1), a major facilitator of goblet cell secretion of MUC2 (52), since the 

abundance in the HFD+OC group was higher than both the HFD (p = 0.075) and HFD+WC 

groups (p < 0.05), though only significantly with the latter group (Figure 4.5C). The dietary 

intervention did not lead to statistical differences in abundances of zymogen granule membrane 

protein 16 (ZG16), an antimicrobial component of the mucus complex (53) (Figure 4.5D). 

Anterior gradient protein 2 homolog (AGR2) is involved in MUC2 assembly and folding (54); 

however, there were no significant differences in the relative abundance of this protein across the 

treatment groups (Figure 4.5E). Kallikrein-1 (KLK1), commonly associated with MUC2 though 

the exact function is unclear (53), was significantly upregulated by HFD+OC treatment 

compared to the LFD (p < 0.01) and HFD (p < 0.05) groups (Figure 5F). HFD+WC intervention 

also significantly increased KLK1 compared to LFD (p < 0.05).  
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Other mucins were identified in our distal colon samples, such as mucin 3 (MUC3), 

mucin 4 (MUC4), mucin 13 (MUC13), and mucin 18 (MCAM); however, there were no 

significant differences among them (Figure 4.5G-J). Tight junction proteins were also identified 

in the colon tissue, like claudin-3 (CLDN3), claudin-7 (CLDN7), zonula occludens-1 (TJP1), and 

zonula occludens-2 (TJP2). No significant differences were observed in CLDN3 (Figure 4.5K) 

or CLDN7 (Figure 4.5L). Additionally, there were no significant differences in TJP1 (Figure 

4.5M) and TJP2 (Figure 4.5N) except for a reduction of TJP2 in HFD+WC compared to LFD (p 

< 0.01). Another notable group of proteins significantly upregulated by orange carrot 

supplementation is the mucosal pentraxin (MPTX) family, which is involved in immune cell 

recruitment to the intestinal barrier (55). HFD+OC promoted the abundances of MPTX1 (Figure 

5O) abundances compared to HFD (p = 0.078) and HFD+WC (p < 0.05) as well as of MPTX2 

(Figure 4.5P) in comparison to HFD+WC (p = 0.071). STRINGv12 was utilized to depict how 

these proteins were closely associated with each other, especially with MUC2 (Figure 4.5Q).  

Distal colon sections were paraffinized and treated with Alcian Blue to stain overall 

mucins in goblet cells (Figure 4.6A). While there appears to be a greater population of colonic 

goblet cells in the HFD+WC and HFD+OC groups compared to the LFD and HFD groups, there 

does not appear to be much difference across the carrot-supplemented groups. These distal colon 

sections were also stained MUC2 (Figure 4.6B), which indicated more differential expression of 

this specific protein. All HFD groups portray higher MUC2+ expression than the LFD group, 

and both carrot groups have more expression than the HFD group, reaching significance only by 

the HFD+OC treatment (p < 0.01). Though extensive MUC2+ staining is present in the colon 

tissue for both carrot groups, the staining intensity is higher in HFD+OC than in HFD+WC (p < 

0.05). 
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Figure 4.6: Distal colon histology of mucus-associated targets. A) Alcian Blue and B) Mucin-

2 IHC staining. Scale bar of 50 µm included.  

4.5. Discussion 

Our objective in this study is to unravel the biochemical activities of major dietary 

carotenoids that affect obesity-induced metabolic syndrome, specifically in the context of the 

large intestine. We hypothesize that foods high in carotenoid content (i.e., orange carrots) could 

promote intestinal barrier function and reduce gut inflammation linked to obesity. Our results 

uphold this hypothesis by highlighting the potential advantages of carotenoids in promoting 
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mucosal barrier integrity. Previously, our group assessed the levels of toll-like receptor 4 

(TLR4), its co-receptor CD14, and the NF-κB p65 subunit to investigate the role of β-carotene in 

inhibiting the lipopolysaccharide (LPS)/TLR4 signaling pathway in human adenocarcinoma 

colon epithelial (HT-29) cells (56). Furthermore, we also looked at whether β-carotene 

modulated the levels of tight junction proteins occludin (OCLN) and claudin-1 (CLDN1) in that 

study and discovered that β-carotene decreased intestinal inflammation caused by LPS and 

increased tight junction protein levels, possibly improving barrier function (56). 

We analyzed whether carotenoids derived from whole foods like orange carrots, could 

reduce colon inflammation and impact host metabolism. In this study, 5-week-old male mice 

(n=20 per treatment) were fed a HFD supplemented with either white carrot powder (food matrix 

control lacking carotenoids) or orange carrot powder (with carotenoids), while a LFD (10% kcal 

from fat) was supplied to the negative control group. 

Since carrots are one of the main sources of α-carotene and β-carotene (57), we first used 

HPLC to determine their concentration. Carotenoids were undetectable in LFD and HFD pellets, 

including HFD+WC. However, quantifiable amounts of α-carotene (0.25 ± 0.01 µmol/g) and β-

carotene (0.18 ± 0.01 µmol/g) were detected in HFD+OC, highlighting the difference in 

carotenoid content due to the use of orange carrots. These findings align with documented 

evidence that α-carotene is the second most abundant carotenoid in orange carrot cultivars (58). 

White carrots served as a control group for carotenoids and were added into the dietary pellets at 

the same ratio as the orange carrots. Thus, the only significant difference between the white and 

orange carrot pellets was their carotenoid content. The LFD, HFD, and HFD+WC groups lacked 

α-carotene or β-carotene in their circulation due to a lack of those compounds in their diet (Table 

1). The HFD+OC group had serum levels of α-carotene (0.25 ± 0.07 µM) and β-carotene (0.26 ± 
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0.06 µM), which fall within the range of typical carotene concentrations in human serum (0.04-

2.26 µM) including when taking oral β-carotene supplements or consuming a β-carotene-rich 

diet (59,60), though retinol levels were consistent. Colon tissues in the LFD, HFD, and 

HFD+WC groups lacked carotenoids. However, the HFD+OC group had α-carotene (0.72 ± 0.28 

nmol/g) and β-carotene (0.43 ± 0.14 nmol/g), whereas retinol was undetectable in all groups. A 

significant portion of carotenoids are poorly absorbed and enter the colon (61), explaining the 

larger detected concentration in the colon compared to serum. 

From week 2, all high-fat diet (HFD) groups had significantly higher body weights than 

the low-fat diet (LFD) group. Between Weeks 9 and 14, the HFD groups supplemented with 

white carrot (WC) and orange carrot (OC) exhibited higher body weights than the HFD alone 

group; however, by Week 20, only the HFD+WC group remained significantly greater. The 

HFD+OC group eventually gained the same body weight as the HFD and HFD+WC groups, 

demonstrating that these groups had similar weight results. In a previous study from our group, 

we found that orange carrot supplementation of the same dosage (20% w/w) in a HFD consisting 

of 60% kcals from fat over 15 weeks led to significant inhibition of body weight gain compared 

to the HFD group (32). Additionally, the white carrot supplementation in that study caused 

reduced body weight gain compared to the HFD control, though this was statistically 

insignificant. Diets classified as high-fat contain 20% to 60% fat and can be formulated with 

plant oils or animal fats like lard and beef tallow (62). Diets with 60% fat are implemented to 

cause metabolic dysfunction and obesity, as this higher fat content accelerates the development 

of obesity, insulin resistance, and inflammation, making it beneficial for studies investigating the 

mechanisms and interventions for severe metabolic conditions. Depending on the desired degree 

of metabolic disruption and its evolution, one can choose between diets with 45% or 60% fat. 
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Diets with a high-fat content (≥60% energy) are less likely to be physiologically relevant (62). 

Therefore, in the current study, we chose to utilize a 45% fat diet, while in our pilot study, we 

used a 60% fat diet. The body weight results seen in the preliminary might not have been 

reflected in this study due to the difference in the dietary fat in the HFD pellets, as the fat-soluble 

carotenoids may have been absorbed better under the 60% fat conditions. 

EchoMRI analysis indicated significant increases in fat mass in all HFD groups compared 

to the LFD group, demonstrating the effects of high-fat diets without carrot supplementation. 

Notably, the HFD coupled with OC resulted in the highest lean mass among the groups. Given 

previous studies showing that carotenoids and polyphenols are inversely linked with sarcopenic 

symptoms, it is biologically feasible that these nutrients may protect skeletal muscle and function 

during calorie restriction in overweight and obese individuals (63). The findings of our study 

could confirm this concept, as the HFD supplemented with orange carrot resulted in the highest 

lean mass among the groups despite the general increase in fat mass shown in all HFD groups, 

which suggests that dietary carotenoids, like those found in orange carrots, may help maintain 

muscle mass and function even following a high-fat diet. 

Obesity is characterized by low-grade chronic inflammation, as adipose tissue, an 

endocrine organ, secretes cytokines such as IL-6 and TNF-α (64). Although orange carrot 

supplementation did not inhibit weight gain, the carotenoids present decreased IL-6 and 

calprotectin levels, as the HFD+OC group had the most pronounced decrease in fecal 

calprotectin levels and the lowest colonic IL-6 concentrations, indicating a protective and anti-

inflammatory effect of orange carrot supplementation in high-fat diet-induced obesity. The LFD 

group exhibited considerably lower serum levels of lipopolysaccharide (LPS), C-reactive protein 
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(CRP), and lipopolysaccharide-binding protein (LBP) than the other groups, with no suppression 

of these markers detected in any of the carrot treatment groups. 

Functional annotation and fold chance induction of key proteins that were involved in 

pathways like inflammation response, antioxidant activity, lipid metabolism, retinoid 

metabolism, and epithelial barrier management were portrayed in the GOnet plots that compared 

HFD+OC expression to HFD (Figure 4.4) and to HFD+WC (Supplementary Figure 4.4). These 

two comparisons were highlighted to investigate how the orange carrot led to changes in the 

distal colonic tissue under the challenge of the high-fat diet and, more importantly, to the 

interests of our lab, to emphasize how the carotenoid-rich dietary intervention induced further or 

differential changes in comparison to the carotenoid-deficient white carrots. In multiple cases, 

the white and orange carrot treatment groups induced identical changes compared to HFD, with 

no significant differences between the two carrot groups. Additionally, there were several 

instances where the HFD+WC induced higher or lower fold change induction in protein 

abundance compared to HFD to a greater extent than what was achieved by HFD+OC. This 

shows that components in the food matrix of the white carrots were able to induce a proteomic 

response under the high-fat diet challenge.  

To our surprise, the reduction of inflammatory markers in the colon was not a major 

mechanism induced by carrot supplementation under these high-fat conditions as abundances of 

key players in the microbial/pathogen associated molecular pattern response (TLR2, MYD88, 

NFKB1, IKBKB, TAB1, IL1RN) (38,41) typically influenced under a high-fat diet all remained 

unaffected. While TRAF6 and JAK2/STAT3 abundances were decreased by both HFD+WC and 

HFD+OC, this was not seen with JNK/p38 MAPK proteins as these partners were actually 

increased by HFD+WC, though unaffected by HFD+OC, and ERK1 (not ERK2) protein was 
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elevated by both HFD+WC and HFD+OC. Stimulation of antioxidant activity in the colon was 

also not induced by the carrot diets of either color as proteins like TRX1, PRDX1, SOD1, CAT, 

KEAP1, GPX, NQO1, NOS1 were not influenced by either HFD+WC or HFD+OC; though the 

activity of SOD2 and PRDX2 were upregulated by white carrots alone or both carrot groups. 

Finally, proteins involved in intestinal fat regulation were indeed influenced by the carrot 

feeding, namely fatty acid oxidation facilitators like CPT1A, CPT2, ACOX1, and ACOX3, 

though these were relative to the LFD group. However, facilitators of intestinal fat metabolism 

like PPARα and PPAR𝛾 (46) were surprisingly not identified in our samples.  Lipogenesis-

related protein FASN was notably upregulated by both HFD+WC and HFD+OC relative to 

HFD, which has a protective effect on the intestinal barrier by promoting colonic MUC2 

secretion via palmitoylation (47).  

The difference in proteome regulation between the carrot groups was apparent in 

epithelial barrier maintenance, as HFD+OC upregulates proteins in this category. Both DRG1, 

which has been seen to have a protective effect on epithelial junction proteins under the 

conditions of necrotizing enterocolitis (65), and MUC2 were uniquely upregulated by HFD+OC. 

Taking a closer look into regulation induced by the supplementation of the carotenoid-rich 

orange carrots, proteomic analysis of the distal colon revealed that the relative abundances of 

several proteins involved in maintaining of the mucosal barrier were enhanced by HFD+OC 

feeding. The STRING protein-protein interaction network showed how these targets are 

associated, with MUC2 as a major focal point of interconnectivity. Multiple key mucus-

associated proteins, including MUC2, FCGBP, CLCA1, ZG16, AGR2, and KLK1, have been 

highlighted in another study involving the quantitative proteomic analysis of mucin granules 

from human colonic goblet-like LS174T cells (66).  
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At the colonic level, the intestinal barrier is coated with a protective bilayer of mucus, of 

which the inner (glycocalyx) layer is adherent to the epithelial cells and impenetrable to bacteria, 

while the outer is loosely packed and colonized by microbes (67). MUC2, the key gel-forming 

secretory glycoprotein produced by intestinal goblet cells, is the predominant component of these 

mucus layers and improves barrier integrity by generating a skeletal network via cross-linkages 

with each other (68). Within the rough endoplasmic reticulum, AGR2 facilitates the assembly of 

MUC2 dimers via cysteine disulfide bonds, which are then shuttled to the Golgi apparatus for 

oxidative (O)-glycosylation and packaging into secretory granules (54). FCGBP is another 

abundant element of the mucus layer due to noncovalent binding with MUC2 (69). Furthermore, 

FCGBP is involved in the goblet cell immune response by binding to immunoglobulin G and can 

heterodimerize with trefoil factor 3 (TFF3) to impede microbial motility towards the barrier 

(53,70). Renewal of the mucus layer can be facilitated by CLCA1 through the cellular influx of 

calcium and efflux of bicarbonate (52,53), which shuttles the mucus from the inner layer towards 

the outer layer so that mucus can be freshly secreted from the goblet cells. The HFD+OC group 

in this study significantly promoted the abundance of MUC2 in the distal colon compared to all 

other groups, as shown by the proteomics and tissue staining. Additionally, FCGBP was elevated 

by HFD+OC to a level higher than HFD and HFD+WC groups near significantly as well as 

increased CLCA1 expression significantly more than HFD+WC. However, there was no 

significant effect on AGR2, and TFF3 was not identified by our proteomic analysis. Some 

intestinal components can directly interact with gut microbiota, either inflicting bactericidal 

effects or preventing microbes from readily passing through the mucosal layer. For example, 

ZG16 can bind to the peptidoglycan component of the cell wall in gram-positive bacteria, 

leading to bacterial aggregation that impairs motility towards the epithelial barrier (53); however, 
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our dietary intervention did not cause any significant changes in ZG16 abundance. Although the 

function of KLK1 has not yet been specifically elucidated, its activity has been linked to these 

other mucus-associated proteins (66), which was further supported by this study as HFD+OC 

induced a significantly higher abundance of this protein than LFD and HFD as well as near 

significantly compared to HFD+WC.  

Additional mucins like MUC3, MUC4, MUC13, and MCAM were recognized via 

proteomics, all of which are membrane-bound mucins and not secretory proteins like MUC2 

(51). The dietary intervention did not induce differences of statistical significance in these 

mucins, which may explain the lack of apparent changes in Alcian Blue staining in the colon 

sections. Stimulation of mucus secretion can be influenced by inflammatory pathways (e.g., NF-

κB, MAPK signaling) (68), which may be why we did not see significant changes regarding 

these inflammatory proteins depicted in the GOnet maps, meaning that HFD+OC may have 

inhibited the expression of these proteins to a certain extent in an anti-inflammatory aspect but 

also promoted expression to facilitate mucus production. Unexpectedly, tight junction proteins 

CLDN3, CLDN7, TJP1, and TJP2 were not substantially promoted by the HFD+OC group. As 

previously mentioned, our group found that ꞵ-carotene treatment (10 nM-10 µM) promoted 

CLDN1 and OCLN protein expression in HT-29 cells (56); however, these particular tight 

junction proteins were not identified in this proteomics analysis. The upregulated abundance of 

MPTX1, MPTX2, and CCL6 by HFD+OC may indicate stimulated intestinal Paneth cell-

mediated production of antimicrobial peptides and immune cell recruitment (42,55).  

There are multiple limitations to the current study, some of which relate to the model of 

obesity. Firstly, there was no significant inhibition of HFD-induced body weight gain by white 

carrot and orange carrot feeding like what was seen during our prior study; in fact, there was a 
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significant increase of body weight and fat mass in the HFD+WC fed mice compared to the HFD 

group. Previous research has shown that white carrots have a high sugar content but lower levels 

of ascorbic acid, antioxidants, and tetraterpenoids than other colored carrots (71).  This increased 

sugar content could likely contribute to the increased weight observed in the white carrot-fed 

group (HFD+WC). However, in our previous investigation, a high-fat model of 60% kcals from 

fat may have led to greater absorption of the fat-soluble carotenoids in the orange carrots due to 

the higher dietary lipid content and caused a more pronounced anti-obesogenic effect. While 

there may not be overall changes in body weight at 45% HFD, tissue-specific regulation could 

still be happening in other organs like the colon, as demonstrated by this study, in addition to 

sites relevant to both obesity and carotenoid bioactivity such as the liver and adipose tissue that 

can be investigated in our future experiments. Secondly, the dietary intervention of carrots did 

not lead to significant decreases in circulatory LPS, LBP, and CRP, which indicated that there 

was no effect on metabolic endotoxemia, at least with these markers. Regarding the quantitative 

proteomics of the distal colon tissue, the HFD versus LFD volcano plot did not depict any 

significant upregulation or downregulation in this particular proteome comparison, which is 

curious since there were significant differences in body weight gain and serum inflammatory 

markers when comparing these control groups over the 20 week period. This lack of a proteomic 

response could indicate that pathways like obesity-associated colon-specific low-grade 

inflammation and barrier impairment were not induced in this model despite similar studies 

achieving gut dysfunction with 45% kcals from fat in a similar time frame (72,73). Furthermore, 

key carotenoid metabolism proteins like BCO1 and BCO2 cleavage enzymes and retinoid 

conversion enzyme lecithin: retinol acyltransferase (LRAT) (5) were not identified in our 

samples. Of those recognized, retinoid metabolism and receptors were not significantly regulated 
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by HFD+OC in the colon tissue (ALDHs, RDHs, DHRSs, and RXRB), which could indicate that 

the large intestine is not a major site of carotenoid conversion to vitamin A and has instead been 

done in the small intestine. However, SR-B1 (Scarb1) was identified in the proteomics, 

indicating that carotenoids can be taken up into the colon. Therefore, retinoid signaling may be 

limited in the colon under these study design conditions (i.e., 45% kcals from fat). Some 

additional key mucus-associated proteins were not identified in our samples, such as TFF3, 

ly6/plaur domain-containing protein 8 (LYPD8), and resistin-like molecule beta (RELMꞵ). 

Besides heterodimerization with FCGBP, TFF3 can improve barrier integrity by promoting the 

E-cadherin/ꞵ-catenin connections at cell-cell junctions and reducing pore-forming claudin-2 

expression (74). LYPD8 and RELMꞵ both target members of the gut microbial community as 

LYPD8 can inhibit motility of flagellated bacteria (75) and RELMꞵ, which is synthesized by 

distal colonic goblet cells, can perforate the cell membranes of gram-negative bacteria (76); 

RELMꞵ was identified in our analysis, but not in every experimental replicate. Additionally, 

proteins investigated in our HT-29 study (56) were not identified in the proteomics, such as 

TLR4, CD14, NF-κB p65, CLDN1, and OCLN. Lastly, our data visualization tool of GOnet 

required the use of gene abbreviations in lowercase form, which may not match common protein 

nomenclature (e.g., Scar-b1 versus SR-B1), as our raw proteomic data generated from the 

Proteome Discoverer was supplied with gene names, though UniProt IDs have been provided.  

4.6. Conclusions 

In conclusion, our study demonstrated that supplementation with orange carrots as source 

carotenoids in a high-fat diet significantly upregulates colonic mucus synthesis and secretion. 

This enhancement of the gut barrier integrity is a promising indicator of the potential protective 

effects against diet-induced gut dysfunction and inflammation. These findings underscore the 
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therapeutic potential of carotenoids in managing and preventing gastrointestinal disorders 

associated with high-fat diets. In other studies, β-carotene (60 mg/kg in diet for 28 days) 

increased ileal mRNA levels of Muc2, Zo-1, Zo-2, and Ocln in Hyline Brown chicks (77). 

Additionally, β-carotene (50 mg/kg BW for two weeks) increased colonic mRNA levels of Muc2 

and Muc3 under vitamin A-deficient conditions (78). As for inflammation, β-carotene 

supplementation at 40 and 80 mg/kg body weight (BW)/day for 26 days was proven to increase 

growth performance intestinal morphology and decrease inflammation in weaning piglets via 

decreased NF-κB and proinflammatory cytokine signaling (79). Since the animals in these 

studies were treated with pure carotenoids and conducted under varying models, the findings 

from this study provided unique evidence that α-carotene and β-carotene supplementation from a 

whole food source promoted colonic mucus-associated protein activity under high-fat diet 

conditions.  

Expanding on the substantial elevation of mucus-associated proteins reported after orange 

carrot supplementation, future studies could investigate the gut microbiome, specifically 

regarding mucus-interacting gut bacteria such as Akkermansia muciniphila. Other carotenoid 

supplementation studies found that carotenoids have the prebiotic capability of promoting 

Bifidobacterium, Lactobacillus, and Akkermansia muciniphila abundance (1,61,80). On a related 

note, extensive research has been done connecting dietary polyphenols to mucin-2 and 

Akkermansia muciniphila, including under HFD conditions (81,82). MUC2 has also been shown 

to enhance the binding of secretory immunoglobulin A (sIgA) and antimicrobial peptides to the 

gut epithelium, an essential interaction in preserving gut barrier integrity and immune defense. 

Furthermore, earlier studies have indicated that short-chain fatty acids (SCFAs) are crucial in 

regulating mucin production, emphasizing the associated roles of dietary components and gut 
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microbiota in regulating mucosal immunity (83,84). Therefore, we hypothesize that the high-fat 

diet supplemented with orange carrots (HFD+OC) in this study led to a notable increase in the 

populations of beneficial SCFA-producing and mucus-interacting microbes, like 

Bifidobacterium, Lactobacillus, and Akkermansia muciniphila compared to other dietary 

intervention groups. Understanding these relationships may provide more information on how 

carotenoids influence gut health and host metabolism.  

Future studies will incorporate various different colored carrot powders, composed of 

different carotenoid profiles, to address whether other major dietary carotenoids can mitigate the 

effects of diet-induced obesity. To investigate the impacts of various carotenoids, we are now 

employing a model that comprises a low-fat diet, high-fat diet, HFD with white carrots, HFD 

with orange carrots, HFD with yellow carrots, and HFD with red carrots as a prospective future 

approach. Furthermore, liver and adipose tissues, as well as the gut microbiome, will be 

investigated to understand better the overall impact of these dietary changes, specifically 

carotenoid-rich diets, on inflammation and metabolic health. 
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4.7 Supplementary Materials 

A) Diet Pellet Composition  

 D12450HB 

(LFD) 

D12451B 

(HFD) 

White Carrot 

 (HFD+WC) 

Orange Carrot 

(HFD+OC) 

Ingredient gm gm gm Gm 

Casein 200 200 186.7 186.7 

L-Cystine 3 3 3 3 

Corn Starch 452.2 72.8 0 0 

Maltodextrin 10 75 100 72.7 72.7 

Sucrose 172.8 172.8 172.8 172.8 

Cellulose, BW200 50 50 9.1 9.1 

Soybean Oil 25 25 25 25 

Lard 20 177.5 177.5 177.5 

Mineral Mix, S10026 10 10 10 10 

Dicalcium Phosphate 13 13 13 13 

Calcium Carbonate 5.5 5.5 5.5 5.5 

Potassium Citrate, 1 H2O 16.5 16.5 16.5 16.5 

Vitamin Mix, V10001 10 10 10 10 

Choline Bitartrate 2 2 2 2 

FD&C Blue Dye #1 0.05 0.05 0.05 0.05 

White carrot powder 0 0 175.6 0 

Orange carrot powder 0 0 0 175.6 

Total 1055.05 858.15 879.45 879.45 

     

Gm     

Protein 177.0 177.0 177.0 177.0 

Carbohydrate 710.0 355.6 355.6 355.6 

Fat 45.0 202.5 202.5 202.5 

Fiber 50.0 50.0 50.0 50.0 

     

gm%     

Protein 16.8 20.6 20.1 20.1 

Carbohydrate 67.3 41.4 40.4 40.4 

Fat 4.3 23.6 23.0 23.0 

Carrot Powder 0.0 0.0 20.0 20.0 

     

Kcal     

Protein 708 708 708 708 

Carbohydrate 2840 1422.4 1422 1422 

Fat 405 1822.5 1823 1823 

Total 3953 3953 3953 3953 

     

kcal%     

Protein 18 18 18 18 

Carbohydrate 72 36 36 36 

Fat 10 46 46 46 

     

kcal/gm 3.75 4.61 4.49 4.49 
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B) Vitamin Mix V10001 

 

Carbohydrate Sucrose, Fine Granulated 78.42 g 

Vitamin Vitamin E Acetate, 50% 10.00 g 

Vitamin Niacin (a.k.a. B3, Nicotinic Acid) 3.00 g 

Vitamin Biotin, 1% 2.00 g 

Vitamin Pantothenic Acid, d, Calcium (a.k.a. B5) 1.60 g 

Vitamin Vitamin D3, 100,000 IU/gm 1.00 g 

Vitamin Vitamin B12, Cyanocobalamin, 0.1% 1.00 g 

Vitamin Vitamin A Acetate, 500,000 IU/gm 0.80 g 

Vitamin Pyridoxine HCl (a.k.a. B6) 0.70 g 

Vitamin Riboflavin (A.K.A. B2) 0.60 g 

Vitamin Thiamine HCl (a.k.a. B1) 0.60 g 

Vitamin Folic Acid 0.20 g 

Vitamin Menadione Sodium Bisulfite 0.08 g  
Total: 100.00 g 

 

 

Supplementary Table S4.1- Ingredients of experimental diet pellets: Compositional 

breakdown of A) dietary pellets and B) vitamin (V10001) mix formulated by Research Diets, 

Inc. 

 

 

 

 

Fraction No. ACN (%) ACN (μL) TEA (0.1%) (μL) 

Wash 5.0 50 950 

1 10.0 100 900 

2 12.5 125 875 

3 15.0 150 850 

4 17.5 175 825 

5 20.0 200 800 

6 22.5 225 775 

7 25.0 250 750 

8 50.0 500 500 

 

Supplementary Table S4.2- Fractionation of TMT-labeled peptides: Volume of LC-MS 

grade acetonitrile (ACN) and triethylamine (TEA) to fractionate TMT-labeled peptides. Fraction 

8 was chosen for the proteomic LC-MS/MS analysis. 

 

 

 

 

 



   

261 

 

  -2 in % -1 in % M+ in % +1 in % +2 in % 

Mass Tag Reporter Ion Mass -2x13C -13C-15N -13C -15N - +15N +13C +15N+13C +2x13C  

126 126.127726 0 0 0 0 100% 0.31 9.09 0.02 0.32  

127N 127.124761 0 0 0 0.57 100% 0 9.79 0 0.33  

127C 127.131081 0 0 0.84 0 100% 0.23 8.4 0.02 0.27  

128N 128.128116 0 0 0.82 0.65 100% 0 8.13 0 0.26  

128C 128.134436 0 0 1.44 0 100% 0.34 6.26 0 0.17  

129N 129.131471 0 0.14 1.3 0.89 100% 0 7.52 0 0.12  

129C 129.13779 0.13 0 2.59 0 100% 0.32 6.07 0.01 0.09  

130N 130.134825 0.13 0 2.41 0.27 100% 0 5.58 0 0.1  

130C 130.141145 0.25 0 3.22 0 100% 0.28 5.06 0 0.06  

131N 131.13818 0.03 0 2.78 0.63 100% 0 4.57 0 0.12  

131C 131.144499 0.08 0 3.94 0 100% 0.45 3.33 0 0.02  

132N 132.141535 0.07 0.01 3.14 0.73 100% 0 3.4 0 0.03  

132C 132.147855 0.08 0 3.65 0 100% 0.5 1.97 0 0  

133N 133.14489 0.15 0.01 3.58 0.72 100% 0 1.8 0 0  

133C 133.15121 0.18 0 4.14 0 100% 0.4 1.11 0 0  

134N 134.148245 0.3 0.03 5.49 0.62 100% 0 1.14 0 0  

 

Supplementary Table S4.3. The quantification method used in PD incorporated the parameters 

for reporter ions and isotope correction factors as defined by the product data sheet for TMTpro 

product number A44521, lot no. YG373065. 
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Supplementary Figure S4.1: Individual measurements of body composition at baseline and 

endpoint. A-C) Baseline measurements of A) body weight, B) fat mass, and C) lean mass at Week 

0 before dietary intervention. D-F) Endpoint measurements of D) body weight, E) fat mass, and 

F) lean mass at Week 20. Fat mass (B&E) and lean mass (C&F) measurements determined by 

EchoMRI. LFD, HFD, HFD+WC, HFD+OC n=20. Values are means ± SEM. Body weight, fat 

mass, and lean mass measurements were analyzed by one-way ANOVA with post-hoc Tukey 

HSD. Letter differences indicate statistical significance (p < 0.05). 
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Supplementary Figure S4.2: Weekly food consumption. Measurements of diet pellets taken 

from the food hopper in the cages on a weekly basis. Weight of pellets in the hopper only (not 

including any food on the floor of the cage) was recorded at the time of administration and then 

the amount leftover when the week elapsed, reporting the difference between the two points. A 

two-way mixed ANOVA with post hoc Tukey HSD to illustrate the differences in food 

consumption over time 
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Supplementary Figure S4.3: Additional comparisons from quantitative proteomics. A-B) 

Volcano plots of differentially expressed peptides upon comparison of abundances between A) 

HFD+WC vs LFD and B) HFD+OC vs LFD. C-E) pie charts of identified protein KEGG 

characteristics, C) Biological Process, D) Molecular function, E) Cellular Component. F) PCA 

plot of identified peptides across treatment groups 
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Supplementary Figure S4.4: GOnet Map of HFD+OC/HFD+WC comparison. Gene Ontology 

Network (GOnet) map of the same proteins depicted in Figure 4 with relative quantitative 

comparison between HFD+OC versus HFD+WC (color of protein nodes and legend correspond 

to HFD+OC/HFD+WC fold change). KEGG Pathway: Biological Process 
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Chapter 5: Conclusions, Limitations, And Future Directions 

5.1 Conclusions  

The first study in Chapter 2 demonstrated that β-carotene effectively inhibited the LPS-

induced inflammatory response within human adenocarcinoma colon epithelial (HT-29) cells by 

downregulating TLR4, which blocked the activation and nuclear translocation of the NF-κB p65 

subunit and related downstream release of pro-inflammatory cytokines (IL-6, IL-1β, TNF-α). β-

Carotene also upregulated tight junction proteins (claudin-1 and occludin), potentially due to 

elevated CD14 levels, leading to decreased intestinal permeability and enhanced barrier integrity. 

The results were much more pronounced by β-carotene compared to vitamin A in the form of all-

trans-retinoic acid (ATRA). The NCM460D proteomics further showed that β-carotene enhanced 

barrier function and mediated LPS-induced inflammation, as well as promoted antioxidant, DNA 

repair, and Golgi assembly mechanisms. Upregulation of proteins related to vitamin A conversion 

also indicated that β-carotene was metabolized by the colonocytes.  

The in vivo study in Chapter 3 demonstrated that orange carrots, rich in α-carotene and β-

carotene, diminished the severity of NAFLD by high-fat (60%) diet-induced obesity to a greater 

extent than carotenoid-deficient white carrots. Carotenoid-rich orange carrots also inhibited HFD-

induced body weight gain, fat and liver indexes, and hypertriglyceridemia. Mechanistic analysis 

indicated that this reduction of hepatic steatosis in the HFD+OC group was driven by PPARα-

mediated fatty acid catabolism. A preliminary proteomic analysis of colon tissue provided 

evidence that anti-inflammatory and antioxidant functions of β-carotene were achieved in vivo as 

the relative abundance of proteins like interleukin-1 receptor antagonist, superoxide dismutase, 

and peroxiredoxins were elevated in the HFD+OC group in addition to barrier function proteins 

such as MUC2 and ZO-2.  
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The quantitative proteomics of distal colon tissue of the final study in Chapter 4 further 

demonstrated that HFD+OC feeding promoted the intestinal barrier maintenance via mucus 

synthesis and secretion. Such mucosal protection was driven by the upregulation of intestinal 

epithelial and goblet cell-associated proteins like MUC2, FCGBP, CLCA1, FASN, DRG1 in 

addition to immunity factors like mucosal pentraxins (MPTX1/2). However, HFD-induced body 

weight gain and metabolic endotoxemia were not alleviated, and mechanisms like colonic 

inflammation reduction and antioxidant activity were not heavily influenced by HFD+OC 

treatment in this study.  

5.2. Limitations 

By utilizing a whole food source of orange carrots containing a complex mixture of both 

α-carotene and β-carotene, a definitive conclusion cannot be made about which of these 

carotenoids are responsible for the results seen in this project. On another note, the animal studies 

in Chapter 3 and Chapter 4 employed different percentages of dietary fat in the pellets (60% versus 

45%, respectively). While 60% fat is commonly used in diet-induced obesity models due to the 

increased severity and accelerated development of obesity, the selection of 45% fat was applied to 

the following study according to physiological relevancy. However, the orange carrot treatment 

led to more promising anti-obesogenic effects under the conditions of 60% fat compared to 45% 

fat as the body weight gain inhibition, and fat index reduction was only achieved by the HFD+OC 

treatment in the initial study. Furthermore, the fold change induction of proteins in the distal colon 

by HFD+OC compared to HFD were higher in the initial study involving 60% fat. As carotenoids 

are fat-soluble pigments, they were likely better absorbed under the 60% fat conditions, or the 

metabolic challenge under these more severe obesogenic conditions triggered more of a bioactive 

response by the carotenoid-rich treatment.  
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5.3 Future Directions 

The animal study included in Chapter 4 with conducted in conjunction with red carrot 

powder (lycopene, β-carotene) and yellow carrot powder (lutein) treatment arms so the 

investigations into mitigation of HFD-induced colon and NAFLD dysfunction like detailed in this 

project can be expanded.  As these whole food sources contain different carotenoid profiles 

compared to orange carrots, investigating the actions of provitamin A versus non-provitamin A 

carotenoids in this HFD context is worth exploring. As detailed at the end of Chapter 4, 

investigations into how the consumption of carrot powders modulated the gut microbiome and 

mediated HFD-induced microbial dysbiosis is an untapped aspect of this project that is worth 

pursuing. Review papers, including ones written by myself as well as fellow members of the 

Eroglu Lab and collaborators, have detailed that carotenoids can have the prebiotic potential of 

boosting the abundance of Bifidobacterium, Lactobacillus, and Akkermansia muciniphila. In line 

with this, the HFD+OC feeding likely promoted the presence of these microbes and associated 

SCFAs due to the enhanced MUC2 activity. For these reasons, we have collected samples for 

metagenomic analysis (whole genome sequencing) of the fecal microbiome as well as targeted 

metabolomic analysis of fecal SCFAs.  

 

 

 


