
 

ABSTRACT 

CORTES, JOCSA ESTEFANIA. The Endoplasmic Reticulum Stress (ER) Response and 

Doxorubicin Induced Damage. (Under the direction of Dr. Christopher Dekaney and Dr. Samuel 

Jones). 

 

The current dissertation recapitulates the research performed by the author to investigate 

the role of the ER stress response in mediating damage and repair following doxorubicin (DXR) 

administration. The small intestinal epithelium is prone to death following DXR administration 

owing to its high proliferative capabilities. Unintended intestinal epithelial cell death and 

increased barrier permeability are significant causes of life-threatening sepsis in human and 

veterinary patients. Therefore, it is crucial to identify the cellular pathways involved in damage 

and repair to develop therapeutics to minimize intestinal cytotoxicity. Previous work in our lab 

has demonstrated that a single dose of DXR induces sequelae of injury and repair in the small 

intestine. Using this model, it was determined that acute DNA damage and apoptosis occur early 

after treatment, followed by gradual loss and damage to the intestinal epithelium. In addition, 

enteric bacteria play a role in the induction of damage and pro-inflammatory responses. 

However, the specific cellular mechanisms that drive DXR-induced gradual intestinal cell loss 

and the bacteria-dependent injury and inflammation induction still need to be better understood. 

Identifying and targeting such mechanisms have significant therapeutic potential for mitigating 

DXR-induced damage. A review of the current literature discussed in Chapter 1 delineates the 

Endoplasmic Reticulum (ER) stress response's role in mediating the intestinal epithelium's 

function and maintenance under both homeostatic and pathological conditions. 

Chapter 2 discusses the role of DXR, enteric bacteria, and induction of ER stress and 

apoptosis in the murine small intestinal epithelium. The induction of ER stress and apoptosis was 

evaluated in conventional, germ-free, and intestinal MyD88 Toll Like Receptor (TLR)-deficient 



 

mice following DXR treatment. The findings presented in Chapter 2 suggest that DXR-induced 

ER stress and apoptosis are mediated by enteric bacteria and/or their products via intestinal-

specific MyD88-dependent TLR signaling. Chapter 2 discusses the differential sensitivity in 

response to pathological ER stress in the crypt epithelium following DXR. These findings 

contribute to the current understanding of our model and identify a possible cellular mechanism 

explaining the role of enteric bacteria in mediating DXR-induced damage. This suggests that 

crypt cells have a range of sensitivities to the induction of ER stress and outcomes. Further 

investigation is warranted to delineate the contribution of this differential response in the crypt 

epithelium and its contribution to healing.  

Chapter 3 describes the studies performed using an in vitro model of DXR-induced 

damage and recovery to investigate the role of ER stress in mediating gradual cell loss. The 

findings in Chapter 3 suggest that DXR-induced ER stress may moderate the generation of 

mitochondrial reactive oxygen species, cell cycle arrest, and decrease the clonogenic capacity of 

IEC-6 cells. These factors are known to mediate the onset of senescence. Our findings contribute 

to understanding intestinal epithelium-specific mechanisms associated with the observed gradual 

loss following DXR treatment. Given our results on DXR-induced ER stress on apoptosis and 

differential sensitivity in the crypt epithelium, we propose future investigations to determine the 

specific role of the ER stress marker Inositol Requiring Enzyme 1 (IRE1α) in apoptosis, barrier 

permeability, and Paneth cell expansion and function in our model. 
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1.1 Introduction 

 The digestive system comprises the gastrointestinal (GI) tract and accessory organs. 

These specialized organs include the esophagus, stomach, small and large intestines, and 

accessory organs, including the liver, pancreas, and gall bladder. These organs collectively 

coordinate the stepwise processes of digestion, nutrient absorption, and elimination of waste1.   

 Digestion and breakdown of food into absorbable nutrients are essential for supporting 

cellular and organ functions. Digestion occurs as a byproduct of both mechanical and chemical 

processes. For instance, mechanical digestion of food bolus occurs through mastication, 

swallowing, and peristaltic movement, whereas chemical digestion occurs due to enzymatic 

activity2,3. Digestion occurs immediately after food enters the oral cavity via mastication and 

salivary enzymatic activity. Significant chemical and mechanical digestion occur in the stomach, 

facilitated by oxyntic and pyloric glands and muscle contraction. The digested chyme from the 

stomach then enters the small intestine via the pylorus into the first section of the intestine and 

duodenum. Enzymes secreted by the liver and pancreas further break down digested chyme into 

absorbable fatty acids, amino acids, and monosaccharides3. Following digestion in the 

duodenum, the chyme passed through the jejunum and ileum. The jejune and ileum have villus 

and microvillus structures that increase the luminal surface and enable the absorption of 

nutrients. In the small intestine, arteries, veins, and lymphatic channels within each villus 

facilitate the transport of nutrients into the bloodstream4 5. The ileum, with villi structures similar 

to the jejunum, absorbs the remaining nutrients, vitamin B12, and bile acids, among others6.  

The small intestine plays a pivotal role in mediating digestion and, most importantly, 

nutrient absorption, which is essential for proper cellular and organ function. In addition, the 

small intestinal mucosa host a large number and diversity of immune cells and compartments, 
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which ensures tolerance and protection of the host against pathogenic particles7,8. Therefore, in 

the present review, we will focus on the function and maintenance of the small intestine during 

homeostatic and damaged conditions.   

 

1.2 The Structure and Function of the Intestinal Epithelium  

The small intestinal epithelium is one of the most significant barriers separating the host 

from the external environment. The intestinal epithelial cells are organized into finger-like 

structures that protrude into the lumen, forming finger-like projections called villi, and 

invaginations called crypts of Lieberkühn 9 which house enterocytes, enteroendocrine cells, 

goblets, transit amplifying cells, stems, and Paneth cells. The large surface area achieved by the 

organization of the epithelial cell lining allows optimal nutrient absorption. The intestinal 

epithelial lining is an essential mediator of the passage of various electrolytes and other 

molecules while simultaneously mediating digestion, bacterial colonization, and mucosal 

immune development, function, and tolerance5,10.  

The maintenance and integrity of the intestinal lining depend heavily on the adequate 

replenishment of lost cells. In humans, constant aggression from the luminal contents leads to 

approximately 1011 lost epithelial cells, or an equivalent of 200 g per day11. To compensate for 

cell loss, the intestinal lining is renewed every 4–7 days 12. The renewal of the intestinal lining 

depends on the adequate function and differentiation of crypt-resident intestinal stem cells 13. 

These multipotent stem cells regularly divide to generate transit-amplifying (TA) proliferative 

progenitor cells. Newly generated TA cells continue to divide before committing to either 

absorptive or secretory cell lineages, which then migrate up to the villus tip12,14. Once TA cells 

commit to a cell lineage, they produce more differentiated cells, which populate the intestinal-
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villus-crypt axis. These differentiated cells include Microfold/Membranous, Goblet, 

enteroendocrine, enterocyte, and Paneth cells11,15. Fully differentiated cells control several 

essential and complex intestinal functions. For example, enterocytes facilitate the absorption and 

breakdown of nutrients and electrolytes in the intestine12. A protective intestinal mucus layer is 

generated by goblet cells and antimicrobial peptides secreted by crypt epithelial resident Paneth 

cells16,17. Successful differentiation of stem cells and repopulation of the lining with these 

differentiated cells ensures the proper function of the small intestine.  
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Figure 1. Intrinsic and extrinsic cell signaling that determine intestinal cell fate in 

the adult intestine. Figure modified from Clevers, Nature Reviews 2020. Small epithelial 

intestinal cells are exposed to a gradient of Wnt and BMP signaling and specific niche sources 

which contribute to cell differentiation and allocation. 
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1.3 The Cellular Mechanisms Involved in Intestinal Stem Cell Differentiation and Function 

The crypt epithelium is surrounded by a complex cellular signaling network that regulates 

epithelial homeostasis and self-renewal capacity. Secreted factors involved in intestinal epithelial 

homeostasis include bone morphogenetic protein (BMP), Wingless-related integration site 

(Wnt), Notch, and epidermal growth factor (EGF) 18,19 (Fig.1). Wnt influences the self-renewal 

and proliferative capacity of stem cells. Studies have shown that there is a Wnt gradient in the 

intestinal crypt 20; where there is a greater concentration of Wnt at the bottom of the crypt and 

less at the top of the villus epithelium. Due to this gradient in Wnt concentration, both Wnts and 

their receptors become scarce during cell division as cells move up and away from the high Wnt 

stem cell zone 21. R-spondins are secreted proteins enhance canonical Wnt signaling22. R-

spondins bind to the stem cell receptor Lgr5 and transmembrane E3 ubiquitin ligases Znrf3 and 

Rnf43 to regulate Wnt receptor turnover23. Wnt associated genes that control stemness include 

transcription factor Ascl219.  

The regulation of Wnt/ β catenin signaling by extrinsic factors is important in cell 

differentiation and proliferation control. For example, BMP acts as an antagonist for Wnt 

signaling, which then inhibits self-renewal by targeted suppression of β catenin signaling 18. 

BMP antagonistic molecules such as Gremlin and Noggin are also found in great abundant in the 

stem cell niche 24. In addition to Wnt signaling, cell fate decisions rely on activation of the Notch 

pathway, which ensures differentiation into the secretory lineage 25. Downstream targets of 

Notch include Hes1, 3, and 526, which negatively regulate Atoh127. Cell fate and allocation 

depend upon the differentiation cellular signal that is activated in cells traveling up the villus. For 

example, cells commit to the enterocyte lineage by activation of Hes28, or commit to the 

secretory lineage by initiating Atoh1 activation29.  
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Determining specific intestinal stem cell markers has enabled researchers to understand 

their function under normal conditions further. Early lineage-tracing experiments have made it 

possible to determine that a subset of intestinal stem cells marked by the expression of leucine-

rich G-coupled receptor 5 (Lgr5) can readily regenerate the villus and crypt epithelium13. 

Furthermore, once cultured, these Lgr5 positive cells showed to have an increased in clonogenic 

capacity, an essential indicator of stemness compared to Lgr5 negative cells. In addition, Lgr5 

positive cells proliferated and differentiated into complex organoid structures30. To date, in 

addition to Lgr5 more intestinal stem cell markers have been identified. Some of these include 

Olfm4, Prominin1 and Ascl215,31–33. Identifying intestinal stem cell markers have allowed 

researchers to determine that intestinal stem cells have heterogeneity regarding their 

transcriptional profile, proliferation status and cell cycle34,35. The heterogeneity of intestinal stem 

cells may be beneficial in helping the host adapt to different levels of stress and damage.  

 

1.4 Murine Model of Intestinal Damage using Doxorubicin 

 Chemotherapeutic agents such as Doxorubicin (DXR) greatly damage the small intestinal 

lining. Various reports demonstrate that DXR induces DNA damage, and apoptosis of the 

intestinal stem cell compartment36–38. This damage to the intestinal lining results in 40-100% of 

patients experiencing gut toxicity or chemotherapy-induced intestinal mucositis39–43. Clinical 

demonstrations of damage and induction of inflammation, include severe GI pain, nausea, 

diarrhea, which may contribute to interruption of cancer treatment43,44.  

The current understanding of mucositis and intestinal damage as a result of chemotherapy 

includes five distinct phases; 1) initiation, 2) generation of signals, 3) signal amplification, 4) 

ulceration and 5) healing44. During the initiation phase, chemotherapeutics causes extensive 
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intestinal epithelial damage45, particularly extensive injury is observed in the stem cell 

compartment38,46. DNA damage is often followed by the induction of oxidative stress, which 

may contribute second phase -Generation of Signals- which encompasses the activation of 

Wnt/β-catenin, p53, Bcl-2, NF-κB, and caspase-1/3 signaling47–49 among others. These activated 

effector functions contribute to the death of the intestinal stem cell pool, which can contribute to 

an increase in intestinal permeability. The third phase of mucositis involves signal amplification 

where a variety of both positive and negative feedback signaling of the initial effector factors 

lead to immune cell infiltrate and secretion of a range of cytokines and chemokines (e.i., IL-33, 

IL-6, IL-1, IL-18 and TNF-α)50. The overall effect of such pro-inflammatory environment in the 

intestine leads to the subsequent phase -inflammation and ulceration- where significant 

disruption epithelial cell adhesion molecules, ablation of villi, and translocation of luminal 

contents are observed in conjunction with significant association of immune infiltrate with the 

crypt epithelium. Finally, during the final phase of healing, recapitulated proliferation, migration, 

and restoration of lost epithelium is observed.  

Utilizing systems that model the events that occur in the crypt during the initiation phase 

of mucositis can generate new knowledge and contribute to the development of novel therapies 

51,52. Recent research has focused on the crypt epithelium because it houses the active intestinal 

epithelial stem cells, which replenish the lost epithelium13. In humans, the first observation of 

histomorphic abnormalities following chemotherapy treatment included the induction of rapid 

apoptosis, crypt length, and villus area loss, followed by rebound hyperplasia and normalization 

at day 5 53. Similar kinetics have been modeled in rat and hamster models of fluorouracil and 

methotrexate-induced intestinal damage54–56. Determination of early interventions that decrease 

uncontrolled pro-inflammatory response and damage may minimize the clinical signs associated 
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with mucositis. To this end, our lab and others have utilized rat or mouse models to elucidate the 

kinetics of damage and repair observed in human patients54–56. 

Doxorubicin (DXR) is the drug of interest in our current review as it is used to treat a 

variety of cancers, which makes it very relevant to both veterinary and human medicine 41,57–59. 

DXR is a potent anthracycline which readily targets proliferating cells. Given this, the intestinal 

epithelial lining is highly sensitive to DXR due to its rapid turnover capacity. The mechanisms of 

action of DXR involve topoisomerase II poisoning60, induction of DNA strand breaks, and 

generation of reactive oxygen species61. The overall net effect of DXR on cells is the induction 

of apoptosis62–64. Additionally, studies utilizing stablished rat fibroblast cells constitutively 

expressing c-myc and p53 have demonstrated an acceleration in the onset of DXR induced 

apoptosis65. This suggests that p53 activation leads to DXR-induced apoptosis which is mediated 

by cell cycle checkpoint machinery66.  

Our lab has used one of the current murine models to further study both damage and 

repair phases of DXR in the small intestinal epithelium36. A single dose of DXR delivered 

intraperitoneally and subsequent histomorphic observation of the intestinal mucosa over time has 

allowed us to delineate the timing of the damage phase, which resembles that of the initiation 

phase of mucositis. For example, acute DNA damage induction and apoptosis occur early six 

hours post-treatment in the crypt epithelium67. Similar timing in the induction of DNA damage 

and apoptosis is observed in irradiation models38. Events such as mitotic catastrophe68 can be 

observed our model at ~50h following DXR treatment where significant villus blunting and crypt 

loss is observed. Concomitant induction of a pro-inflammatory response is demonstrated in an 

increase in pro-inflammatory chemokine and cytokines and immune infiltrate in the lamina 

propria. The described cell loss, increase in immune infiltrate and pro-inflammatory state of the 
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intestine has been previously described as classical markers of mucositis 39,41, and further 

validates the use of this murine model to determine the role of extrinsic signaling  due to 

products from bacteria in the initiation of intestinal damage.  

The presence of enteric bacteria greatly impacts the overall function of the small 

intestinal epithelium. The relationship of the enteric bacteria and the intestinal epithelial cells is 

symbiotic in nature; enteric bacteria can benefit from the abundant stable supply of nutrients in 

the lumen, while epithelial cells can gain access to digested material and enteric metabolites 

which can be a great source of energy. Elaborate cellular “checks and balances” have been 

adopted to ensure symbiotic relationships without being detrimental to one another. The small 

intestinal epithelium is equipped with pattern recognition receptors that recognize microbial 

ligands or microbial-associated molecular patters (MAMPs)69. The induction of a pro-

inflammatory response to prevent bacterial infection is one way by which the epithelium elicits 

its defense mechanisms. Epithelial cells can identify MAMPs present in both the external 

environment and inside the cell; transmembrane toll like receptors (TLRs) recognize enteric 

signals in the extracellular space70, while Nod-like receptors (NLRs) detect MAMPs 

intracellularly71. The stimulation of pattern recognition receptors in the intestine activate the 

activation of mitogen-activated protein kinase (MAPK) and nuclear factor κB, caspase and 

assembly of the inflammasome72–74, all of which elicit a pro-inflammatory response to mitigate 

pathogenic bacterial colonization. In addition, the intestinal epithelium can support specific 

microbial populations. The nutrient-rich mucus generated by Goblet cells can serve as an energy 

source for luminal bacteria. One of the most predominant energy sources in the mucus layer is 

glycans, which can be further metabolized by bacterial-derived glycosidases 75,75,76. The 

breakdown of mucus O-glycans into monosaccharides can be readily used by mucus-residing 



 

11 

 

bacteria77 while also changing the physical characteristics of the mucus layer. These syntrophic 

and symbiotic relationships between the enteric bacteria and mucus can ensure the selection of 

beneficial bacteria and correct the composition of a protective mucus layer.   

Our lab has previously determined that bacterial signaling likely contributes to the 

development of damage and inflammation; both germ free mice and mice administered with oral 

antibiotics had a decrease in both macrophage and neutrophil infiltrate as well as pro-

inflammatory cytokine and chemokine gene expression78. Targeting of bacterial via antibiotic 

treatments for example has great therapeutic value. Exacerbated, uncontrolled inflammation is 

one of the contributors for cell death during the ulceration phase of mucositis39. It is worth noting 

that antibiotic treatment can directly change the distribution of the enteric bacterial population, 

and should be considered.  In fact, in our model, during DXR injury, chronic administration of 

antibiotics preserved active intestinal stem cells, while selecting for the expansion of two main 

genera: Burkholderia and Ureaplasma79. It is unknown whether either genus contribute to either 

pro-apoptotic or pro survival signaling in the crypt epithelium. Bacterial derived stimulation of 

toll like receptor (TLR) signaling has been identified as regulators of cell survival and 

apoptosis74,80. For example, LPS dependent TLR4 stimulation has been known to induce 

apoptosis in active intestinal stem cells81, and NOD2 stimulation by MDP can protective of 

enteroids in culture71,82. Therefore, further investigation is warranted to determine the specific 

bacterial antigen responsible for mediating either survival or death in the crypt epithelium 

following DXR.  
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1.5 The Role of the Endoplasmic Reticulum Stress Response in Small Intestinal Damage. 

The endoplasmic reticulum (ER) regulates the synthesis and post-translational 

modifications of at least one-third of proteins generated in the cell83. These functions 

demonstrate that the ER is a major modulator of proteostasis84. In the ER, adequate protein 

folding and post-translational modifications are regulated by chaperones, oxidoreductases, and 

glycosylation enzymes before further transit in the secretory pathway84,85. However, in the event 

of disrupted protein biogenesis, ER-associated degradation (ERAD) targets these proteins for 

degradation83. Disbalance in folding demand, protein biogenesis, and degradation can cause an 

increase in misfolded proteins, which is referred to as ER stress86. Once ER stress occurs, the 

unfolded protein response (UPR) is activated to establish proteostasis83. The UPR response aims 

to re-establish proteostasis by attenuating protein synthesis, increasing the expression of 

chaperones, and enhancing degradation or protein clearance87,88.  

The three major sensors of the UPR are tasked with integrating signals related to the 

accumulation of misfolded proteins in the cell89. Each sensor defines a distinct arm of the UPR 

that is regulated by ER membrane proteins: inositol-requiring protein-1 (IRE1), activating 

transcription factor-6 (ATF4), or protein kinase RNA PKR-like ER kinase (PERK)88,89. The UPR 

can engage in cell survival or ensue pro-apoptotic mechanisms, depending on the duration and 

magnitude of ER stress endured90. Of all of these arms of the UPR the IRE191 branch is the most 

conserved and extensively studied in the gut. Misfolded proteins quickly interact with the 

binding immunoglobulin protein (BiP) which is sequestered away from the ER membrane 

sensors. Dissociation of IRE1α monomers from BiP cause its phosphorylation and activation. 

IRE1α monomer proteins quickly accumulate to form oligomers which then dissipate once ER 

stress resolved92. IRE1α facilitates cell fate decisions, given its dynamic activation and 
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deactivation93,94. Cellular adaptation that alleviate the increase in misfolded proteins is mediated 

by IRE1α splicing of xbp1, which acts as a transcriptional factor to cause the upregulation of 

genes associated with the halt in protein translation and expansion of secretory apparatus, among 

other processes95. However, in instances where ER stress is excessive, IRE1α activates 

programmed cell death96. Oligomerization of IRE1 and its association with TNF receptor-

associated factor 2 (TRAF2) and apoptosis signaling kinase 1 (ASK1) initiate cell death97. 

Translocation of c-Jun N-terminal kinase (JNK) to the mitochondria inhibits the anti-apoptotic 

B-cell lymphoma family 2 (Bcl-2) protein98,99, and promotes the mitochondrial localization of 

Bcl-2 associated X protein (BaX) and Bcl 2-associated dead promoter (Bad)99.  

The first study associating ER stress with the development of pathologies in the small 

intestine was that of irritable bowel disease (IBD)100,101. IBD is characterized by an uncontrolled 

pro-inflammatory response and damage to the intestine102,103. IBD shares similar characteristics 

with DXR-induced intestinal damage102 and was therefore the main motivator of our 

investigation on the role of ER stress in mediating DXR-induced intestinal damage in Chapters 2 

and 3. Single nucleotide polymorphism analysis of patients have identified IRE1α-xbp1 as a 

major player in mediating the development of IBD104. For example, enteroids derived from IBD 

patients exhibited significant higher basal expression of XBP1 compared to healthy controls105, 

expression of ERN1 was upregulated to support the enhanced increased in XBP1 splicing in 

inflamed mucosal tissues of CD (Crohn's Disease) and UC (Ulcerative Colitis)90, and 

immunohistochemistry confirmed the presence of ER stress markers within mucosal ulcer 

edges105. These studies suggested that the ER stress response likely is at play in mediating 

intestinal damage.  
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Figure 2. UPR signaling cascade regulated by the inositol-requiring protein-1 (IRE1) 

protein following the induction of ER stress. Figure from publication by Ron & Walter, 2007. 

Nature Reviews Molecular cell biology89. In the presence of misfolded proteins IRE1α 

oligomerizes and undergoes autophosphorylation of its kinase domain. Active, IRE1α cleavages 

xbp1 mRNA, which once translated enters the nucleus to increase the gene expression of genes 

associated with survival mechanims. Depicted is the recruitment of tumor necrosis factor 

receptor (TNFR) associated factor 2 or TRAF2, which cause mRNA degradation JNK activation 

and apoptosis induction via caspase-12. 
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The preservation and proper function of goblet and Paneth cells are essential in the 

protection of the host against pathogenic luminal contents. Uncontrolled inflammation as a result 

of the interaction of pathogenic bacteria with the small intestinal epithelium can often lead to 

damage70,106,107. A variety of murine models have been used to determine the role of ER stress, 

and the role of IRE1α-xbp1 signaling in mediating small intestinal goblet and Paneth cell loss. 

Kaser et al demonstrated that deletion of xbp1 signaling in the murine small intestine exacerbated 

inflammation and damage104. Other studies have demonstrated that both goblet and Paneth cells 

undergo ER stress induced apoptosis following ischemia-reperfusion injury 104,108,109. 

Furthermore, murine whole xbp1 mouse knockouts show a decreased number of both Paneth and 

goblet cells104, increased ER stress mediated apoptosis of goblet cells, which overall contributed 

to impaired mucus barrier and development of spontaneous colitis104. These studies suggest that 

secretory cells rely heavily on adequate management of ER stress for survival. 

 The ER stress response's effector functions regulate damage and cell survival 94,110,111. 

Summarize in the current section is the current literature discussing the role of ER stress in 

mediating both cell adaptations and survival.  

 Chemical barriers and physical barriers exist as one of the first line of defense against the 

luminal pathogens10. Proper maintenance and function of key cells involved in the secretion of 

antimicrobials are important in mediating the host’s protection against invading pathogens. 

Paneth cells and goblet cells one of the major contributors of secreted antimicrobials and mucus 

layers to keep luminal pathogens under control 103,112. The function of these cells relies on the 

proper folding and secretion of proteins in the ER. Adverse effects as a result of nonfunctional 

secretory apparatus can affect both Paneth cells and goblet cells cell fate. This is illustrated in 

loss of function or transgenic models of IRE1α; global deletion of murine IRE1α caused an 
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aberrant increase in mucus accumulation in goblet cells, and disorganized ER113. To confirm 

these studies, mice deficient in IRE1α downstream target xbp1 exhibited an increase in apoptosis 

in both Paneth and goglet cells in the small intestine 114. In addition, studies in colonic samples 

demonstrated that deletion of IRE1α results in an increase in apoptosis92. These studies suggest 

that secretory cells rely on functional IRE1α-XBP1 signaling. Therefore, a proposal outlined in 

Chapter 4 describes the future investigation on intestinal specific IRE1α signaling in mediating 

Paneth cell survival, and maintenance, as this is not quite understood. 

 The intestinal epithelium may become damaged as a result of exposure to pathogenic 

bacteria and/or luminal contents, therefore the maintenance of the barrier and controlled pro-

inflammatory response are important in preventing further damage. Therefore, the epithelial cell 

lining of the intestine has evolved to be a regulator for both innate and adaptive responses10. 

Microbial components such as LPS can induce uncontrollable inflammation, which may lead to 

cell death and compromised barrier96. Studies in mice deficient in intestinal specific signaling 

IRE1α have demonstrated to be more susceptible to LPS induced apoptosis, and the development 

of a permeable barrier92,112. These studies highlight the important role of IRE1α in mediating 

possible cell survival during injury. 

 

1.6 The Role of ER Stress in Mediating Intestinal Inflammation 

In addition to providing a physical barrier, the intestinal epithelium directs mucosal 

immune functions. For example, recent studies have suggested that intestinal epithelial cell IκB 

kinase (IKK) signaling regulates dendritic cell and CD4+ T cell function during the eradication of 

Trichuris muris infection115. Intestinal epithelial cells can also interrogate luminal content then 

then elicit the appropriate immune responses, the latter further investigated in IBD patients with 
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intestinal bacterial dysbiosis and chronic inflammation116. IBD research suggests that genetic 

alterations in intestinal epithelial cells play a role in the induction of mucosal inflammation; 

abnormalities in genes associated with the ER stress response have been associated with the 

development of intestinal inflammation117. Evidence of this is demonstrated in the ablation of the 

XBP1 gene in the murine intestinal epithelium followed by the development of small intestinal 

inflammation characterized by crypt abscesses, immune cell infiltration and ulceration of the 

barrier104.  

 The release of pro-inflammatory cytokines and subsequent infiltration of innate immune 

cells is activated by the RNase activity of IRE1α and subsequent activation of xbp1 and the 

Regulated Ire1-Dependent Decay (RIDD) pathway. For example, in lung epithelial cells both 

IRE1α and XBP1 signaling causes an increase in the production of in IL-1β in macrophages118. 

IL1-β production is dependent on IRE1α activation of glycogen synthase kinase (GSK)-3 and the 

NFκB pathway119. Additionally, XBP1 readily translocate to the nucleus to increase the 

transcription of TNF α and IL-6 in splenic cells120. Studies described suggest that RNase activity 

of IRE1α is essential in the secretion of the described pro-inflammatory mediators.  

 TNFα is a known to initiator of inflammatory responses of the innate immune cells. Its 

role involves the induction of cytokine production, activation and increase expression of 

adhesion molecules 121,122. TNFα regulates immune cell infiltration by inducing the loss of 

vascular permeability, and vasodilation to allow for cell infiltration. Additionally, TNFα leads to 

the  increase in neutrophil-attractant chemokines (CXCL1, 2, 5)123, and expression of adhesion 

molecules necessary for diapedesis 124. IL-1β is released in early stages of immune response to 

stress. Similarly to TNFα, IL-1β acts as a chemoattractant for granulocytes, while also 

encourages the expression of cell adhesion molecules on leukocytes and endothelial cells125. IL-6 
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has been known to recruit monocytes to the site of inflammation.126. Interestingly, using our 

model it has been demonstrated that DXR induces the infiltration of both macrophages and 

neutrophils as well as an upregulation in chemokines CCL2 and CCL7, and cytokines TNFα and 

IL-1β transcripts in the small intestine 78. However, it has not been determined whether DXR 

induced ER stress contributes to the development of a pro-inflammatory state in the intestine.  

 

1.7 The Role of the Microbiota, ER Stress in the Induction of Intestinal Damage 

Extrinsic factors can mediate intestinal stem cell function and proliferation. Studies in 

germ-free mice have demonstrated that the enteric microbiota influence epithelial metabolism, 

survival, proliferation and barrier function127–130. In fact, slow turnover of intestinal epithelial 

cells, increased number of atrophic crypts and elongated villi have been observed in germ free 

animals compared to conventional animals131. Additionally, germ free animals have been found 

to be more sensitive to dextran sodium sulfate induced colitis132, while also having a decreased 

small intestinal regenerative response131. This suggests that enteric bacterial components are 

essential in mediating intestinal homeostasis following damage. It is plausible that symbiotic 

bacteria induce the expression of antimicrobial  peptides and lectins133, and cytoprotective 

molecules such as heat shock proteins132. 

 Chronic ER stress induction has been regarded as a major cause of intestinal epithelial 

cell death134.  Determination and targeting of the major bacterial derived components that 

activate ER stress can be used to mitigate intestinal epithelial cell death. Studies that have 

examined the effect of enteric bacteria and the induction of pathogenic ER stress. For example, 

Helicobacter pylori derived cytotoxin VacA is a known to ER stress activator, which then causes 

mitochondrial damage and apoptosis in gastric epithelial cells135.  Listeria monocytogenes 
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secreted cytolysin listeriolysin-O activates of all UPR branches and causes disruptions in ER 

calcium homeostasis via formation of pores in the ER membrane136,137. 

 Interestingly, there is evidence that bacterial components can induce cell cycle arrest; for 

example, Shiga-toxigenic E. coli derived subtilase cytotoxin activates the BiP-IRE1α branch of 

the UPR to degrade cyclin D1, a known cell cycle regulator138–140. This is of particular interest, 

as DXR has been known to induce cellular senescence due to cell cycle arrest66,141. However, the 

role of bacterial components in conjunction with DXR on the onset of senescence has not been 

determined in the small intestine.  The described studies show evidence of the complex 

interactions of the enteric bacteria that ultimately engage pathogenic ER stress in the epithelium.  

 Changes in the gut microbiota metabolism can alter the induction of ER stress in the 

intestinal epithelial cells142. Particularly, de novo synthesis of microbial products and 

modifications of dietary components can directly influence ER stress activation7,143. Bacterial 

derived tunicamycin (TM) for example is one of the most widely used ER stress inducer, 

whereas streptomyces polyketides, and actinomycete metabolites inhibit ER stress144. Activation 

of the UPR by bacterial components is dependent on the activation of pattern recognition 

receptors including toll like receptors (TLRs) in conjunction with adaptor protein MyD88, and 

nucleotide-binding oligomerization domains (NOD) like receptors70,145,146. It is worth noting that 

genetic variants involving both NOD2 and XBP1 are associated with the development of 

Crohn’s disease147. This suggests that the adequate detection of bacterial components by pattern 

recognition receptors plays an important role in mediating intestinal homeostasis and regulation 

of inflammation. This is demonstrated in the effect of enteric bacteria in mediating intestinal 

epithelial differentiation and proliferation; bacterial components can regulate intestinal 

proliferation, stem cell fate and maintenance via Wnt and Notch signaling stimulation via TLR 
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dependent signaling in zebra fish25,127. In addition, stimulation of TLR4 via LPS has shown to 

decrease the proliferation of colonic crypt cells, number of goblet cells148, and reduction of stem 

cell proliferation80. On the other hand, stimulation of NOD2 with agonist muramyl dipeptide 

(MDP) is protective of enteroids in culture following chemotherapy and irradiation induced 

damage71,82. Given these findings, still, to date the full breadth of bacterial derived metabolites 

that induce ER stress following DXR treatment have not been elucidated. Further investigation is 

warranted under DXR induced damage, particularly, how bacterial and/or their components 

contribute to ER stress induced intestinal damage. 

 

1.8 Summary and Conclusions 

The current literature review discussed some of the essential cellular mechanisms in the 

small intestine that ensure its adequate function under homeostatic conditions. Intestinal 

pathologies associated with the accumulation of misfolded proteins, microbiota dysbiosis, and 

transgenic models highlighted in this review demonstrate the ER stress response's role in 

mediating cellular damage.  

 The application of current understanding of the role of ER stress in mediating cell 

apoptosis and damage can be applied in the development of new therapeutics. Future research 

should focus on ER stress and intestinal damage resulting from chemotherapy treatment. This is 

important, as cancer is still a major public health concern affecting 1.9 million people 

diagnosed149 and chemotherapy is the gold standard of treatment. Incorporating venues that 

mitigate pathologic ER stress prior to the administration of chemotherapeutics have the potential 

of decreasing intestinal damage and improve the survival and quality of life of cancer patients. 
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Abstract 

Although effective against cancer, doxorubicin (DXR) can lead to the development of life-

threatening side effects. DXR causes intestinal epithelial cell death and increases barrier 

permeability, permitting bacterial translocation, inflammation, mucosal damage, and sepsis 

development. Therefore, there is a need to identify the cellular mechanisms that initiate damage 

to develop strategies for mitigating DXR-induced intestinal damage. Previous research has 

demonstrated that enteric bacteria and endoplasmic reticulum (ER) stress initiate intestinal 

damage and inflammation under homeostatic conditions. Our lab reported that DXR-induced 

damage and pro-inflammatory responses are blunted in germ-free and antibiotic-treated mice. 

This suggests that there is bacteria-specific signaling that likely mediates DXR-induced damage. 

However, the relationship between DXR, enteric bacterial signaling, and the induction of ER 

stress in the small intestinal epithelium is lacking. In the present study, we evaluated the 

induction of ER stress in the small intestinal epithelium following DXR administration ex vivo 

and in vivo, using conventional, germ-free, and intestinal MyD88 TLR-deficient mice. We 

determined that 1) DXR induces ER stress in both the damage and repair phases, 2) ER stress 

inhibition ex vivo protects intestinal enteroids against DXR treatment, and 3) DXR-induced ER 

stress and apoptosis occur due to the presence of enteric bacteria and intestinal-specific MyD88 

TLR-dependent signaling. Targeting these interactions may have a therapeutic value in reducing 

DXR-induced intestinal damage. 
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Introduction 

Doxorubicin (DXR) is a chemotherapeutic agent commonly used to treat several types of 

cancer1–3. DXR treatment often renders patients susceptible to sepsis and acute intestinal 

mucositis, which hinders the completion of cancer treatment4–7. Unintended intestinal epithelial 

cell death, increased barrier permeability, and translocation of intestinal bacteria are significant 

contributors to the development of life-threatening sepsis in patients with cancer8. Therefore, 

there is a need to develop strategies for mitigating DXR-induced intestinal damage. 

Murine damage models have been instrumental in identifying the cell signaling pathways 

responsible for chemotherapy-induced damage and mucositis. Our lab and others have 

demonstrated that a single dose of DXR induces crypt epithelial apoptosis9, impaired 

proliferation, and a pro-inflammatory response10. Studies utilizing germ-free and antibiotic-

treated mice have demonstrated that mucosal damage and inflammatory responses occur due to 

bacterial signaling11,12. Conserved pattern recognition receptors, such as toll-like receptors 

(TLRs), are responsible for the recognition and subsequent innate signaling initiated by the 

presence of bacteria13,14. Therefore, it is crucial to determine the role of bacteria-mediated 

signaling in intestinal damage. Current investigation has determined that deletion of global TLR 

2, TLR4, and TLR9 signaling reduces damage and inflammation following DXR 

administration6,15. Further investigation is required on intestinal-specific downstream TLR 

signaling that mediates DXR-induced damage. 

The endoplasmic reticulum (ER) is essential in maintaining calcium homeostasis, 

cholesterol, protein synthesis, and folding16. Proper folding and protein modification are 

necessary for maintaining proteostasis in the cell, making it essential for the ER to have rigorous 

quality control once it becomes compromised. Environmental, physiological, and pathological 
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factors can cause the accumulation of misfolded proteins, which induces ER stress17,18. In the 

presence of unfolded or misfolded proteins, thermostat-like glucose regulation protein-78 

(Grp78/BiP) dissociates from bound ER membrane proteins (IRE1a, PERK, and ATF6), leading 

to their activation and eventual unfolded protein response (UPR) signaling17,19. One of the most 

conserved UPR signals is the IRE1α-xbp1 branch. Unbound IRE1α undergoes 

autophosphorylation20,21 and cleavage of xbp1 mRNA, readily entering the nucleus and 

regulating target genes21. Once active, the UPR mediates cell adaptation to encourage survival or 

commence cell death once irreversible disruption occurs17,22–24. The intestinal epithelium can be 

negatively affected by ER stress induction; unresolved ER stress in the intestinal epithelium is a 

known mediator in the induction of inflammation and damage25. Studies have suggested that 

dysregulation of ER stress-related IRE1α- xbp1signaling causes intestinal cell apoptosis, 

induction of inflammation, Paneth cell dysfunction, and increased susceptibility to colitis-

induced agents25. 

Additionally, recent studies have demonstrated that TLR signaling likely mediates the 

induction of ER stress. For example, lipopolysaccharide (LPS), a known TLR4 agonist, has been 

shown to increase the transcription of xbp1 mRNA in mononuclear cells26 and other ER stress-

associated genes in the lung and liver27–29. Together, these findings prompted us to investigate 

whether there is a possible link between intestinal TLR signaling and DXR induction of ER 

stress. 

Based on our current understanding, we hypothesized that DXR treatment and bacteria-

dependent signaling induce ER stress in the small intestinal epithelium. We administered DXR 

intraperitoneally to induce sequelae of damage and repair in the small intestinal epithelium and 

evaluated the induction of ER stress. The roles of enteric bacterial and intestinal TLR signaling 
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were studied by determining DXR-induced ER stress and apoptosis in germ-free and intestinal-

specific MyD88 TLR signaling-deficient mice, respectively. Our data showed that 1) DXR 

induces ER stress in the small intestinal crypt epithelium during both the damage and repair 

phases, 2) inhibition of ER stress ex vivo protects intestinal enteroids treated with DXR, and 3) 

both intestinal TLR-dependent signaling, and the presence of bacteria may play a role in 

mediating DXR-induced ER stress and subsequent apoptosis in the crypt epithelium. Our 

findings provide progress toward understanding the mechanism of DXR-induced mucositis and 

the role of bacteria-intestinal-mediated signaling in mediating damage. Our data suggest 

interrupting enteric bacterial-intestinal epithelial-mediated signaling mitigates ER stress and 

apoptosis. These findings provide evidence that manipulation of ER stress and enteric bacterial 

signaling may have clinical significance and potential in reducing the side effects of 

chemotherapy-induced mucositis and should be further characterized. 

 

Results 

Doxorubicin (DXR) administration activates the ER stress response in the murine small 

intestine. In the current study, we used a murine damage model utilizing DXR to induce 

reproducible sequelae of damage and repair in the small intestine (Fig. 1A) 10,30. According to 

previous work 10, we expected to observe histological changes corresponding to the induction of 

mucositis marked by two distinct phases: 1) damage, characterized by intestinal epithelial cell 

apoptosis and subsequent crypt loss occurring between 0-72h post DXR treatment; and 2) repair, 

characterized by the restoration of the crypt-villus architecture, increased proliferation, and the 

number of intestinal stem and progenitor cells occurring between 72 and 168h post-treatment. 

Additionally, increased numbers of secretory cells (i.e., Paneth, goblet, and enteroendocrine 
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cells) occur in the repair phase. Changes in mucosal architecture were evaluated in the current 

study by observing H&E-stained sections from mice at various time points after treatment 

(Figure 1. B). Apoptotic bodies were observed at 6 h and 24 h, and crypt loss and degeneration 

loss were observed at both 48 and 72 h post-treatment. Finally, the crypt architecture was 

restored at 120 and 168 h—time points, comparable to control tissues. The ability of DXR to 

induce mucositis is understood; however, whether DXR causes ER stress is not evident; 

therefore, we utilized our validated model to investigate the effects of DXR on ER stress 

activation.  

To date, the kinetics of ER stress activation following DXR administration remains unknown; 

therefore, we investigated the change in expression of two key ER stress-related proteins: BiP 

and phosphorylated IRE1α (Fig. 1D &E). The sensor protein BiP quickly detects the presence of 

misfolded proteins, which then dissociate from inactive IRE1α 20,31–34. BiP-IRE1α dissociation 

leads to autophosphorylation and activation of the kinase/endoribonuclease activity of IRE1α 32. 

Immunoblotting analysis of the BiP protein demonstrated a significant upregulation at 24 h 

following DXR administration, corresponding to the damage phase timeline (Fig. 1D). 

Phosphorylated IRE1α occurred in jejunal tissues collected at 24 and 120 h, which corresponded 

to both damage and repair, respectively. Our data determined that DXR activates the ER stress 

response in the murine small intestine at both the damage and repair phases. 
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Figure 1. A single dose of Doxorubicin (DXR) induces endoplasmic reticulum (ER) stress in 

murine jejunum. A: Schematic representation of the experimental setup and jejunal tissue 

collection. B: Intraperitoneal DXR administration induces reproducible sequelae of mucosal 

damage (6-24h) and repair (120-168 h) in the murine jejunum. Representative H&E images show 

apoptotic bodies (yellow solid arrows), Paneth cell granules (black arrows), and crypt loss 

(dashed red arrows) at various time points after DXR treatment. C: Schematic of the ER stress 

pathway. The schematic shows the different proteins/mRNA transcripts investigated in this 

study. D: A significant increase in BiP protein expression was observed at 24 h, and an 

additional trend of increased BiP was observed at 120 h post-DXR treatment, corresponding to 

both the damage and repair phases. Western blotting for the ER stress marker BIP in jejunal 

crypt epithelial tissues following various times after DXR treatment (n=3 animals per time 

point). Densitometry data were obtained using the Fiji software. Statistical comparison with the 

control group. E: p-IRE1α immunofluorescence signal increased at 24 h and 120 h following 

DXR treatment. Representative immunofluorescence images of the active ER stress marker 

phosphorylated IRE1α (green) in jejunal intestinal tissues. Scale bars = 100µm. Data are 

presented as mean ± SD *** p < 0.001; **** p < 0.0001; one-way ANOVA. 
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DXR causes ER stress in both proliferating and apoptotic crypt epithelial cells. Several studies 

have discussed the role of ER stress in the induction of apoptosis. Under severe ER stress 

conditions, IRE1α mediates apoptosis by degrading the mRNAs and microRNAs of anti-

apoptotic proteins22 and caspases 35. In our model, it was unknown whether ER stress contributed 

to the induction of cell death in the crypt epithelium. Therefore, we investigated whether crypt 

epithelial cells undergoing activated ER stress undergo apoptosis. The crypt intestinal epithelium 

was our focus, as it contains active stem cells that repopulate the intestinal lining after damage. 

We determined immunofluorescent cell positivity for the ER stress marker pIRE1α and the 

apoptosis marker cleaved caspase-3 (c-casp3) in jejunal samples collected 24 h after DXR 

treatment, given that apoptosis was more significant at this time point in our model10. pIRE1α 

protein was localized to the base of the crypt in control tissues and upregulated in ~80% of the 

crypt epithelium after 24 h of DXR treatment (Fig. 2A). As expected, the number of c-casp3-

positive cells was more remarkable in tissues treated with DXR than in the control tissues. We 

found only ~10% of crypt cells with dual positivity for c-casp3 pIRE1α were present in treated 

tissues. Our results suggest that there may be a differential response to ER stress-induced 

apoptosis, given that not all ER-stressed cells in the crypt undergo apoptosis.  

ER stress regulates intestinal epithelial differentiation and proliferation 36,37. For example, studies 

have demonstrated that crypt epithelium-specific ER stress activation causes the loss of self-

renewal and proliferative capacity of stem cells36,38. Therefore, we investigated whether there is a 

relationship between the proliferation and induction of ER stress in crypt epithelial cells 

following DXR treatment. We postulated that cells enduring ER stress would not actively 

proliferate during either the damage (24 h) or repair (120 h) phase. We determined 

immunofluorescent cell positivity for the ER stress marker pIRE1α and the proliferation marker 
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Ki67 in jejunal samples collected 24 and 120 h after DXR treatment, corresponding to the 

damage and repair phases (Fig 2. B). As expected, we observed a decrease in the percentage of 

Ki67 positive cells at 24 h, which returned to control percentages at 120 h. The percentage of 

cells positive for pIRE1α was significantly more significant at 24 and 120 h relative to the 

control samples. The dual positivity percentages for proliferating cells undergoing ER stress 

(Ki67+pIRE1α+) increased at 24 and 120 h relative to control tissues. 

Contrary to our expected outcome, the observed increase in crypt epithelial cells expressing 

pIRE1α and Ki67 at both 24 h and 120 h indicated that ER-stressed cells were still proliferating. 

Our results on cell apoptosis and proliferation indicate the potential dual nature of the ER stress 

response following DXR treatment in the small intestinal epithelium. Mitigating detrimental 

DXR-induced ER stress has therapeutic potential. Therefore, we investigated the role of DXR-

induced ER stress during the damage phase. 
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Figure 2. DXR causes both proliferating and apoptotic crypt epithelial cells to undergo ER 

stress. A: A small subset of ER-stressed crypt epithelial cells underwent apoptosis. 

Representative immunofluorescence images of the apoptotic marker cleaved caspase-3 (CASP3) 

and active ER stress marker (pIRE1α) in the crypt epithelium 24 h after DXR administration 

(n=3 animals). Quantification of positive Casp3 (red) and p-IRE1α cells (green) over total DAPI-

positive cells was determined per crypts (10-15 crypts per animal). Scale bars = 100µm. B: +4 

proliferative (Ki67+) crypt epithelial cells underwent ER stress during both the damage (24 h)  

and repair (120 h) phases. Quantification of positive Ki67+ (magenta) and p-IRE1α+ (green) 

cells over the total DAPI-positive cells was determined per crypts (10-15 crypts per animal). 

Scale bars = 100µm. Data represented as means ± SD *** p < 0.001; **** p < 0.0001; One-Way 

ANOVA. 

 

 

 

 

 

 



 

48 

 

 

 

 



 

49 

 

Amelioration of ER stress protects intestinal crypt epithelial enteroids in culture against DXR 

treatment. To further dissect the role of DXR-induced ER stress in crypt epithelial damage, we 

harvested and cultured small intestinal enteroids and treated them with the ER stress inhibitor 4-

Phenylbutyric acid (PBA). Established, 3-day-old enteroids were pretreated with PBA for 1 h 

prior to exposure to DXR for 24 h (Fig. 3A). The initial and final changes in the area and bud 

number were determined after 24 h of treatment. We observed a significant decrease in the area 

of enteroids in the DXR treatments, which indirectly indicated cell loss. DXR treatments caused 

a decrease in enteroid bud number, which suggests a potential loss of the proliferative capacity of 

intestinal stem cells at the crypt base (Fig. 3B). In enteroids that received PBA pretreatments, we 

observed preservation of the area as well as the retention of buds per enteroids following DXR 

treatment. Our data suggest that, in the absence of bacteria, DXR-induced ER stress may directly 

lead to cell death and ablation of the proliferative capacity of enteroids in the culture. Next, we 

focused on the role of bacteria in DXR-induced ER stress, given that these experiments occur in 

a sterile environment, which may not necessarily reflect what occurs in vivo. 
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Figure 3. Pretreatment with an ER stress inhibitor (PBA) protected intestinal enteroids following 

DXR treatment. A: Schematic of treatments and image acquisition timeline. Three-day-old 

enteroids were treated with 2.5mM PBA or medium for 1 h prior to exposure to DXR for 24h. 

The initial and final changes in enteroid morphology were assessed using light microscopy. B: 

PBA pretreatment mitigated DXR-induced decrease in area and bud loss. Representative bright-

field images of enteroids in cultures from all experimental groups. Individual percentage area 

change, and bud loss plots were determined relative to the 0-hour timepoint. n=3 animals, at least 

10 enteroids measured per condition per animal. Data are represented as ± SD. ***p < 0.001; 

****p < 0.0001; one-way ANOVA. 
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Intestinal-bacterial is necessary for DXR-induced ER stress activation. The microbiome and its 

metabolites are known inducers of ER stress in other organ systems39–42. Therefore, we 

postulated that DXR-induced ER stress might not occur in the small intestinal epithelium in the 

absence of bacteria. To test this, we isolated intestinal crypt epithelium from wild-type (WT) and 

germ-free (GF) mice harvested at various time points following DXR treatment. We evaluated 

changes in ER stress-related mRNA transcript levels of Ern1, Chop, and Atf4 in the intestinal 

crypt epithelium of WT and GF mice after DXR treatment to investigate changes in the ER stress 

response. Upregulation of Ern1, Atf4, and chop mRNA transcripts occurred at both 24 and 120 h 

of DXR treatment in wild-type mice (Fig. 4A), which coincided with an increase in pIRE1α 

protein expression, as previously observed in Figure 1E. As expected, we observed a general 

blunted ER stress response at the mRNA level in GF mice treated with DXR. Our results suggest 

that bacteria and their metabolites play a role in the activation of the ER stress response 

following DXR treatment. We next investigated whether specific intestinal bacterial signaling 

plays a role in mediating DXR-induced ER stress based on our data.  

Intestinal-specific epithelial MyD88 signaling mediates DXR-induced ER stress in the murine 

jejunum. Previous studies have demonstrated that enteric bacterial signaling mediates DXR-

induced damage and inflammation in the small intestine 11,12,43. Well-conserved pattern 

recognition receptors, such as toll-like receptors (TLRs), are responsible for the recognition and 

subsequent innate signaling initiated by the presence of bacteria 13,14 and have been the subject of 

investigation in various damage models. For example, murine models ablating intestinal-TLR- 4, 

2, 9, and MyD88 indicated that bacteria likely exacerbate NSAID and DXR induced-damage6,44. 

This allowed us to determine whether there was a relationship between intestinal-mediated 

MyD88 signaling, DXR induction of ER stress, and apoptosis induction in the crypt epithelium. 
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To characterize the role of bacterial signaling in DXR-induced ER stress, we used an intestinal-

specific MyD88 knockout mouse (Villin-cre; Myd88fl/fl: MyD88ΔIEC). Given that we observed an 

ameliorated ER stress response following DXR treatment in germ-free mice (Fig.4A), we 

postulated that similar results would be observed in intestinal epithelial specific MyD88 

knockouts. To test this, we treated wild-type and MyD88ΔIEC mice with DXR and collected small 

intestinal tissues to assess ER stress and apoptosis induction. Overall, we observed that 

MyD88ΔIEC mice treated with DXR did not exhibit the increase in pIRE1a observed in DXR-

treated WT mice (Fig. 4B). Furthermore, upon closer inspection into the crypt epithelium, we 

observed that following DXR administration, MyD88ΔIEC mice had a decrease in the percentage 

of ER stressed cells (pIRE1α+) cells in apoptosis (c-casp3+), as well as stressed/apoptotic cells 

(c-casp3+, pIRE1α+) compared to WT tissues (Fig. 4D). Our data suggest that intestinal-bacterial 

MyD88 mediated signaling likely mediates DXR-induced ER stress.  
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Figure 4. Bacterial epithelial cell-mediated signaling is necessary for DXR induction of ER 

stress. A: Absence of bacterial blunts DXR-induced ER stress in crypt epithelium. The ER stress 

gene markers ire1a/ern1, atf4, and chop were evaluated in the murine crypt epithelium of germ-

free mice using RT-qPCR (n=3 animals per time point). B: Intestinal MyD88 signaling mediates 

DXR-induced p-IRE1α upregulation. Representative immunofluorescence images of p-IRE1α 

protein (green) in wild-type C57B/L6 and MyD88ΔIEC mice treated with DXR. In wild-type 

animals, p-IRE1α signaling is present throughout the intestinal tissue, whereas in MyD88ΔIEC 

mice, p-IRE1α is limited to the villus epithelium and lamina propria (white arrows) and scarcely 

in the crypt epithelium. Scale bars = 100µm. C: Intestinal MyD88 signaling mediates DXR-

induced ER stress and apoptosis in the crypt epithelium. Representative immunofluorescence 

images of the apoptosis marker cleaved caspase-3 (CASP3) and the active ER stress marker 

(pIRE1α) in the crypt epithelium 24 h after DXR (n=3) in WT and MyD88ΔIEC mice. 

Quantification of positive Casp3 (red) and p-IRE1α cells (green) over total DAPI positive cells 

were determined per crypts (10-15 crypts per animal). Scale bars = 100µm. Data are represented 

as mean ± SD *** p < 0.001; **** p < 0.0001; one-way ANOVA, repeated measures 2-Way 

ANOVA. 
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Methods 

Experimental Animals. Conventional C57BL6/J mice were bred at North Carolina State 

University, and the experiments were performed with the approval of the Institutional Animal 

Care and Use Committee (AICUC) of North Carolina State University. Intestinal specific 

MyD88 deficient mice (MyD88ΔIEC) were generated in house; loxP-flanked MyD88 (MyD88fl/fl) 

animals were crossed with transgenic mice expressing constitutive Cre recombinase under 

control of the intestinal specific gene Villin (Villincre). Germ-free mice were obtained from the 

Center for Gastrointestinal Biology and Disease Gnotobiotic (CGBD) Animal Core at the North 

Carolina State University. All experiments were performed on animals aged 18–20-week-old. 

The sample size for each experiment is indicated in the figure legends and is individually 

represented in the figure panels.   

 

Doxorubicin Injection. C57BL/J mice (n=3 per treatment timepoint) were injected with a single 

intraperitoneal dose of doxorubicin HCL at 20 mg/kg body weight (Actavis Pharma, New Jersey, 

USA) to induce acute small intestinal damage as previously described1–4. As per the IACUC 

protocol, mouse weights were monitored following DXR treatment and mice were euthanized if 

>20% weight loss was observed. Mice were sacrificed at 6, 12, 24, 48, 72, 96, 120, and 168 h 

post-injection. Non-injected liter mates were used as controls; previous studies have 

demonstrated that there are no significant differences between saline and non-injected controls1.  

Isolation of jejunum and crypt isolation. The jejunum tissues were harvested and immediately 

flushed with ice-cold 1X calcium and magnesium-free PBS following euthanasia. Crypts were 

isolated as previously described5. The jejunal tissue was cut lengthwise and incubated in 30mM 

EDTA (pH7.4) on ice for 30 min. Mechanical dissociation of crypts from the lamina propria was 
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performed in calcium-and magnesium free 1X PBS. Crypts were separated from the villi by 

passaging the solution through a 70µm cell strainer. 

 

RNA Extraction and Real time Quantitative PCR (qRT-PCR). Isolated jejunal crypts were 

lysed to isolate RNA using a PureLink RNA kit (1218301, Ambion, Austin, TX, USA) following 

the manufacturer’s instructions. The quantity and quality of isolated RNA were assessed using a 

NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, USA). cDNA was synthesized 

using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the 

manufacturer’s instructions. qRT-PCR analysis was performed using TaqMan Universal Master 

Mix II with UNG (Applied Biosystems) and QuantStudio 6 PCR system (Thermo Fisher) in 

conjunction with the following TaqMan probes: actb (04394036_g1), ern1 (Mm00470233_m1), 

atf4 (Mm00515325_g1), and chop (Mm01135937_g1). PCR data were normalized to β-actin for 

each sample and expressed as fold change relative to control tissues using the ΔΔCT method. 

 

Western Blot Analysis. The expression of BiP/Grp78 ER stress-related proteins was assessed 

using western blotting. Isolated jejunal crypts were homogenized in complete RIPA lysis buffer 

(200mM PMSF, protease inhibitor cocktail and 100mM sodium orthovanadate; Santa Cruz 

Biotechnology) according to the manufacturer's instructions. 20µg/well of Protein samples were 

separated using 4-20% gradient polyacrylamide Mini-PROTEIN TGX gels (Bio-Rad). Separated 

proteins were transferred to PVDF nitrocellulose membranes using the Trans-Blot Turbo Mini 

PVDF transfer kit (Bio-Rad) and blocked with 5% non-fat milk in 1x PBS-Tween 20 (TBST) for 

1 h. Membranes were washed with 1x TBST prior to the addition of the primary antibodies anti-

BIP (1:1000, catalog #ab21685) and anti-β-actin (1:1000, catalog #ab115777) in 1x TBST 
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overnight. The membranes were incubated with horseradish peroxidase-linked secondary anti-

rabbit IgG (1:5000, catalog #7074) for 1 h. PierceTM ECL substrate (catalog # 32106, Thermo 

Fisher Scientific, Waltham, MA) was added to the membranes, and chemiluminescence was 

detected using a Bio-Rad Gel Doc Imaging System (Bio-Rad). Images were analyzed using the 

Fiji software (National Institute of Health, Bethesda, MD). 

 

Histology. Changes in the architecture of jejunal crypt-villi were evaluated by histological 

observation. Murine jejunal tissues were formalin-fixed, embedded in paraffin, and stained with 

hematoxylin and eosin (H&E) at the Histology Laboratory of NC State University. 

 

Immunofluorescent Staining. The slides were incubated in Histo-Clear (National Diagnostics) 

for 15 min to remove paraffin and then rehydrated at room temperature (RT). Heat-induced 

epitope retrieval was performed by submerging the slides into sodium citrate for 30 s at 120 °C 

and 90 °C for 10 s inside a pressure cooker. The tissues were permeabilized by incubating the 

slides in a solution of 0.3# Triton X-100 in PBS. The slides were then blocked with 3% BSA in 

1x PBS for 1 h at RT. The sections were washed and incubated with the primary antibody 

pIRE1α (1:500, catalog #PA1-16927) overnight at 4 °C. The slides were washed in 1X PBS and 

incubated with anti-mouse Alexa Fluor 488 (1:250; catalog # A11008) secondary antibody for 1 

h. The slides were washed, and the nuclei were counterstained with DAPI Fluoromount 

(Southern Biotech).  The fluorescent multiplex and tyramine signal amplification system was 

used to stain tissues that required the use of the same host antibodies. Following incubation with 

the primary antibody, the slides were washed in TBS-T and incubated in host-specific HRP 

Signal Stain Boost solution for 30 min. A fluorophore-conjugated tyramine signal amplification 
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reagent was added for 10 min. Slides were stripped by boiling the slides at 95 °C in Signal Stain 

Citrate Unmasking Solution (Cell Signaling Technology) for 10 min. Primary antibodies anti-

cleaved capase-3 (1:400; catalog #9579) and anti-ki67 (1:500; catalog #MA5-14520) were 

applied to separate slide sets previously incubated with the anti-IRE1α antibody. A color-specific 

fluorophore-conjugated tyramine signal reagent was added for 10 min. The slides were then 

stained with DAPI Fluoromount (Southern Biotech) and mounted using Hydromount (National 

Diagnostics). Images were acquired with an inverted fluorescence microscope (Olympus IX83). 

The percentages of Ki67, C-Casp3, and pIRE1α and dual positivity were determined blindly. The 

crypts analyzed were selected on the basis of a continuous layer of epithelium from the base of 

the crypt to the villus. 

 

Crypt culture, PBA and DXR treatment. Isolated crypts were seeded in 48 well plates at a 

density of 100 crypts per 20µL of Matrigel (Corning). Enteroids were cultured for three days to 

allow them to be established. The medium contained the following components: advanced 

DMEM/F12 (Invitrogen), 1x N2 (Gibco), 50ng/mL recombinant EGF (R&D Systems), 500 

ng/mL R-spondin 1 (R&D Systems), 1x B27 (Gibco), 100 ng/mL recombinant Noggin 

(Peprotech), 10µM HEPES (Gibco), 1x GlutaMAX (Gibco), and 500 µg/mL penicillin-

streptomycin (Gibco). After 3 days of culture, enteroids were divided into four treatment groups: 

media alone, PBA, DXR, and PBA/DXR. Enteroids designated under the PBA group received 1 

h of 2.5mM 4-phenylbutyrate (PBA), and only enteroids designated as PBA/DXR received an 

addition of DXR for 24 h. Enteroids in the media alone group received fresh media, and DXR-

designated enteroids received 24h with 4ng/µL DXR. 
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Statistics. All quantitative data are presented as mean ± standard deviation. Welch’s t-test and 

One-Way ANOVA analysis of variance were used to determine the statistical differences 

between two or more groups, respectively. Statistical analysis was performed using the 

GraphPad Prism software (version 9.0; GraphPad, San Diego, CA, USA). Statistical significance 

was set at P < 0.05. 

 

Discussion 

There is an urgent need to develop strategies to mitigate the intestinal damage caused by 

the cytotoxic effects of DXR on the small intestinal epithelium. Understanding the cellular 

mechanisms that induce DXR cell loss and increase barrier permeability10,45–47can be used to 

develop therapeutics against DXR induction of damage. Enteric bacteria have contributed to the 

damage and pro-inflammatory responses by DXR in the small intestine11,12. In addition, current 

literature discusses the role of ER stress in mediating inflammation25,48–50, damage in the 

intestine22,35,51,52, and the contribution of bacterial antigens to the induction of ER stress in other 

organs and cell types39,53 54,55. The primary goal of the current study was to characterize the roles 

of DXR, enteric bacteria, and intestinal-mediated MyD88 TLR signaling in ER stress and 

intestinal damage. We found that1) DXR induces ER stress in the murine small intestine and is 

prominent in both the damage and repair phases; 2) ER stress inhibition ex vivo protects 

intestinal enteroids against DXR treatment, and 3) DXR-induced ER stress activation is 

dependent on the presence of enteric bacteria and intestinal specific MyD88 dependent TLR 

signaling. We report that DXR-induced ER stress is mediated by enteric bacteria and/or their 

products via intestinal-specific MyD88-dependent TLR signaling. Targeting this cell mechanism 
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could have potential therapeutic value in reducing DXR-induced damage, given that ER stress is 

known to increase apoptosis and inflammation22,35,51,52,56.  

The induction of mucositis following DXR administration is well understood; however, 

the specific small intestinal bacteria-mediated signaling that causes further damage is lacking. 

The current mechanism of action of DXR involves topoisomerase II poisoning, which elicits 

DNA breaks and subsequent apoptosis57. DXR-induced damage in the murine intestine is evident 

from the induction of apoptosis, decreased number of crypts, and decreased proliferative index10. 

However, significant damage, crypt loss, and villus shrinkage were not observed until 72 h after 

DXR treatment10, suggesting a secondary mechanism that mediates further intestinal damage. 

Using our damage model, we determined that ER stress induction was more pronounced during 

both damage and repair timelines, which may point to the dynamic nature of the ER stress 

response:  UPR activation as a result of ER stress mediates cell adaptations to encourage survival 

or to encourage death upon irreversible disruption22,24,58,59. DXR-induced DNA damage and 

subsequent alterations in protein synthesis and folding may contribute to the damage associated 

with pathological ER stress. Initial ER stress may be responsible for mediating cell death by 

irreversible disruption22,23. During repair, following the clearance of DXR, ER stress may be 

induced to encourage survival via increased protein chaperone synthesis and the elimination of 

misfolded or incorrectly folded proteins16,18,60.  

We observed that DXR treatment caused an overall increase in the percentage of ER-

stressed crypt cells during damage and repair. Interestingly, we observed that out of the total 

crypt cells counted, there was a small subset of ER-stressed cells undergoing apoptosis and a 

subset of ER-stressed cells still actively proliferating in both the damage and repair phases. Our 

observations suggest that there may be a differential sensitivity to ER stress-induced cell death 
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and proliferation. ER stress markers are abundant in differentiated cells and absent in stem 

cells36. The threshold and ability to manage ER stress may dictate whether a cell remains in the 

cell cycle or undergoes apoptosis24,61,62. For example, in our damage model,  Paneth cells did not 

undergo apoptosis following DXR treatment compared to active intestinal stem cells, which 

quickly succumbed to apoptosis30. It is plausible that Paneth cells are better suited for managing 

large quantities of proteins without eliciting pathological ER stress because of their adapted 

secretory apparatus. 

In contrast, active intestinal stem cells are sensitive to ER stress; ER stress induction in 

enteroids causes loss of the stem cell signature and regenerative capacity30. Our ex vivo 

experiments demonstrated the protective effects of PBA against DXR treatment. Inhibition of ER 

stress prior to DXR exposure ameliorated the decrease in enteroid area and loss of bud number. 

Our results suggest that the inhibition of ER stress in our damage model may aid in preserving 

the proliferative capacity of the intestinal crypt epithelium. Further studies are needed to address 

the behavior of individual ER-stressed crypt cell populations and their contribution to mucosal 

damage and repair. 

Disruption of the first line of defense and the physical barrier separating the self from 

enteric luminal content presents a threat and can lead to the induction of damage63–65. Our lab has 

previously demonstrated that damage, crypt loss, and loss of regenerative capacity in the small 

intestine are associated with the presence of enteric bacteria12. Our model's specific cellular 

mechanism mediating bacteria-dependent damage is currently not understood. DXR is known to 

increase intestinal permeability in the small murine intestine47,63. A permeable barrier may allow 

bacteria and/or their products to interact physically with the epithelium and elicit subsequent 

intestinal-specific TLR signaling. TLR stimulation and induction of ER stress have been reported 
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in sepsis models and in various cell types, including B and dendritic cells39,53–55. Therefore, we 

postulated that intestinal TLR signaling mediated DXR-induced ER stress. Our data suggest that 

the presence of enteric bacteria and intestinal MyD88 TLR signaling play a role in DXR-induced 

ER stress and apoptosis in the crypt epithelium. One limitation of our study was the use of germ-

free animals to determine the role of enteric bacteria in inducing intestinal ER stress. The 

microbiota plays a pivotal role in shaping baseline immune response and tolerance66,67. Thus, it is 

difficult to differentiate between the roles of bacteria and immune-mediated immune responses 

during DXR-induced ER stress. To this end, we utilized a mouse model with intestinal-specific 

deletion of MyD88-dependent TLR (MyD88ΔIEC) signaling to elucidate further the role of enteric 

bacteria on DXR induction of ER stress. Our findings using germ-free and MyD88ΔIEC mice 

were comparable; DXR treatment did not elicit a robust ER stress response in the murine small 

intestine, similar to that observed in conventional mice. Based on our data, we postulate that 

enteric bacteria activate intestinal MyD88 TLR-dependent signaling in our model to elicit 

pathological ER stress activation. Future investigation should characterize the specific enteric 

bacteria that activate pathological ER stress and apoptosis in the small intestine.  

The maintenance and function of the small intestine rely on adequate activation and 

regulation of the UPR and ER stress response32,68,69. Chemical inhibitors 4-phenylbutyrate (PBA) 

and tauroursodeoxycholic acid (TUDCA) have great potential in ameliorating ER stress-related 

pathologies70,71. Therefore, future experiments will investigate the effects of ER stress ablation 

by PBA pretreatment on DXR-induced intestinal damage in vivo. Additionally, future 

investigations should illustrate the role of DXR, the composition of enteric bacteria, and 

subsequent effects on pathological ER stress induction. To this end, some aspects require 

consideration: 1) DXR is an antibiotic derived from Streptomyces peucetius var. casieus72 and 
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can directly target rapidly dividing enteric bacteria. DXR-induced dysbiosis could alter the 

severity of ER stress induction and subsequent intestinal mucosal damage. Intestinal dysbiosis 

occurs alongside the induction of ER stress in various IBD models73–77. Identifying and targeting 

potential bacteria-derived antigens that elicit pathological ER stress have tremendous therapeutic 

potential. 2) The presence of DXR and its derivatives is dependent on modifications by the liver 

and enteric bacteria. For example, bacteria-derived β-glucuronidase activates chemotherapeutics 

cytotoxicity 78–80, while Enterobacteriaceae81 and Actinobacteriota inactivate it via 

deglycosylation82. The effects of DXR’s derivatives on ER stress induction in the intestine 

should be delineated.  

Our findings on the role of bacteria and DXR on the induction of pathological ER stress 

can be used to develop therapeutics that ameliorate DXR-induced intestinal damage. Future 

research should focus on determining the specific bacteria and/or products that encourage ER 

stress resolution. This information can aid in developing and formulating probiotics that can be 

administered before DXR exposure. These preventative measures can potentially improve cancer 

treatment outcomes and patients' quality of life. 

 

 

 

 

 

 

 

 



 

65 

 

References 

1. Norris, B. et al. Phase III comparative study of vinorelbine combined with doxorubicin 

versus doxorubicin alone in disseminated metastatic/recurrent breast cancer: National Cancer 

Institute of Canada Clinical Trials Group Study MA8. J. Clin. Oncol. Off. J. Am. Soc. Clin. 

Oncol. 18, 2385–2394 (2000). 

2. Coiffier, B. et al. Long-term outcome of patients in the LNH-98.5 trial, the first randomized 

study comparing rituximab-CHOP to standard CHOP chemotherapy in DLBCL patients: a 

study by the Groupe d’Etudes des Lymphomes de l’Adulte. Blood 116, 2040–2045 (2010). 

3. Borden, E. C. et al. Randomized comparison of three adriamycin regimens for metastatic 

soft tissue sarcomas. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 5, 840–850 (1987). 

4. Dahlgren, D., Sjöblom, M., Hellström, P. M. & Lennernäs, H. Chemotherapeutics-Induced 

Intestinal Mucositis: Pathophysiology and Potential Treatment Strategies. Front. Pharmacol. 

12, (2021). 

5. Peterson, D. E., Bensadoun, R.-J., Roila, F., & ESMO Guidelines Working Group. 

Management of oral and gastrointestinal mucositis: ESMO Clinical Practice Guidelines. Ann. 

Oncol. Off. J. Eur. Soc. Med. Oncol. 22 Suppl 6, vi78-84 (2011). 

6. Kaczmarek, A., Brinkman, B. M., Heyndrickx, L., Vandenabeele, P. & Krysko, D. V. 

Severity of doxorubicin-induced small intestinal mucositis is regulated by the TLR-2 and 

TLR-9 pathways. J. Pathol. 226, 598–608 (2012). 

7. Villa, A. & Sonis, S. T. Mucositis: pathobiology and management. Curr. Opin. Oncol. 27, 

159–164 (2015). 

8. Sepsis-Associated Outcomes in Critically Ill Patients with Malignancies - ProQuest. 

https://search-proquest-com.prox.lib.ncsu.edu/docview/1710923250?pq-origsite=360link. 



 

66 

 

9. Potten, C. S. & Grant, H. K. The relationship between ionizing radiation-induced apoptosis 

and stem cells in the small and large intestine. Br. J. Cancer 78, 993–1003 (1998). 

10. Dekaney, C. M., Gulati, A. S., Garrison, A. P., Helmrath, M. A. & Henning, S. J. 

Regeneration of intestinal stem/progenitor cells following doxorubicin treatment of mice. 

Am. J. Physiol. Gastrointest. Liver Physiol. 297, G461-470 (2009). 

11. Carr, J. S., King, S. & Dekaney, C. M. Depletion of enteric bacteria diminishes leukocyte 

infiltration following doxorubicin-induced small intestinal damage in mice. PLOS ONE 12, 

e0173429 (2017). 

12. Rigby, R. J. et al. Intestinal bacteria are necessary for doxorubicin-induced intestinal damage 

but not for doxorubicin-induced apoptosis. Gut Microbes 7, 414–423 (2016). 

13. Abreu, M. T., Fukata, M. & Arditi, M. TLR Signaling in the Gut in Health and Disease. J. 

Immunol. 174, 4453–4460 (2005). 

14. Cario, E. Bacterial interactions with cells of the intestinal mucosa: Toll-like receptors and 

NOD2. Gut 54, 1182–1193 (2005). 

15. Krysko, D. V. et al. TLR-2 and TLR-9 are sensors of apoptosis in a mouse model of 

doxorubicin-induced acute inflammation. Cell Death Differ. 18, 1316–1325 (2011). 

16. Araki, K. & Nagata, K. Protein Folding and Quality Control in the ER. Cold Spring Harb. 

Perspect. Biol. 3, a007526 (2011). 

17. Ron, D. & Walter, P. Signal integration in the endoplasmic reticulum unfolded protein 

response. Nat. Rev. Mol. Cell Biol. 8, 519–529 (2007). 

18. Bukau, B., Weissman, J. & Horwich, A. Molecular chaperones and protein quality control. 

Cell 125, 443–451 (2006). 



 

67 

 

19. Chen, X., Shen, J. & Prywes, R. The Luminal Domain of ATF6 Senses Endoplasmic 

Reticulum (ER) Stress and Causes Translocation of ATF6 from the ER to the Golgi∗. J. Biol. 

Chem. 277, 13045–13052 (2002). 

20. Bertolotti, A., Zhang, Y., Hendershot, L. M., Harding, H. P. & Ron, D. Dynamic interaction 

of BiP and ER stress transducers in the unfolded-protein response. Nat. Cell Biol. 2, 326–332 

(2000). 

21. Liu, C. Y., Schröder, M. & Kaufman, R. J. Ligand-independent Dimerization Activates the 

Stress Response Kinases IRE1 and PERK in the Lumen of the Endoplasmic Reticulum*. J. 

Biol. Chem. 275, 24881–24885 (2000). 

22. Logue, S. E., Cleary, P., Saveljeva, S. & Samali, A. New directions in ER stress-induced cell 

death. Apoptosis Int. J. Program. Cell Death 18, 537–546 (2013). 

23. Gardner, B. M., Pincus, D., Gotthardt, K., Gallagher, C. M. & Walter, P. Endoplasmic 

reticulum stress sensing in the unfolded protein response. Cold Spring Harb. Perspect. Biol. 

5, a013169 (2013). 

24. Lin, J. H. et al. IRE1 Signaling Affects Cell Fate During the Unfolded Protein Response. 

Science 318, 944–949 (2007). 

25. Kaser, A. et al. XBP1 links ER stress to intestinal inflammation and confers genetic risk for 

human inflammatory bowel disease. Cell 134, 743–756 (2008). 

26. Roach, J. C. et al. Transcription factor expression in lipopolysaccharide-activated peripheral-

blood-derived mononuclear cells. Proc. Natl. Acad. Sci. 104, 16245–16250 (2007). 

27. Goodall, J. C., Ellis, L., Yeo, G. S. H. & Gaston, J. S. H. Does HLA-B27 influence the 

monocyte inflammatory response to lipopolysaccharide? Rheumatology 46, 232–237 (2007). 



 

68 

 

28. Endo, M., Oyadomari, S., Suga, M., Mori, M. & Gotoh, T. The ER Stress Pathway Involving 

CHOP Is Activated in the Lungs of LPS-Treated Mice. J. Biochem. (Tokyo) 138, 501–507 

(2005). 

29. Zhang, K. et al. Endoplasmic Reticulum Stress Activates Cleavage of CREBH to Induce a 

Systemic Inflammatory Response. Cell 124, 587–599 (2006). 

30. King, S. L., Mohiuddin, J. J. & Dekaney, C. M. Paneth cells expand from newly created and 

preexisting cells during repair after doxorubicin-induced damage. Am. J. Physiol. 

Gastrointest. Liver Physiol. 305, G151-162 (2013). 

31. Okamura, K., Kimata, Y., Higashio, H., Tsuru, A. & Kohno, K. Dissociation of Kar2p/BiP 

from an ER sensory molecule, Ire1p, triggers the unfolded protein response in yeast. 

Biochem. Biophys. Res. Commun. 279, 445–450 (2000). 

32. Pincus, D. et al. BiP binding to the ER-stress sensor Ire1 tunes the homeostatic behavior of 

the unfolded protein response. PLoS Biol. 8, e1000415 (2010). 

33. Gülow, K., Bienert, D. & Haas, I. G. BiP is feed-back regulated by control of protein 

translation efficiency. J. Cell Sci. 115, 2443–2452 (2002). 

34. Morris, J. A., Dorner, A. J., Edwards, C. A., Hendershot, L. M. & Kaufman, R. J. 

Immunoglobulin Binding Protein (BiP) Function Is Required to Protect Cells from 

Endoplasmic Reticulum Stress but Is Not Required for the Secretion of Selective Proteins*. 

J. Biol. Chem. 272, 4327–4334 (1997). 

35. Hassler, J., Cao, S. S. & Kaufman, R. J. IRE1, a double-edged sword in pre-miRNA slicing 

and cell death. Dev. Cell 23, 921–923 (2012). 

36. Heijmans, J. et al. ER Stress Causes Rapid Loss of Intestinal Epithelial Stemness through 

Activation of the Unfolded Protein Response. Cell Rep. 3, 1128–1139 (2013). 



 

69 

 

37. Berger, E. et al. Mitochondrial function controls intestinal epithelial stemness and 

proliferation. Nat. Commun. 7, 13171 (2016). 

38. van Lidth de Jeude, J. F. et al. Heterozygosity of Chaperone Grp78 Reduces Intestinal Stem 

Cell Regeneration Potential and Protects against Adenoma Formation. Cancer Res. 78, 

6098–6106 (2018). 

39. Akazawa, Y. et al. Endoplasmic reticulum stress contributes to Helicobacter pylori VacA-

induced apoptosis. PloS One 8, e82322 (2013). 

40. Pillich, H., Loose, M., Zimmer, K.-P. & Chakraborty, T. Activation of the unfolded protein 

response by Listeria monocytogenes. Cell. Microbiol. 14, 949–964 (2012). 

41. Gekara, N. O., Groebe, L., Viegas, N. & Weiss, S. Listeria monocytogenes desensitizes 

immune cells to subsequent Ca2+ signaling via listeriolysin O-induced depletion of 

intracellular Ca2+ stores. Infect. Immun. 76, 857–862 (2008). 

42. Paton, A. W. et al. AB5 subtilase cytotoxin inactivates the endoplasmic reticulum chaperone 

BiP. Nature 443, 548–552 (2006). 

43. Sheahan, B. J., Theriot, C. M., Cortes, J. E. & Dekaney, C. M. Prolonged oral antimicrobial 

administration prevents doxorubicin-induced loss of active intestinal stem cells. Gut 

Microbes 14, 2018898 (2022). 

44. Watanabe, T. et al. Non-steroidal anti-inflammatory drug-induced small intestinal damage is 

Toll-like receptor 4 dependent. Gut 57, 181–187 (2008). 

45. Ijiri, K. & Potten, C. S. Response of intestinal cells of differing topographical and 

hierarchical status to ten cytotoxic drugs and five sources of radiation. Br. J. Cancer 47, 

175–185 (1983). 



 

70 

 

46. Moore, J. V. Clonogenic response of cells of murine intestinal crypts to 12 cytotoxic drugs. 

Cancer Chemother. Pharmacol. 15, 11–15 (1985). 

47. Cray, P., Sheahan, B. J., Cortes, J. E. & Dekaney, C. M. Doxorubicin increases permeability 

of murine small intestinal epithelium and cultured T84 monolayers. Sci. Rep. 10, 21486 

(2020). 

48. Adolph, T.-E., Niederreiter, L., Blumberg, R. S. & Kaser, A. Endoplasmic Reticulum Stress 

and Inflammation. Dig. Dis. 30, 341–346 (2012). 

49. Kaser, A. & Blumberg, R. S. Endoplasmic reticulum stress and intestinal inflammation. 

Mucosal Immunol. 3, 11–16 (2010). 

50. Yoshida, H. ER stress and diseases. FEBS J. 274, 630–658 (2007). 

51. Sophonnithiprasert, T., Mahabusarakam, W., Nakamura, Y. & Watanapokasin, R. 

Goniothalamin induces mitochondria-mediated apoptosis associated with endoplasmic 

reticulum stress-induced activation of JNK in HeLa cells. Oncol. Lett. 13, 119–128 (2017). 

52. Lee, E. S. et al. Chemical chaperones reduce ionizing radiation-induced endoplasmic 

reticulum stress and cell death in IEC-6 cells. Biochem. Biophys. Res. Commun. 450, 1005–

1009 (2014). 

53. Wang, Y. et al. Toll-like receptor 4-mediated endoplasmic reticulum stress induces intestinal 

paneth cell damage in mice following CLP-induced sepsis. Sci. Rep. 12, 1–10 (2022). 

54. Genestier, L. et al. TLR agonists selectively promote terminal plasma cell differentiation of 

B cell subsets specialized in thymus-independent responses. J. Immunol. Baltim. Md 1950 

178, 7779–7786 (2007). 

55. Woo, C. W. et al. Adaptive suppression of the ATF4–CHOP branch of the unfolded protein 

response by toll-like receptor signalling. Nat. Cell Biol. 11, 1473–1480 (2009). 



 

71 

 

56. Marciniak, S. J. et al. CHOP induces death by promoting protein synthesis and oxidation in 

the stressed endoplasmic reticulum. Genes Dev. 18, 3066–3077 (2004). 

57. Burden, D. A. & Osheroff, N. Mechanism of action of eukaryotic topoisomerase II and drugs 

targeted to the enzyme. Biochim. Biophys. Acta 1400, 139–154 (1998). 

58. Ron, D. & Walter, P. Signal integration in the endoplasmic reticulum unfolded protein 

response. Nat. Rev. Mol. Cell Biol. 8, 519–529 (2007). 

59. Gardner, B. M. & Walter, P. Unfolded Proteins are Ire1-Activating Ligands that Directly 

Induce the Unfolded Protein Response. Science 333, 1891–1894 (2011). 

60. Sitia, R. & Braakman, I. Quality control in the endoplasmic reticulum protein factory. Nature 

426, 891–894 (2003). 

61. Cao, S. S. & Kaufman, R. J. Endoplasmic reticulum stress and oxidative stress in cell fate 

decision and human disease. Antioxid. Redox Signal. 21, 396–413 (2014). 

62. Hetz, C. The unfolded protein response: controlling cell fate decisions under ER stress and 

beyond. Nat. Rev. Mol. Cell Biol. 13, 89–102 (2012). 

63. Z. SUN, R. A., X. WANG, R. WALLEN, X. DENG, X. DU, E. HALLBERG. The Influence 

of Apoptosis on Intestinal Barrier Integrity in Rats. Scand. J. Gastroenterol. 33, 415–422 

(1998). 

64. Xu, Y., Shrestha, N., Préat, V. & Beloqui, A. Overcoming the intestinal barrier: A look into 

targeting approaches for improved oral drug delivery systems. J. Controlled Release 322, 

486–508 (2020). 

65. Moens, E. & Veldhoen, M. Epithelial barrier biology: good fences make good neighbours. 

Immunology 135, 1–8 (2012). 



 

72 

 

66. Round, J. L. & Mazmanian, S. K. The gut microbiota shapes intestinal immune responses 

during health and disease. Nat. Rev. Immunol. 9, 313–323 (2009). 

67. Cebra, J. J. Influences of microbiota on intestinal immune system development. Am. J. Clin. 

Nutr. 69, 1046S-1051S (1999). 

68. Coleman, O. I. & Haller, D. ER Stress and the UPR in Shaping Intestinal Tissue 

Homeostasis and Immunity. Front. Immunol. 10, (2019). 

69. Okumura, R. & Takeda, K. Roles of intestinal epithelial cells in the maintenance of gut 

homeostasis. Exp. Mol. Med. 49, e338 (2017). 

70. Berger, E. & Haller, D. Structure-function analysis of the tertiary bile acid TUDCA for the 

resolution of endoplasmic reticulum stress in intestinal epithelial cells. Biochem. Biophys. 

Res. Commun. 409, 610–615 (2011). 

71. Iannitti, T. & Palmieri, B. Clinical and Experimental Applications of Sodium 

Phenylbutyrate. Drugs R. D. 11, 227–249 (2011). 

72. Malla, S., Niraula, N. P., Singh, B., Liou, K. & Sohng, J. K. Limitations in doxorubicin 

production from Streptomyces peucetius. Microbiol. Res. 165, 427–435 (2010). 

73. Rigottier-Gois, L. Dysbiosis in inflammatory bowel diseases: the oxygen hypothesis. ISME 

J. 7, 1256–1261 (2013). 

74. Tamboli, C. P., Neut, C., Desreumaux, P. & Colombel, J. F. Dysbiosis in inflammatory 

bowel disease. Gut 53, 1–4 (2004). 

75. Fijlstra, M. et al. Substantial decreases in the number and diversity of microbiota during 

chemotherapy-induced gastrointestinal mucositis in a rat model. Support. Care Cancer Off. 

J. Multinatl. Assoc. Support. Care Cancer 23, 1513–1522 (2015). 



 

73 

 

76. Ke, X. et al. Gut bacterial metabolites modulate endoplasmic reticulum stress. Genome Biol. 

22, 292 (2021). 

77. Coleman, O. I. et al. Activated ATF6 Induces Intestinal Dysbiosis and Innate Immune 

Response to Promote Colorectal Tumorigenesis. Gastroenterology 155, 1539-1552.e12 

(2018). 

78. Wallace, B. D. et al. Alleviating cancer drug toxicity by inhibiting a bacterial enzyme. 

Science 330, 831–835 (2010). 

79. Roberts, A. B., Wallace, B. D., Venkatesh, M. K., Mani, S. & Redinbo, M. R. Molecular 

insights into microbial β-glucuronidase inhibition to abrogate CPT-11 toxicity. Mol. 

Pharmacol. 84, 208–217 (2013). 

80. Wallace, B. D. et al. Structure and Inhibition of Microbiome β-Glucuronidases Essential to 

the Alleviation of Cancer Drug Toxicity. Chem. Biol. 22, 1238–1249 (2015). 

81. Yan, A. et al. Transformation of the Anticancer Drug Doxorubicin in the Human Gut 

Microbiome. ACS Infect. Dis. 4, 68–76 (2018). 

82. Westman, E. L. et al. Bacterial Inactivation of the Anticancer Drug Doxorubicin. Chem. 

Biol. 19, 1255–1264 (2012). 

 

 

 

 

 

 

 



 

74 

 

 

 

 

CHAPTER 3 

 

 

 

 

 

 

 

 

 

 

 

 

Doxorubicin-induced ER stress increases mitochondrial-derived reactive oxygen species 

and decreases the proliferative and clonogenic capacity of IEC-6 cells 
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Abstract  

Doxorubicin (DXR) is one of the most potent chemotherapeutic agents used to treat various 

cancers. However, the cytotoxic effect of DXR on normal intestinal epithelium leads to the 

discontinuation of the chemotherapy regimen. Clinical demonstrations of gastrointestinal 

cytotoxicity include vomiting, nausea, and mucosal ulceration, which may render the patient 

susceptible to sepsis. Using a murine damage model, our lab has demonstrated that there is a 

sequela of damage and repair in the small intestine after administering a single dose of DXR. 

Rapid DNA damage and apoptotic responses occur early following DXR treatment, which 

proceeds by a gradual loss of the intestinal crypt epithelium. The cellular mechanisms involved 

in gradually losing the intestinal crypt epithelium are poorly understood. Emerging research in 

the murine intestine has suggested that the endoplasmic reticulum (ER) stress response regulates 

proliferation, redox status, cell survival, barrier function, and induction of inflammation. 

However, there is limited information on the role of ER stress response in mediating DXR-

induced intestinal damage. In the current study, we utilized an in vitro model of DXR-induced 

damage to investigate the kinetics of ER stress activation, induction of apoptosis, reactive 

oxygen species (ROS) generation, and proliferative and clonogenic capacity of IEC-6 cells. We 

determined that DXR-induced ER stress does not play a role in the induction of DNA damage 

and apoptosis but in the generation of mitochondrial ROS and upregulation in cell cycle marker 

p21. Additionally, we determined that ER stress decreases the proliferative and clonogenic 

capacity of IEC-6 cells during recovery.  
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Introduction 

The intestinal epithelium is susceptible to cytotoxic-induced damage because of its high 

proliferative capacity1. Cytotoxic agents, such as doxorubicin (DXR), elicit practical cancer-

killing functions, affecting intestinal epithelium. DXR-induced mucosal damage is observed in 

40% of human patients undergoing standard-dose chemotherapy2,3 and 100% of patients 

receiving high-dose chemotherapy3. Unintended cell death of non-cancerous epithelium4,5 

contributes to an increase in barrier permeability and intestinal bacterial translocation, which 

may account for the 10-fold increase in the incidence of life-threatening sepsis in cancer patients 

6. Therefore, identifying cellular mechanisms that regulate cell loss are promising targets to 

mitigate chemotherapy-induced damage and enhance the repair of the intestinal lining. 

Murine models have been widely used to understand better intestinal damage observed in 

humans. Our lab and others have demonstrated that in mice, DXR induces DNA damage, crypt 

epithelial apoptosis, intestinal barrier permeability7, gradual crypt loss, and villus blunting4,5,8. 

DNA damage occurs rapidly following DXR treatment, and no significant intestinal crypt cell 

loss is observed until 72 h8. This gradual loss of intestinal crypt cells suggests that a secondary 

pathway may be responsible for cell loss in addition to the cytotoxic effects of DXR alone.  

Current literature points to the role of the ER stress response in mediating homeostatic 

maintenance and survival of intestinal epithelial cells and barrier function induction in a variety 

of transgenic murine models9–12. For example, murine models have shown that single-nucleotide 

polymorphisms in ER stress-related gene XBP1 contribute to the development of ER stress-

related inflammatory bowel disease (IBD)12. similarly to intestinal cytotoxic-induced damage, 

IBD is characterized by intestinal epithelial cell death and dysfunction13. To date, however, the 
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role of the ER stress response in mediating DXR-induced average intestinal cell loss has yet to 

be elucidated. 

The endoplasmic reticulum (ER) plays a significant role in regulating protein quality and 

subsequent secretion14,15. Pathological conditions that affect the function and increase the 

capacity of the ER cause accumulation of misfolded proteins16,17 and activation of the ER stress 

pathway. The transcriptional increase in grp78 (BIP) and protein dissociation from the resident 

ER protein, inositol-requiring enzyme 1α (IRE1α), occurs rapidly following the detection of 

misfolded proteins18–21. IRE1α is a known conserved ER stress sensor and cell fate executioner 

22. Phosphorylated IRE1α cleaves XBP1 mRNA, which is then translated into an active 

transcriptional factor that leads to the inhibition of protein translation, expansion of the secretory 

cellular apparatus, and protein folding to encourage cell survival. Upon ER stress activation, 

proper protein folding resumes, and reactive oxygen species (ROS) are generated as a byproduct 

of protein folding23–25. When ER stress is excessive, IRE1α directly initiates programmed cell 

death11,26 or indirectly via the dysregulation of mitochondrial intracellular redox states. ER stress 

induces calcium leakage and uptake by mitochondria, which disrupts complex I/II, furthering 

ROS production and organelle damage27–29.  

Intestinal stem cell function and proliferation can be affected by the induction of ER 

stress and subsequent increase in reactive oxygen species (ROS). For example, ER stress-

induced protein folding and redox status play critical roles in the maintenance of Drosophila 

intestinal stem cell pluripotency30,31, cell cycle progression, proliferation32, and differentiation 

during regeneration33. In the present study, we investigated the role of DXR-induced ER stress in 

average epithelial cell loss and recovery using an in vitro model. Based on the current literature, 

we hypothesized that DXR-induced ER stress increases cellular death, ROS generation, and 
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subsequent cell cycle arrest and proliferation. Our results indicated that DXR-induced ER stress 

does not directly mediate DNA damage and cell death. Additionally, our results suggest that 

DXR-induced ER stress likely increases mitochondrial-specific oxidative stress, concomitant cell 

cycle arrest, and the decreased proliferative capacity of IEC-6 cells. Our findings suggest ER 

stress may be a potential therapeutic target to promote regeneration following DXR-induced 

damage. 

 

Methods: 

Cell Culture.  

Non-neoplastic rat intestinal epithelial IEC-6 cells were obtained from American Type Culture 

Collection (ATCC) and used for experiments at passages 11-13. IEC-6 cells were maintained in 

Dulbecco’s Modified Eagle’s Medium (DMEM) containing 5% fetal bovine serum (Gemini), 2 

mM glutamine, and 0.1 U/µmL insulin in a 5% CO2 incubator at 37˚C. Medium was changed 

twice a week and cells were passaged using 0.05% trypsin/EDTA. For assays, cells were 

cultured in 6- (Fisher Scientific) and 96-well plates (Falcon) at densities of 2 x 104 and 1 x 104 

cells per well, respectively. Mycoplasma testing was performed and found to be negative using 

the LookOut Mycoplasma qPCR Detection Kit (Sigma-Aldrich, Saint-Louis, MO) following the 

manufacturing instructions. 

 

RNA Extraction and Real time qPCR.  

Total RNA was isolated from IEC-6 cultures using the RNeasy Mini kit (Qiagen) following the 

manufacturer’s instructions. Quality of isolated mRNA was verified using a Nanodrop 2000 

spectrophotometer (Thermo Fisher). cDNA was synthesized using 100ng of starting RNA and 
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following the instructions of the Applied Biosystems High-Capacity Reverse Transcription 

cDNA kit (Waltham, MA). Quantitative real-time PCR was performed in triplicates using the 

QuantStudio 6 Flex Real-Time PCR system and Taqman Universal PCR Master Mix II with 

UNG (Applied Biosystem). The following Taqman probes were used: actb (Rn00667869_m1), 

lgr5 (Rn01509662_m1), il-6 (Rn01410330_m1), ptges (Rn00572047_m1), faim2 

(Rn01532650_m1). Data was analyzed using the ΔΔCt method normalizing signals to β-actin 

mRNA media alone test group. 

 

Wound Assay. 

 Cells were harvested by adding 0.25 % trypsin, plated at 2 x104 on 6-well plates. Cells were 

cultured in complete medium (DMEM supplemented with 0.1Unit/mL human insulin, 90% fetal 

bovine serum), and allowed to reach confluency. Confluent monolayers were briefly washed 

twice, then warm media containing 2.5mM PBA or media alone was added for 1 hour. DXR 

(0.2ug/mL) was added and cells were incubated for 12 hours. DXR was removed and fresh 

media added. The monolayer was wounded with a 100p pipette tip in a and allowed to heal for 

12 hours. Brightfield images were obtained, and area of wound noted for analysis. Original and 

final area of the wound were noted, and data represented as percentage wound closure. 

 

Clonogenicity Assay.  

The clonogenicity assay was conducted following Pons et al methodology 34. IEC-6 cells were 

plated in 6-well plates and treated according to the timeline specified in Figure 4. IEC-6 cells 

were trypsinized and plated at low density (1x 103 cells/well) in new 6-well plates following 

treatment. Cells were allowed to proliferate and form colonies from single cells for 24 hours. 



 

80 

 

Brightfield images were obtained of single cells following seeding and at 12 hours post seeding 

using an inverted microscope (Olympus IX, Tokyo, Japan). Area in pixels was noted to 

determine the ability of single IEC-6 cells to proliferate and form colonies. 

 

Western Blot Analysis.  

IEC-6 cells were lysed following treatments using complete RIPA (Santa Cruz) lysis buffer 

containing 200mM PMSF, protease inhibitor cocktail and 100mM sodium orthovanadate for 20 

minutes under agitation. Cell lysates were centrifuged at 10,000 g for 20 minutes at 4˚C and 

supernatants collected for BCA protein concentration determination (Thermo Fisher). Equal 

volume of Laemmli Buffer (Biorad) and samples were boiled for 5 minutes prior to SDS 

separation. Samples containing 20-30µg/well of protein were separated using a 4-20% Mini-

PROTEAN TGX gels (Bio rad) followed by transfer to a nitrocellulose membrane using the 

Trans-Blot Turbo Mini PVDF Transfer kit (Biorad). Membranes were blocked with 5% milk for 

1 hour prior to incubation with primary antibodies β-actin (1:5000; Cell Signaling #4970), 

phosphor IRE1α (1:5000; Thermo Fisher # PA1-16927), xbp1 (1:1000; Abcam # ab37152), 

overnight at 4˚C. Membranes were incubated with secondary HRP (1:5000; Cell Signaling) 

antibody for 1 hour. HRP signaling was detected following a 5-minute incubation in ECL 

substrate (Amersham). 

 

MTT. 

 IEC-6 cells were seeded on a 96 well plate (Fisher Scientific) to assess changes in cell metabolic 

activity and indirect cell viability. To determine the appropriate concentration to use for in vivo 

treatments IEC-6 cells were treated with a series of different concentrations of DXR (0.2, 0.4, 
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0.8, 1 and 2 µg/mL), 4-Phenyl butyric acid (PBA) (2.5, 5, 10, and 20mM) and Tunicamycin 

(TM) (2.5mM) once cells reached 80% confluency for 24 hours. The enzymatic reduction of 

MTT to-MTT formazan by IEC-6 was determined by using the Vybrant® MTT Proliferation 

Assay kit (Thermo Fisher) following the manufacturer’s instructions. 

 

Immunofluorescent Staining.  

Cells were fixed in pre-warmed 4% paraformaldehyde (MP Biomedicals) for 10 min, and 

washed once with 1X PBS, following experiment completion. Cells were permeabilized with 

90% methanol in PBS for 5 min and blocked with 5% FBS in PBS for 30 min at room 

temperature. Primary antibodies anti-cleaved capase-3 (1:400; Cell Signaling #9579), anti-ki67 

(1:x; Thermo Fisher), etc were added in 5% FBS in PBS overnight at 4˚C. Cells were washed in 

PBS and incubated with secondary antibodies Alexa Fluor 488 (1:250; Invitrogen #A11008), 

Alexa Fluor something for one hour at room temperature. Nuclei were counterstained with DAPI 

Fluoromount (Southern Biotech). Images were obtained using an inverted fluorescent 

microscope (Olympus IX83). Cleaved caspase-3, ki67, LC3, p-IRE1α, and p-γH2Ax positive 

cells were quantified with the FIJI software. Total positive cell counts were determined blindly 

by author, and data expressed as percentages relative to total positive DAPI nuclei per image. 

 

Intracellular Reactive Oxygen Species (ROS) and Superoxide Generation Detection. 

Assessment of ROS and superoxide species generation by IEC-6 cells following treatments was 

determined using the CellROX Green Reagent (Thermo Fisher Scientific, Waltham, MA) and 

MitoSOX™ Red Reagent (Thermo Fisher Scientific, Waltham, MA), following the 

manufacturer’s instructions. Nuclear staining with DAPI Fluoromount (Southern Biotech) was 
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performed following incubation with CellROX Green reagent (5mM/L) or MitoSOX™ Reagent 

(5µM). Images were obtained using an inverted fluorescent microscope (Olympus IX83). 

MitoSOX and CellROX cell positivity was determined using the FIJI software; total positive 

DAPI counts per field were determined blindly by the author, and data expressed as percentages 

relative to total nuclei per field. 

 

Statistics.  

Data is represented as mean ± standard deviation. Sample size used in each experiment is 

indicated in the figure legends. Statistical analysis was performed using the GraphPad Prism 9.0 

software. Welch’s t-test was used to determine statistical differences between two groups, and 

One-Way ANOVA test was used to determine statistical significance between more than two 

groups. A P<0.05 value indicated statistical significance. 

 

Results 

In vitro model of DXR-induced intestinal damage and ER stress induction 

Our lab has previously demonstrated that in the murine jejunum, DXR induces rapid DNA 

damage, followed by the induction of apoptosis at 6 and 120 h, corresponding to both the 

damage and repair phases, respectively8,35. Crypt epithelial loss is observed gradually following 

DXR treatment, but the cellular mechanism driving this gradual cell loss needs to be better 

understood. The endoplasmic reticulum (ER) stress response plays a role in mediating cell fate 

decisions and could be a putative player in mediating the observed gradual cell loss. In this 

study, we used an in vitro model of DXR-induced damage to investigate the kinetics of ER stress 

and its role in intestinal epithelial cell loss. The cytotoxic effects of DXR on IEC-6 cells were 
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determined using the MTT assay. DXR administration in vivo does not entirely obliterate small 

intestinal epithelial cells; therefore, determining the dose that achieves a similar response is 

necessary to model the observed in vivo damage in vitro. IEC-6 cells were grown in the presence 

or absence of DXR at various concentrations (0.2 - 2µg/mL) for 24 hrs. DXR significantly 

decreased IEC-6 cell viability in a dose-dependent manner starting at 0.4µg/mL to 2µg/mL (Fig. 

S1A) but not at 0.2 µg/mL. The 0.2µg/mL DXR concentration was selected in the experiments 

and validated for the induction of DNA damage and apoptosis via immunofluorescent analysis. 

 

DXR treatment induces a rapid induction of DNA and ER stress activation, preceded by 

apoptosis induction in IEC-6 cells. 

Previous work from our laboratory has shown that DNA damage and apoptosis occur within 24 h 

of DXR administration. To investigate whether our in vitro model closely reflects the kinetics of 

DNA damage and apoptosis induction observed in vivo 8,35, immunofluorescent markers were 

used to identify changes in the percentage of cells undergoing DNA damage (pH2AX+) and 

apoptosis (cleaved-caspase 3+) throughout the time course. Similar to our in vivo data8,36, p-

H2AX cell positivity marked a rapid and acute DNA damage response that occurred at 6 h. of 

DXR exposure (Fig. 1A) (52.6 ±4.55 %, p< 0.0001) (Fig. 1A). In addition, we observed two 

“peaks” in cleaved caspase-3 positivity at 12 and 24 h. of DXR exposure (Fig. 1B) (25.14% ± 

1.68, p <0.0001, and ~46.74% ± 4.65, p< 0.0001). The time course utilized was sufficient to 

model the observed in vivo damage response; therefore, we investigated the effect of DXR on 

the induction of ER stress during this damage phase.  

We investigated whether our model's activation timeline of ER stress kinetics coincided with 

either DNA damage or apoptosis induction. Based on current literature, we postulated that DXR 
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induces rapid ER stress during our time course. Immunofluorescent staining of the ER stress 

marker,  IRE1α, was used to monitor ER-stressed cells over time. Overall, pIRE1α cell positivity 

increased significantly and remained elevated after 6 h. after the DXR treatment (Fig. 1C) 

(6hr:45.53% ± 4.86, 12 h:46 ±3.35, 18 h:38.28% ± 5, 24 h:34.76%± 6.01), which correlated with 

both DNA damage and apoptosis timelines. In addition to IRE1α cell positivity, we determined 

changes in the upstream and downstream targets of IRE1α to confirm ER stress activation. 

Canonical ER stress activation leads to the upregulation of grp78 (BIP) transcripts20,37,38; 

therefore, we determined the changes in the grp78 transcript over time. We observed a reduced 

expression of grp78 at 6, 18, and 24 h. time points, and only 12 h. times, we observed a ~ 2.5x 

increase in grp78 expression relative to media alone controls (Fig. 1D) (12hrs: 2.547 ± 0.473). 

Once activated, IRE1α cleaves transcription factor X-box binding 1 (XBP1). Western blotting 

results showed trending increases in total and phosphorylated p-IRE1α protein, peaking between 

6 and 12 h. after the DXR treatment (Fig. 1E). Increases in both total and phosphorylated IRE1α 

protein levels are known contributors to increased enzymatic and RNase activity activation22,26. 

Evidence of IRE1α RNAse activity can be observed in the cleavage of its downstream target 

XBP120 following 12h of DXR exposure (Fig. 1F). Our data suggest that the ER stress response 

is quickly engaged at early durations having a maximal effector function at the 12hrs of DXR 

exposure in IEC-6 cells. We next sought to determine the contribution of DXR-induced ER 

stress on cell death. 
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Figure 1. Doxorubicin (DXR) treatment induces a rapid induction of DNA damage and ER 

stress which precedes apoptosis induction of IEC-6 cells. Immunofluorescence staining of 

DNA damage marker p-γH2Ax , apoptosis marker cleaved caspase-3 and ER stress marker 

pIRE1α were used to determine cell positivity changes following treatment of IEC-6 with 

various DXR durations. Representative immunofluorescent images of A: DNA marker p-γH2Ax 

(green), B: apoptosis marker cleaved caspase-3 (yellow), C: ER stress marker IRE1α and nuclear 

DAPI (blue) counter stain following various DXR treatment durations. Quantification of positive 

cells over total DAPI positive cells per image were determined and expressed as percentages 

(n=3 per timepoint). Scale bars =50. D-F: Kinetics of ER stress activation following DXR 

treatment. D: Fold change of grp78 (BIP) mRNA expression normalized to β-actin Media alone 

in IEC-6 cells following various durations of DXR exposure (n=3 per timepoint). Western 

blotting for ER stress markers E: p-IRE1α, total IRE1α, and F: Xbp1 splicing in IEC-6 cells 

treated with DXR at various durations (n=3 per timepoint). Densitometry data was obtained 

using the Fiji software. Data represented as means ± SD. Statistical analysis by One-Way 

ANOVA followed by Dunnett's post hoc test, *p < 0.5; **p < 0.01; *** p < 0.001; **** p < 

0.0001.  
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Chemical chaperone pre-treatments alleviate DXR induction of ER stress. 

Exacerbated ER stress due to increased misfolded proteins and disruption in redox and calcium 

homeostasis leads to cell death24,39. DXR induces ER dysfunction, increases oxidative stress, and 

induces subsequent cytotoxicity in both human and mouse cardiac tissues40. There is little 

information on whether ER stress contributes to cell death or loss in our DXR-induced damage 

model. Previous work on IEC-6 cells and irradiation (IR)-induced damage demonstrated that ER 

stress enhances irradiation-induced cell death and that pre-treatment with chemical chaperone 

and ER stress alleviator 4-Phenyl butyrate (PBA) inhibits IR-induced cell death41. This led us to 

investigate whether ER stress and cell death could be ameliorated by PBA pre-treatment. IEC-6 

cells were pre-treated with PBA for 1 h and then exposed to DXR for various durations and 

sample collection (Fig 2A). mRNA analysis of ER stress-related markers demonstrated that PBA 

treatment alone significantly decreased the expression of grp78 (p = 0.0499 media vs. PBA) and 

caused a trend in decreasing the expression of both CHOP (p = 0. 0.2757 media vs. PBA), and 

ern1 (P = 0.2372 media vs. PBA). Our data demonstrated that 12 h of DXR alone was sufficient 

to induce a significant upregulation in ER stress-related genes grp78 (p = 0.0228 Media vs. 

DXR) and chop (p = 0.0050 Media vs. DXR), and a trend in increased ern1 (IRE1α) (p = 0.2718 

Media vs. DXR) mRNA expression (Fig 2B). PBA pretreatment ameliorated DXR-induced 

upregulation of grp78 (p = 0.0012, DXR vs. PBA/DXR) and CHOP (P = 0.0447 DXR vs. 

PBA/DXR) transcripts. The effector functions of the ER stress response rely heavily on the 

active state of IRE1α; therefore, we monitored pIRE1α cell positivity throughout the time course 

(Fig. 2C). Similar to the data obtained in Fig 1C, we observed an increase in pIRE1α cell 

positivity starting at 6 h. after the DXR treatment (Fig. 2C). PBA pre-treatment significantly 

decreased cell positivity starting at 12 and 18 h of DXR exposure (p <0.0001). Our data suggest 
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that pre-treatment with PBA can ameliorate DXR-induced ER stress. Following our data, we 

determined how ER stress ameliorated and affected apoptotic cell positivity in our time course. 

The induction of ER stress is associated with the induction of apoptosis42. Therefore, we 

postulated that inhibition of ER stress would decrease the number of cells undergoing apoptosis 

following DXR treatment. Similar to data obtained in Fig 1, we observed two "peaks" in 

cleaved-caspase 3 cell positivity in DXR-treated cells at 12 (p <0.0001 Media12h vs. DXR 12hr) 

and 24 hrs. (p <0.0001 Media 24h vs. DXR 24hr) (Fig 2D). PBA pre-treatment and 12hrs of 

DXR showed a minor decrease in cleaved caspase 3 positivity (~10%) (p <0.0001 DXR 12hrs. 

vs. PBA/DXR 12hr), and this was response reversed at 18 hrs. (p <0.0006 DXR 18hrs. vs. 

PBA/DXR). Our results suggest that ER stress may not directly contribute to the induction of cell 

death during damage. The mechanisms responsible for DXR's cytotoxic effects include the 

induction of reactive oxygen species (ROs), which may indirectly contribute to late cell death43, 

promote further DNA damage, and ultimately induce cell cycle arrest44. We did not observe a 

dramatic decrease in the percentage of cells undergoing apoptosis following PBA pre-treatments. 

Therefore, we investigated whether amelioration of ER stress affects oxidative stress status first 

to induce observable late cell loss and proliferation. 
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Figure 2. 4-Phenylbutyric acid (PBA) pre-treatments alleviate DXR-induced ER stress and 

minimally affect apoptosis in IEC-6 cells. A: Schematic illustration of experimental timeline to 

determine changes in ER stress activation kinetics following PBA pre-treatments. B: PBA pre-

treatments ameliorate the DXR induction of ER stress related transcripts grp78 (BIP) and chop 

but not ern1 significantly. Fold change of grp78, chop and ern1 were analyzed by RT-qPCR 

(n=3 per treatment group) and normalized to β-actin Media alone samples. C: PBA pre-

treatments decrease p-IRE1α cell positivity following 12-18 h. of DXR exposure. Representative 

immunofluorescence images for p-IRE1α (green) following various DXR duration exposures 

(n=3). Quantification of positive p-IRE1α cells over total DAPI positive cells per image were 

determined. Scale bars =100µm. D: PBA pre-treatments minimally affect DXR induction of 

apoptosis. Representative immunofluorescent images for cleaved caspase-3 (green) following 

various DXR treatment durations. Quantification of positive cleaved caspase-3 cells over total 

DAPI positive cells per image were determined and expressed as percentages. Scale bars = 

100µm. Data represented as means ± SD. Analysis by One-Way or Two-Way ANOVA followed 

by Tukey’s HSD post hoc test, *p < 0.5; **p < 0.01; *** p < 0.001; **** p < 0.0001. 
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DXR-induced ER stress contributes to the generation of reactive oxygen species. 

Given that DNA damage contributes to oxidative stress, we investigated whether DNA damage 

and oxidative stress occurred simultaneously. We monitored changes in DNA induction cell 

positivity (p-γH2AX+) as well as general ROS generation (CellROXTM +) and mitochondrial 

specific ROS (MitoSOXTM +). Our data supported our previous observations in vivo that DXR 

causes rapid induction of DNA damage at 6hrs8 (p <0.0001 Media 6hrs. vs. DXR 6hrs.) (Fig. 

3A). With PBA pre-treatments, we observed a small decrease in p-γH2AX positivity at 6 hrs. of 

DXR (P <0.0001 Media 6 hrs. vs. DXR 6hrs.) and no changes in the remainder timepoints (Fig 

3A). Given that oxidative stress is a byproduct of the DNA damage response, we expected a 

subsequent progressive increase in cell positivity for ROS in DXR-treated cells. We found that 

increasing durations of DXR lead to increased total ROS cell positivity ranging from ~20% at 6 

and 12 hrs. to ~60% at 24 hrs. (Fig 3B) and that pre-treated cells have an overall lower total ROS 

cell percentage at 18 (~8%) and 24hrs. (~12%) durations. We observed a subset of 

mitochondrial-specific ROS cell positivity ranging from ~10-20% throughout the DXR time 

course (Fig 3C). Cells that received the PBA pre-treatments had a significantly lower cell 

positivity for mitochondrial-specific ROS (DXR vs. PBA/DXR p <0.0001). Given that mitigated 

ER stress decreases cell positivity for ROS-generating cells, we sought to investigate whether 

proliferation and cell cycle progression were also affected. 
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Figure 3. DXR-induced ER stress mediates the generation of mitochondrial specific oxygen 

species (ROS). Immunofluorescence staining of DNA damage marker p-H2Aγ, general ROS 

and mitochondrial specific ROS were used to evaluate cell positivity changes following PBA 

pre-treatments. A: Representative immunofluorescent images for DNA damage marker p-γH2Ax 

(magenta) in IEC-6 following treatments (n=3 per timepoint). B-C: PBA pre-treatments mitigates 

the generation of general DXR induced ROS at 18 and 24h timepoints, while mitochondrial 

derived ROS is mitigated across the various durations of DXR.  B: Total ROS cell positivity was 

detected using the CellROX Reagent (magenta) and C: mitochondrial derived ROS detected 

using the MitoSOX Red Reagent (red) following the manufacturer’s instructions. Quantification 

of cell positivity percentages were determined per field over total positive DAPI positive cells 

per section (n=3 per timepoint and treatment condition). Data represented as mean ± SD. 

Statistical analysis by One-Way  or Two-Way ANOVA followed by Tukey’s HSD post hoc 

test, *p < 0.5; **p < 0.01; *** p < 0.001; **** p < 0.0001.  
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Chemical chaperone pre-treatments preserve proliferating IEC-6 cells while also mitigating 

DXR-induced upregulation of cell cycle arrest marker p21  

Redox homeostasis regulated by the ER stress response can regulate cell cycle progression and 

proliferation in Drosophila intestinal stem cells30. We next determined changes in proliferation in 

line with the current literature discussing the role of oxidative stress in decreasing cellular 

proliferation. We expected to observe a decrease in the number of proliferating cells due to the 

inherent toxicity of DXR. As predicted, we observed a significant decrease in the percentage of 

Ki67+ cells across all of the DXR durations (Fig 4A). We observe a trend in the preservation of 

percentages of Ki67+ proliferative cells in PBA pre-treatment groups across all of the durations 

of DXR, reaching statistical significance only at the 12 hrs. timepoint (P = 0.0201). Activation of 

the ER stress response inhibits cyclin D1 protein accumulation and subsequent cell cycle arrest at 

both G1/S and G2/M transitions 43–46. This led us to investigate whether ER stress amelioration 

and the resulting trend in the preservation of proliferative cells can be explained by a decrease in 

cell cycle inhibitor p21 mRNA expression. p21 expression occurs as a byproduct of tumor 

suppressor p53 activation following DNA damage induction. p21, a cyclin-dependent kinase 

inhibitor, mediates p53-induced cell cycle arrest in response to stress44. In our model, we 

expected an increase in mRNA expression of cell cycle arrest marker p21 following DXR 

treatment and an amelioration of p21 expression in PBA pre-treated cells. As expected, we 

observed an increase in p21 mRNA expression across all durations of DXR (Fig 4B). We 

observed that PBA pre-treatments ameliorated the DXR-induced upregulation of p21, suggesting 

that DXR-induced ER stress may mediate cell cycle arrest and subsequent decrease in 

proliferation. We then postulated that IEC-6 cells that received PBA pre-treatments could 
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continue engaging in the cell cycle, proliferate and avoid cell cycle-induced apoptosis following 

the removal of DXR.   
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Figure 4. Amelioration of ER stress preserves proliferative IEC-6 cells and diminishes 

DXR-induced upregulation of cell cycle arrest marker p21. IEC-6 cells were treated 

according to schematic on Figure 2 and prepared for immunofluorescence staining and RT-qPCR 

analysis. A: PBA pre-treatments preserve proliferative IEC-6 cells at 12 -24h of DXR treatments. 

Representative immunofluorescent images of proliferative marker KI67 (magenta) following 

treatments (n=3 per timepoint and treatment). Quantification of positive KI67 cells over total 

DAPI positive cells was determined per image field. Scale bars = 100µm. B: PBA pre-treatments 

ameliorate DXR-induced increase in cell cycle arrest marker p21 mRNA. Fold change of p21 

expression were normalized to control media alone β-actin in IEC-6 following treatments. Data 

represented as mean ± SD. Analysis by One-Way ANOVA followed by Tukey’s HSD post hoc 

test, *p < 0.5; **p < 0.01; *** p < 0.001; **** p < 0.0001.  
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Chemical chaperone pre-treatments mitigate apoptosis and preserve the proliferative and 

clonogenic capacity of IEC-6 cells following the removal of DXR. 

Given that ER stress peak activation occurs at 12hrs of DXR exposure (Figure 1, 2), we decided 

to study this time point further to determine the overall role of ER stress induction on IEC-6 cells 

during the repair. We modeled the repair phase by removing DXR from the media and allowing 

cells to recuperate. IEC-6 cells were pre-treated with PBA for 1 hour before being exposed to 12 

hrs. of DXR. DXR and subsequent assays were removed following the experimental timeline in 

Figure 4A. Given that PBA pre-treatments ameliorated DXR-induced upregulation of cell cycle 

marker p21 and preserved a subset of proliferating cells (Fig. 4), we decided to monitor changes 

in percentages of cells undergoing apoptosis and proliferation. This approach allowed us to 

determine whether ER stress may mediate the gradual cell loss and proliferation observed in 

vivo. There was a significant increase in cleaved caspase-3 cell positivity in the DXR alone 

group (P <0.0001 Media vs. DXR), which was blunted in cells that were pre-treated with PBA (P 

= 0.0002 DXR vs. PBA/DXR) (Fig 5B). Cells treated with DXR alone had significant lower 

Ki67+ cell positivity percentages (~50%, P <0.0001 Media vs. DXR), whereas those that 

received the pre-treatment, retained a higher Ki67 cell positivity percentage compared to that of 

DXR alone (~82%, P = 0.0063 DXR vs. PBA/DXR) (Fig 5C). Proliferation is a mediator for cell 

migration and a pivotal player in healing. Following damage, damaged mucosa repair is partly 

driven by viable cells migrating to cover the denuded areas left by lost cells. Considering that 

PBA pre-treatments maintained comparable Ki67+ cell percentage values to media control 

groups, we investigated whether wound closure would also be affected. We postulated that PBA 

pre-treated cells had a more significant wound closure than DXR alone treated cells. 
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We investigated whether amelioration of DXR-induced ER stress caused changes in cell 

migration by conducting a scratch assay. The percentage of wound closure was determined for 

each test group, and the data showed no significant differences in cell migration between DXR-

treated cells and PBA-pre-treated cells (Fig 5D). In general, cells exposed to DXR had 

comparable low wound closure percentages. This particular effect of DXR on wound healing 

agrees with previous studies conducted in both humans and rat tissues; surgery patients that 

receive pre or post-operative DXR consistently show delayed wound healing47. Our results 

suggest faulty cell migration following DXR likely occurs independently of ER stress induction.  

Proper cell division and replacement of lost cells is another mechanism by which repair of the 

damaged mucosa occurs48. We investigated whether PBA pre-treated cells retained their ability 

to generate progeny, given that they had preserved percentages of Ki67+ cells. We conducted a 

clonogenicity assay to determine the ability of single cells to form colonies. We found that DXR-

treated cells consistently formed smaller colonies and that pre-treatments appear to rescue colony 

size (Fig 5E) very minimally (P <0.0001 DXR vs. PBA/DXR). Together, our data suggested that 

DXR-induced ER stress likely contributes to gradual cell loss, a decrease in cell proliferation, 

and the clonogenic capacity of IEC-6 cells. 
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Figure 5. PBA pre-treatments protects IEC-6 cells against apoptosis and preserves both 

proliferative and clonogenic capacity. A: Schematic illustration of treatment timeline and 

performed assays. B: DXR-induced ER stress prolongs apoptosis following DXR removal. 

Representative immunofluorescent images of cleaved caspase-3 (green) following treatment. C: 

ER stress amelioration preserves proliferative IEC-6 cells. Cells were treated (n=3 per condition) 

as indicated in A and stained with proliferative marker KI67. Determination of cell positivity 

was calculated per image field over total DAPI positive cells. Scale bars = 100µm. D: DXR 

induced ER stress does not mediate IEC-6 migration. Confluent monolayers were treated as 

indicated in A (n=3 per treatment group), wounded and allowed to heal for 12h. Brightfield 

images were obtained, and wound areas obtained using FIJI software to determine changes in 

wound closure. E: DXR induced ER stress plays a role in reducing IEC-6 colony size formation 

following DXR removal. IEC-6 cells were treated according to A, trypsinized, seeded as single 

cell and allowed to proliferate for 24h. Brightfield images were obtained 12 h post seeding. Area 

in pixels were obtained to determine changes in colony sizes in each treatment. Scale bars = 

100µm. Data represented as mean ± SD. Analysis by One-Way ANOVA followed by Tukey’s 

HSD post hoc test, *p < 0.5; **p < 0.01; *** p < 0.001; **** p < 0.0001.  
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Discussion 

Identifying venues that would mitigate cell loss and encourage repair to have the 

significant therapeutic value given that DXR induces gradual cell loss leading to a compromised 

barrier 4,5,7,8. The current literature has described that the ER stress response regulates 

homeostatic function and maintenance of intestinal cells9,22,49. Therefore, the goal of the current 

study was to determine the role of the ER stress response on DXR-induced damage using an in 

vitro model. Thus, we exposed non-neoplastic IEC-6 intestinal epithelial cells to DXR for up to 

24 hours. Similar to observations in vivo, acute DNA damage occurred early at 6 hours of 

exposure, followed by the induction of apoptosis (Figure 1). Various in vitro studies have not 

described ER stress activation kinetics and attenuation during DXR-induced DNA damage and 

recovery to date. This is particularly important because ER stress is a dynamic process; its 

activation and effector functions on cell fate decisions vary depending on the extent and duration 

of the stressor.  

Using our in vitro model, we determined that ER stress is rapidly engaged in the early stages of 

damage (Figure 1). Measured grp78 mRNA changes over the DXR time course indicated 

downregulation at all time points except at 12hrs, where a ~2.5x fold change was observed. This 

was surprising given that we expected a canonical upregulation of grp78 (BiP) concomitantly 

with the increase in total phosphorylated IRE1α and XBP1 (Figure 1D-F). BiP has been regarded 

as a potent ER stress sensor 50–52, and gene expression and translation are heavily reliant on the 

stress state of the cell. Studies utilizing HeLa cells have demonstrated that BiP is a long-lived 

protein with a low turnover rate 37. 

Gülow et al. also demonstrated that grp78 mRNA expression is restricted under normal 

conditions, and translation of BiP is feedback regulated 37. The independent nature of the 
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expression and translation of BiP enables cells to adapt to minor ER disturbances while not 

inducing a transcriptional response. In our model, the threshold for BiP transcription is likely 

reached at 12hrs, and DXR exposure leads to the upregulation of grp78 mRNA expression. Our 

study has one limitation: actual changes in BiP protein were not determined. Further stability and 

binding of BiP to misfolded proteins should be investigated to gain more insight into the cellular 

mechanism of ER stress induction. However, we can infer that the current BiP protein is 

sufficient to induce ER stress, demonstrated in the subsequent increase in total phosphorylated 

IRE1a and XBP1 spliced protein.  

Targeted amelioration of ER stress induction and effector functions has excellent 

therapeutic potential. We investigated whether ameliorating the optimal ER stress-induced at 

12hrs of DXR affected apoptosis, proliferation, ROS generation, and subsequent clonogenic 

capacity of IEC-6 cells. In the damage phase of our model, our data suggest that ER stress did 

not contribute significantly to the induction of DNA damage or cell death. However, our data 

suggest that ER stress likely contributes to the generation of ROS during the damage phase, 

which can directly or indirectly decrease proliferation, induce cell cycle arrest, and lead to 

gradual cell loss in the repair phase. In our model, timely targeted amelioration of ER stress 

induction can be therapeutically beneficial in preserving proliferative cells and clonogenic 

capacity, both of which are essential in the healing process.  

Our findings align with studies in vitro that demonstrate the protective effects of ER 

stress inhibition and decreased intestinal damage. For example, intestinal ischemia-reperfusion 

injury in rats and inhibition of ER stress protected the integrity of the intestinal barrier; inhibition 

of ER stress preserved the integrity of the intestinal tight junctions and reduced apoptosis of the 

intestinal epithelium 53. Another study demonstrated that excessive ER stress significantly 
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contributes to intestinal injury and subsequent barrier permeability in a rat model of hemorrhagic 

shock 54. Our findings corroborate with studies using pigs where ER stress amelioration mitigates 

LPS-induced barrier function loss by enhancing the expression of tight junction proteins 55. The 

authors suggest that further studies focus on the specific cellular mechanisms behind ER stress-

dependent loss of the intestinal barrier. Our study suggests that DXR-induced ER stress may 

increase the early onset of oxidative stress, which may directly or indirectly contribute to cell 

cycle arrest, subsequent cell loss, and proliferative and functional capacity.  

Our study has some limitations that warrant continued investigation. 1) The experiments 

presented were conducted using a relatively homogeneous population of intestinal epithelial 

cells. It is crucial to address the differential ER stress response in each cell population within the 

intestinal crypt epithelium. Studies have demonstrated that active ER stress markers are abundant 

in more differentiated cells and close to absent in stem cells 56. During DXR-induced damage, it 

is plausible that more differentiated cells adequately manage and endure ER stress, whereas 

intestinal stem cells may succumb to unresolved ER stress. Further investigation on the effect of 

ER stress on intestinal cell maintenance and differentiation is needed. Studies have demonstrated 

that activation of canonical ER stress in intestinal crypt enteroids reduces stem cell markers and 

promotes differentiation 56. Furthermore, lineage tracing experiments of mutant grp78 (BiP) 

intestinal stem cells demonstrate that stem cells are likely removed by differentiation. These in 

vivo studies suggest that ER stress activation may reduce intestinal stemness. 2) We determined 

correlative relationships between DXR-induced ER stress, ROS generation, and proliferative and 

clonogenic capacity of IEC-6 cells. Further studies should focus on determining the causative 

relationship between DXR-induced ER stress, possible ROS-induced cell cycle arrest, and the 

subsequent effect on IEC-6 regenerative capacity.  
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Supplemental Information 

 

 

Figure S1. Determination of drug concentrations to use in in vitro experiments. IEC-6 cells were 

treated with increasing concentrations of A: DXR (n=3) or B: 4-Phenyl Butyrate (PBA) an ER 

stress alleviator (n=3) for 24h. Indirect drug cytotoxicity and metabolic activity was determined 

via the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Data 

represented as Absorbance (540nm) means ± SD. *** p < 0.001; **** p < 0.0001; One-Way 

ANOVA. 
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Dissertation summary 

Intestinal mucositis is a major complication of intensive doxorubicin (DXR) therapy, 

affecting more than 40% of patients, increasing health care costs (~$2000 worth treatment to 

manage grade 3-4 chemotherapy-related gastrointestinal side effects), hospital admission (32.3% 

of patients), and death. These complications arise from the unintended effects of DXR on 

intestinal epithelial cells, resulting in cell death, breakdown of the mucosal barrier, and 

subsequent inflammation. Determining the cellular mechanisms that cause DXR cell death can 

have great therapeutic value. Emergent literature has discussed the role of the endoplasmic 

reticulum (ER) stress response in mediating homeostatic functions and maintenance of the small 

intestinal epithelium (Chapter 1). However, to date, there is limited literature discussing the role 

of the ER stress response in chemotherapy-induced intestinal damage. Therefore, the purpose of 

the present study was to delineate the role of ER stress in DXR-induced intestinal damage.  

Knowledge of the cellular mechanisms responsible for cell survival and adaptation during DXR 

treatment regimens is necessary to identify therapeutic targets that ameliorate intestinal mucositis 

during chemotherapy treatment. 

In previous studies from our laboratory, it was demonstrated that enteric bacteria 

contribute to the DXR induction of intestinal damage. Therefore, Chapter 2 highlights the results 

of an in vivo study investigating the role of enteric bacteria, intestinal-specific MyD88-TLR 

signaling in contributing to DXR induction of damage. These studies suggest that intestinal 

specific MyD88 dependent TLR signaling likely contributes to the induction of ER stress and 

apoptosis in the crypt epithelium following DXR administration. Furthermore, Chapter 3 

discusses the specific cellular mechanism that may drive cell loss as a result of DXR-induced ER 

stress, specifically, the role of DXR-induced ER stress in mediating mitochondrial-derived 
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reactive oxygen species (ROS) generation, subsequent induction of cell cycle arrest, and 

decreased proliferative capacity of the intestinal epithelial cell line IEC-6.  

Future work outlined in the Appendix will aim to further determine the specific role of DXR-

induced ER stress in mediating intestinal epithelial cell death, increased barrier permeability, and 

maintenance of Paneth cells. 

 

Specific Aims 

The long-term goal of this proposal is to shift the ER stress response during DXR 

treatments to reduce small intestinal damage. Using a murine model to study chemotherapy-

associated gastrointestinal toxicity in humans, our lab demonstrated that a single dose of DXR 

induces reproducible sequelae of both damage and repair in the small intestine. In addition, DXR 

lead to the activation of the Inositol-requiring enzyme 1-a (IRE1α), an endoplasmic reticulum 

(ER) stress-related protein in intestinal epithelial cells both in vitro and in vivo. IRE1α is a 

conserved ER membrane protein associated with cell life/death decisions, and the maintenance 

and function of secretory cells. The objective of this proposal is to determine the role of DXR-

induced activation of intestinal IRE1α signaling on the function of highly secretory Paneth cells, 

intestinal epithelial cell survival, and intestinal barrier integrity.  

We hypothesize that DXR-induced IRE1α activation 1) increases intestinal epithelial cell death 

thereby increasing intestinal barrier permeability, and that 2) intestinal IRE1α signaling 

preserves the function and expansion of secretory cells such as Paneth cells. This hypothesis will 

be tested via the following specific aims: 
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SA1: Determine the role of IRE1α on intestinal epithelial cell viability, damage, and barrier 

permeability after DXR treatment. Hypothesis: Ablation of IRE1α signaling in intestinal 

epithelium will decrease both the severity of DXR induced cell death, and intestinal 

permeability. We predict that intestinal specific IRE1α signaling is important for promoting cell 

apoptosis, subsequent intestinal damage, and increase in DXR induced intestinal permeability.  

A. Assess changes in apoptotic cellular markers via immunofluorescence, and western 

blotting analysis in mice harboring the conditional deletion of IRE1α in the intestinal 

epithelium (IRE1αfl/fl; villinCreERT2) and wild type mice following treatment. 

B. Compare changes in intestinal permeability following treatment in mice deficient in 

intestinal IRE1α and wild type mice. We will assess changes in intestinal permeability in 

vitro on a trans well system using normal intestinal epithelial monolayers treated with 

IRE1α siRNA. 

 

SA2: Determine the role of DXR-induced intestinal IRE1α signaling on Paneth cell 

expansion, and function.  

Hypothesis: DXR induced Paneth cell expansion and function will be hindered by the loss of 

intestinal IRE1α signaling. We predict that intestinal specific DXR induced IRE1α signaling 

plays a role in the increase in both Paneth cell and secretory granule number, as well as 

promoting the secretion of antimicrobial proteins essential in the prevention of luminal bacterial 

colonization. 

a. Quantify and compare changes in Paneth cell number in wild type and IRE1α-deficient 

mice. Lysozyme, a Paneth cell specific marker will be used to detect changes in Paneth 

number; immunofluorescence detection of lysozyme protein will be analyzed via both 
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flow cytometry and in histological samples. Essential secretory cellular components such 

as perinuclear rough endoplasmic reticulum, Golgi apparatus and vesicle size will be 

evaluated via transmission electron microscopy (TEM) using histological samples. 

b. Assess changes in Paneth cell lysozyme secretion, and bactericidal activity ex vivo in 

wild type and in intestinal IRE1α deficient mice following DXR administration. 

Fluorescence activated cell (FAC) sorted Paneth cells will be isolated and lysozyme 

enzymatic activity will be measured via cleavage of synthetic fluorescent substrate. 

Sorted Paneth cell secretion will be stimulated, and antimicrobial activity tested on 

lysozyme-sensitive phoP-strain of S. typhimurium.  

This proposed research will clarify the role of intestinal specific IRE1α signaling during DXR 

treatment and its role in mediating Paneth cell function, intestinal epithelial cell survival, and 

barrier integrity. Upon successful completion of the aims, (1) we will identify how we can 

modulate IRE1α activity to reduce unintended effects of DXR in the adult intestine, and (2) we 

will be able to modulate IRE1α signaling to encourage Paneth cell expansion and antimicrobial 

secretion to prevent the incidence of chemotherapy induced sepsis. This knowledge will also 

contribute to the development of therapeutic venues for treating the off-target effects of other 

chemotherapeutics and radiation therapies in patients without mutations in the IRE1α gene.  

 

BACKGROUND AND SIGNIFICANCE  

The small intestinal epithelium is characterized by having a great proliferative capacity1. This 

makes intestinal epithelial cells susceptible to cytotoxic induced damage. This is demonstrated in 

the incidence of  intestinal damage observed in 40% of human patients undergoing standard dose 

chemotherapy2,3 and in 100% of patients receiving high dose chemotherapy3.  Cytotoxic agents 
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such as doxorubicin (DXR) has been regarded as one of the most potent chemotherapeutic drugs 

to treat breast, lung and liver cancer, while also causing a plethora of gastrointestinal (GI) side 

effects, which include vomiting, nausea, mucosal ulceration and diarrhea4–7. These complications 

arise from the unintended effects of DXR on the intestinal epithelial cells which result in cellular 

death8,9, and increase in barrier permeability10. Compromised intestinal barrier may allow for 

intestinal bacterial translocation which may account for the 10-fold increase in incidence of 

sepsis in cancer patients11. After DXR treatment, the intestinal epithelial cells repopulate the 

intestine, but how these cells withstand and adapt to DXR induced damage is poorly understood.  

Single-nucleotide polymorphisms have demonstrated that the endoplasmic reticulum (ER) 

stress pathway mediated by IRE1α-XBP1 is associated with the development of Irritable Bowel 

Disease (IBD)12. Similarly to intestinal cytotoxic-induced damage, Irritable Bowel Disease (IBD) 

is characterized by intestinal epithelial cell death which leads to barrier dysfunction, and the 

induction of intestinal inflammation13. 

During ER stress activation the inositol-requiring enzyme-1a (IRE1α) accumulates in the 

endoplasmic reticulum and dissipates once stress is resolved (Figure 1A). IRE1α is known to 

function as a cell fate executioner mediating cellular life/death decisions depending on the level 

and duration of stress. Active IRE1α cleaves XBP1 mRNA into an active transcriptional factor 

which induces a halt in protein translation, expansion of secretory cellular apparatus in order to 

encourage cell survival and adaptation. In instances where ER stress is excessive IRE1α initiate 

programed cell death14.  
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Figure 1. Specific aims investigating the role of IRE1 on mediating Doxorubicin (DXR) 

induction of intestinal damage and Paneth cell function. 

 

The following sections will summarize the current understanding on the role of IRE1α 

signaling is in the intestinal epithelium: 

IRE1α signaling likely regulates the survival and maintenance of intestinal cells. Intestinal 

cells such as Paneth and goblet cells provide defense against luminal pathogens by secreting 

antimicrobials, and mucus layer components, respectively15,16. Therefore, their function and 

proper maintenance are key in protecting the host from invading luminal pathogens. Global 

deletion of the IRE1α in mice led to the aberrant accumulation of mucus component mucin-2 in 

goblet cells, ER disorganization, and ER stress17. Similarly, deletion of downstream IRE1α 

target- XBP1- in the intestinal epithelium showed to decrease the number of both Paneth and 

goblet cells due to increase in apoptosis18. Others have demonstrated that ablation of IRE1α 

signaling in colon epithelial cells leads to an increase in the number of colonic cell undergoing 
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CHOP specific apoptosis19. The studies described demonstrate that highly secretory cells rely on 

proper IRE1α signaling for their survival, maintenance, and function. Future work should focus 

on the role of intestinal epithelial IRE1α signaling on cell survival and adaptation following 

DXR treatment, as this is not known. Additionally, the role of Paneth cell specific IRE1α 

signaling should be further studied to investigate its role in antimicrobial secretion and its role in 

the development of sepsis in cancer patients.  

 

IRE1α may be involved in the maintenance of intestinal barrier. Bacterial antigenic 

components such as LPS may induce chronic inflammation, damage to epithelial cells and 

barrier function14. Intestinal epithelial IRE1α signaling deficiency in mice show increase of 

susceptibility to LPS induced apoptosis and increase in barrier permeability in mice19. In 

addition, defects in intestinal IRE1α leads to ER stress induced cell death, which further damages 

the integrity of the barrier15,19. To date, it is unclear as to what is the direct role of IRE1α on 

intestinal epithelial barrier maintenance following DXR treatment. 

Current cancer research focuses on the treatment of the disease, rather than the severity and 

consequences of treatment at the cellular level. This gap in knowledge slows down the progress 

and implementation of research necessary to prevent and mitigate the adverse effects of 

chemotherapeutics. Currently the emphasis is on palliative care management have been 

incorporated in cancer care guidelines to benefit patients20, but there is little implementation of 

therapies that ameliorate the off target effects of chemotherapeutics. Therefore, there is a need to 

identify cellular pathways that may be targeted to ameliorate GI toxicity. Here I discuss a 

promising cellular pathway that can be targeted during chemotherapy to potentially curve 

intestinal damage and prevent the development of sepsis. The summarized literature suggests 
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that IRE1α plays a role in regulating intestinal cell maintenance, barrier integrity and induction 

of inflammation. However, further investigation is needed to determine the role of IRE1α on cell 

survival, barrier maintenance and inflammation following DXR treatment. Additionally, there is 

a need to investigate the role of IRE1α in the adult intestine; studies discussed previously 

completely delete IRE1α signaling from birth, here I propose to conditionally knockout intestinal 

IRE1α signaling in the adult intestine to study its role in DXR induction of damage.  

Based on the summarized literature, we hypothesize that DXR-induced IRE1α activation (1) 

increases intestinal epithelial cell survival thereby maintaining intestinal barrier, and that (2) 

intestinal IRE1α signaling is important in the function and expansion of highly secretory cells 

such as Paneth cells. 

 

Preliminary Data  

Murine model shows that following DXR treatment there is an increase in active IRE1α 

protein in the small intestinal crypt epithelium. Using a murine model to study chemotherapy-

associated gastrointestinal toxicity in humans, our lab has demonstrated that a single dose of 

DXR induces a reproducible sequela of both damage and repair in the small intestine21. Using 

this model, I have interrogated whether IRE1α activation occurs in vivo following DXR 

treatment. Preliminary immunofluorescent data show that active, phosphorylated IRE1α protein 

is present and accumulates in the crypt epithelium following DXR treatment (Figure 2A). 

Additionally, IRE1α transcript increases following DXR treatment in the isolated crypt 

epithelium (Figure 2B).  The activation of IRE1α as a result of DXR treatment has been 

observed and further investigated primarily in cardiac tissues22,23. Little is known as to what the 

role of DXR-induced activation of IRE1α is on the small intestinal epithelium. Here we propose 
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to study the role of DXR-induced IRE1α activation on intestinal survival, damage Paneth cell 

expansion and secretion of antimicrobials. 

 

 

Figure 2. DXR treatment leads t the activation of intestinal IRE1α. (A) Representative 

fluorescent microscopy images of small intestinal crypt epithelial cells from control mice 

(left) and mice receiving DXR treatment (right). Increase in active phosphorylated IRE1α 

protein puntae accumulation is observed in DXR treated mice compared to control. p IRE1α 

(green), nuclei (blue, DAPI). (B) qRT-PCR of IRE1α in isolated intestinal crypts after DXR 

(n=3). Statistical significance relative to control group. ** p < 0.01; unpaired t-test with 

Welch’s correction. 

 

Accumulation and enzymatic activity of p-IRE1α protein is dependent on duration of DXR 

treatment in vitro. Using an established intestinal epithelial crypt-like cell line I have determined 

that DXR treatment leads to an upregulation and accumulation of phosphorylated IRE1α protein 

at early time points of DXR exposure (Figure 3A). Active IRE1α catalytic activity was also 

confirmed by the presence of spliced xbp1 protein (Figure 3B) at early DXR exposure times. 

This observation in vitro closely resembles the classic dynamic of IRE1α 
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accumulation/activation and dissolution (Figure 1). Aggregation of IRE1α protein and 

phosphorylation leads to a stop in protein translation, expansion of secretory cellular apparatus in 

order to increase cell survival14. It is likely that at the early timepoints cells attempt to adapt to 

DXR insult, and as DXR exposure becomes overwhelming, the activation of IRE1α not 

sufficient to encourage such survival. IRE1α is known to act as a cell fate switch so to speak; 

IRE1α XBP1 splicing and regulated IRE1α-dependent decay (RIDD) can both promote cell 

survival or apoptosis25,26. The presence of IRE1α oligomers generates a catalytic active site that 

favors XBP1 splicing, while the presence of IRE1α monomers readily cleave RIDD substrates27.  

 

Figure 3. Active IRE1α protein accumulation peaks at early durations of DXR exposure 

in vitro. Preliminary representatives immunoblot analysis of (A) active phosphorylated 

IRE1α and (B) XBP1 at various durations of DXR treatment. Cell lysates of IEC-6 cells 

treated at various durations of DXR were run on SDS-PAGE and blotted with anti-p IRE1α 

and xbp1 antibody. Signal was normalized to -actin and results shown relative to control 

groups. 
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APPROACH 

Aim 1: Determine the role of IRE1α on intestinal epithelial cell viability, damage and 

barrier permeability after DXR treatment. 

Rationale: DXR is a DNA damaging agent that targets rapidly diving cells in the small 

epithelium crypt, inducing cell cycle arrest and apoptosis8,21. Loss of intestinal proliferative cells 

leads to a decrease in cell number, decrease in both villus and crypt height, which ultimately can 

compromise the absorptive and digestive capabilities of the small intestine21. 

A study utilizing a human embryonic cell line with inducible IRE1 activation demonstrated that 

prolonged IRE1 signaling during ER stress induction enhanced cell survival28. IRE1α is also 

known to activate pro-apoptotic signaling pathways via its endonuclease and kinase functions; 

Oligomerization of IRE1α, and association with both TNF receptor-associated factor 2 (TRAF2), 

and apoptosis signaling kinase 1 (ASK1) commences cell death signaling29. Translocation of 

JNK to the mitochondria then inhibits the anti-apoptotic B-cell lymphoma family 2 (Bcl-2) 

protein30,31, while also promoting the mitochondrial localization of Bcl-2 associated X protein 

(BaX) and Bcl 2-associated dead promoter (Bad)31. The role of DXR induced activation of 

intestinal IRE1α signaling on cell survival is not yet known, which is the main motivator for the 

development of this aim. 

IRE1β- an isoform of IRE1α- is also known to be expressed in the epithelium of the 

gastrointestinal tract32. It was demonstrated that mice deficient in IRE1β had higher levels of ER 

stress and were more susceptible to dextran sodium sulfate induced colitis32. It is unclear as to 

whether exacerbated ER stress leads to defects in intestinal barrier integrity. However, many 

have suggested that it is plausible that a defect in the ER stress response increases barrier 

permeability, which may exacerbate colitis. The goal of this aim is to determine the role of 
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IRE1α on intestinal barrier maintenance under physiological conditions and during DXR 

induction of intestinal damage.  

 

I hypothesize DXR induced intestinal IRE1α signaling drives epithelial survival, and ablation 

of IRE1α will exacerbate DXR induced intestinal epithelial cell death and increase intestinal 

permeability. 

 

Experimental Approach  

Aim 1a. Determine how intestinal IRE1α signaling following DXR treatment effects intestinal 

epithelial survival  

Ablation of intestinal IRE1α signaling and DXR treatment. 8-16-week-old VillinCreERT2 IRE1αfl/fl 

(Jackson Laboratories) female mice will be used to conditionally excise IRE1α from the 

intestinal epithelium. Western blotting and RT-qPCR will be used to confirm ablation of the 

IRE1α gene in the small intestine after tamoxifen administration (50mg/kg IP). Age matched 

VillinCreERT2 IRE1α+/+ mice will be used as wild type controls. Mice will be administered with a 

single dose of DXR (20 mg/kg IP) to induce intestinal damage, and PBS injected mice will be 

used as no DXR controls. Mice will be euthanized 6 and 24 hours post DXR treatment, the small 

intestine harvested for further analysis and weight changes will be noted. Cell proliferation will 

be assessed by treating mice with bromodeoxyuridine (BrdU) (3mg IP) 2 hours prior to 

euthanasia.  

Histomorphometry analysis of H&E-stained sections will be obtained to evaluate changes in 

mucosal architecture and loss of proliferative cells by measuring crypt, villus height and crypt 
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density. Changes in cell proliferation will be determined by immunopositivity of BrdU in 

intestinal embedded sectional tissues. 

Crypt epithelium isolation. The small intestine will be isolated, rinsed with cold PBS, cut 

longitudinally, and incubated in 20mM EDTA-PBS on ice for 20 minutes. Intestine will be 

serially washed in fraction of 10 mL of PBS until collecting a total of 5 fractions. The fraction 

that contains the greatest number of crypts will be centrifuged at 300 g for 3 minutes and washed 

with PBS. Crypt cells will be dissociated with TrypLE express (Invitrogen) at 37°C for one 

minute. Crypt epithelial cells will be stained following the Annexin V FITC Apoptosis Detection 

Kit (BD). BD FACSuite software will be utilized to determine changes in percentage of cellular 

apoptosis in treatment groups.  

Western Blotting. Isolated crypt intestinal cells will be homogenized in 

radioimmunoprecipitation assay buffer (RIPA) (Thermofisher) for 30 minutes on ice. Cell lysates 

will be cleared by centrifuging at 14,000 x g for 15 minutes. Pierce ™ BCA Protein Assay Kit 

will be used to assess protein concentration for western blot experiments. We will interrogate 

changes in pro-apoptotic signaling by probing for phosphorylated JNK, Bcl-2 and Bax proteins.  

 

Aim 1b. Determine the role of intestinal IRE1α signaling on barrier function under normal 

conditions and after DXR induction of damage 

In vivo intestinal permeability. The administration of non-digestible markers and their flow from 

the intestinal lumen to the blood is a functional method to assess intestinal permeability in vivo33. 

Age matched female littermate testing groups described in Aim 1a will be orally administered 

(0.6 mg/ml) with a FITC-dextran solution (10-70kDa, 80 mg/ml) 4 hours prior to euthanasia 6- 

and 24-hours post DXR treatment. Cardiac puncture will be performed to collect blood and 
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measure FITC-dextran fluorescence at 490 nm excitation wavelength, and 530 nm emission 

wavelength.  

In vitro intestinal permeability. Non-transformed rat small intestinal epithelial cell line (IEC-6) 

will be utilized to perform paracellular tracer flux experiments. IEC-6 cells will be seeded at a 

density of 4 x 105 cells/cm on a Transwell insert. Cells will be maintained for 48 hours until cell 

polarization is established; cell’s apical side will be located in the upper compartment, and the 

basolateral side will be in the lower compartment. Monolayers will be treated with either control 

siRNA, or IRE1α siRNA (1nM siRNA) and lipofectamine RNAiMAX reagent (ThermoFisher) 

to induce knockdown of intestinal IRE1α. Verification of IRE1α knockdown will be determined 

via western blotting and RT-qPCR 48 hours after transfection. Fresh media fresh medium 

containing FITC-dextrans (4-20kDa, 10 µg/ml) with or without DXR (0.2µg/ml) will be added to 

the upper compartment and incubated for 6, 12, 18, and 24 hours at 37 °C. Bottom compartment 

aliquots will be acquired to measure FITC-dextran via spectrophotometry.   

 

Expected Outcomes of Aim 1: I expect that DXR treated mice deficient in IRE1α signaling will 

experience ablated loss in proliferative cells, decreased percentages of apoptosis and intestinal 

permeability compared to control no DXR animals. 

 

Potential problems and alternative strategies – Aim 1 

Ablation of intestinal IRE1α signaling followed by DXR treatment may not induce a significant 

change in mucosal architecture, cellular apoptosis, proliferation, and intestinal permeability. 

Plausible explanations may include: 1) insufficient inducible Cre recombination, or incomplete 

ablation of IRE1α in vitro 2) Intestinal IRE1α signaling is not critical for cell apoptosis and 
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proliferation induction using this model or 3) alternative, compensating cellular pathways are in 

place to accommodate for ablation in IRE1α signaling. Tamoxifen concentrations and treatment 

durations can be modulated to assess whether there is insufficient inducible Cre recombination 

and proper excision of the IRE1α gene, which will be verified by RT-qPCR and western blotting. 

Knockdown experiments in vitro do not completely eliminate IRE1α signaling; low levels of 

IRE1α will be present and able to affect the areas of interest for this study. To circumvent this, 

targeted deletion of IRE1α can be accomplished via the CRISPR/Cas 9 system. Ablation of 

intestinal IRE1α signaling may lead to the activation of compensatory cellular pathways such as 

it is autophagy12, therefore changes in apoptosis and proliferation may not differ in treatment 

groups. In such case, mice deficient in intestinal autophagy related gene ATG16L1 can be further 

studied using our experimental set up. Additionally, IRE1α is one of the many players involved 

in the adaptive unfolded protein response (UPR), and studies have demonstrated that the UPR is 

very dynamic in that it can compensate once a gene is defective25. Other arms of the UPR 

response can be further investigated to better study this compensatory mechanism.  

 

Aim 2: Determine the role of DXR induced intestinal epithelial IRE1α signaling on Paneth 

cell expansion and function. 

Rationale: Paneth cells play an important role in protecting the host from invading luminal 

pathogens by secreting antimicrobial peptides such as α-defensins, lysozyme, and matrilysin34,35. 

This is demonstrated in studies involving the dysfunction or loss of Paneth cells and subsequent 

reduction in bacterial pathogen clearance36,37. For this reason, Paneth cell’s maintenance, number 

and function are imperative in protecting the host from outside pathogens. Using our model, we 

have demonstrated that Paneth cell number and size increase following DXR treatment 
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concurrent with the rapid loss of proliferative epithelial cells38. Paneth cell expansion and 

secretion of antimicrobial proteins may occur in this setting to reduce colonization of bacteria; 

however, this is yet to be studied.  

Paneth cells as professional secretory cells have an extensive ER and Golgi network, as well as 

apical clustering of secretory granules39,40. Secretion of Paneth cell granules into the crypt lumen 

are regulated by acetyl cholinergic agonists such as carbamyl choline, bacterial products and toll-

like receptor agonists 35,41,42. To ensure quality of secreted proteins, Paneth cells adjust the 

protein-folding capacity of the ER to the rate at which newly synthesized proteins enter the ER. 

Disruptions in such process may lead to aberrant, unfolded protein secretion and ER stress43. 

Studies have demonstrated that deletion of downstream IRE1α target- XBP1- in the intestinal 

epithelium cause a decrease in the number of both Paneth and goblet cells due to increase in 

apoptosis18. Observations of xbp1-deficient Paneth cell morphology using transmission electron 

microscopy (TEM) demonstrated aberrant secretory granules, lack of ER expansion, degradative 

vacuoles, and absence of ER membranes. The described studies demonstrate that xbp1, a 

downstream target of IRE1α activation, is important in the adequate formation of essential 

secretory cellular components, maintenance, and survival of Paneth cells. The role of DXR 

induction of intestinal IRE1α signaling, its effect on Paneth cell expansion, ER and Golgi 

network organization, and secretion of antimicrobial proteins has not been elucidated using our 

model, therefore this is the main motivator for the development of this aim.  

 

I hypothesize that DXR induced Paneth cell expansion, secretory cellular components and 

antimicrobial activity will be abrogated by the loss of intestinal IRE1α signaling 
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Experimental Approach 

Aim 2a. Determine whether DXR induction of intestinal IRE1α signaling leads to increase in 

Paneth cell number, secretory granule size and adequate organization of secretory cellular 

components 

Ablation of intestinal IRE1α signaling and DXR treatment. Intestinal IRE1α signaling will be 

disrupted following the experimental set up described in specific aim 1a. Mice will be 

administered with a single dose of DXR (20 mg/kg IP) to induce intestinal damage, and PBS 

injected mice will be used as no DXR controls. Mice will be euthanized at 6, 24- and 120-hours 

post DXR treatment and small intestinal tissue will be collected for further analysis.  

Transmission electron microscopy. Transmission electron microscopy (TEM) will be used to 

determine changes in Paneth cell secretory cellular components. Intestinal tissue will be fixed 

following the manufacturer’s instructions. Sections will be visualized using a transmission 

electron microscope (EM-910 model, Thornwood, NY) at voltage of 80kV, with image capturing 

utilizing the charge couple device camera (SC 1000, Pleasanton, CA).  

Assessment of Paneth cell number via immunohistochemistry. Paraffin-embedded intestinal 

sections will be deparaffinized, followed by antigen retrieval and blocking of nonspecific 

binding with 5% BSA prior to primary antibody incubations. Anti-lysozyme (Santa Cruz 

Biotechnology, Dallas, TX) in 5% BSA will be added to slides and will be incubated overnight. 

Secondary fluorescent Alexa 488 anti-goat antibody will be added and incubated for 1 hr. at 

room temperature. DAPI counterstain will be added, and slides mounted. 

Flow cytometry. Intestinal tissues from treated mice will be independently dissociated into single 

cell suspensions after following the protocol for crypt epithelium isolation in aim 1. Cells will be 
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incubated with primary lysozyme FITC conjugated antibodies in the dark prior to analysis via 

flow cytometry. 

 

Aim 2b. Determine whether DXR induction of intestinal IRE1α signaling regulates Paneth 

cell secretion of lysozyme and antimicrobial activity 

Ablation of intestinal IRE1α signaling and DXR treatment. Intestinal IRE1α signaling will be 

disrupted and DXR administrated following the described protocol on Aim 2a.  

Fluorescence-activated cell sorting (FACS). Intestinal tissues from treated mice will be 

independently dissociated into single cell suspensions after following the protocol for crypt 

epithelium isolation in aim 1. Cells will be incubated with primary CD45, EpCAM, CD24, 

lysozyme-FITC conjugated antibodies in the dark prior to cell sorting. Paneth cells will be sorted 

(CD45-EpCAM+CD24+Lys+) and resuspended in iPIPES buffer prior to exposure to secretory 

stimulus35. 

Lysozyme Activity Assay. Lysozyme activity of FACS sorted Paneth cells will be assessed by 

using the Lysozyme Activity Assay Kit (AbCam) following the manufacturer’s instructions. 

Active lysozyme will cleave the synthetic substrate releasing a fluorophore, which will be 

quantified at excitation/emission=360/445nm using a microplate reader.  

Stimulation of Paneth cell secretion. FACS sorted Paneth cells will be stimulated via acetyl 

cholinergic stimulation with agonist carbamyl choline as described by Ayabe et al35.  

Bactericidal Assay. Bactericidal activity of Paneth cell secretions collected will be tested on 

lysozyme-sensitive phoP-strain of S. typhimurium35. 1000 bacterial colony forming units (CFUs) 

in the exponential growing phase will be deposited and resuspended in Paneth cell secretions 

collected. After 60-minute incubations at 37˚C, remaining CFUs will be quantified35.  
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Expected Outcomes of Aim 2: I expect that DXR treated mice deficient in IRE1α signaling will 

have a blunt increase in Paneth cell and granule number as well as an aberrant secretory cellular 

apparatus. This in turn will decrease Paneth cell derived lysozyme production and inherit ability 

to kill lysozyme-sensitive phoP-strain of S. typhimurium. In other words, we predict that 

intestinal specific IRE1α signaling plays a role in the increase in both Paneth cell and secretory 

granule number, organization of secretory apparatus and promotion of the secretion of 

antimicrobial proteins -such as lysozyme- essential in the prevention of luminal bacterial 

colonization. 

 

Potential problems and alternative strategies – Aim 2 

Deficiency in intestinal IRE1α signaling during DXR treatment may not significantly blunt the 

increase in Paneth cell, and granule number or lead to aberrant secretory cellular apparatus and 

disruption in lysozyme secretion and activity. Plausible explanations may include: 1) insufficient 

inducible Cre recombination, and 2) IRE1α is not critical for the DXR induced expansion and 

maintenance of Paneth cells. To circumvent incomplete tamoxifen induced deletion of floxed 

ire1α gene, we can utilize a constitutive villin cre mouse to ensure ablation of ire1α. 

Additionally, we can specifically remove ire1α in Paneth cells by generating a mouse that 

expresses Cre recombinase under the antimicrobial Defensin promoter (Defa6cre;ire1αfl/fl)44. 

IRE1α-XBP1 signaling represents only one branch of the unfolded protein response (UPR)45, 

therefore other branches and intermediates should be further studied. For example, emerging 

studies suggest that secretory cell transcription factor MIST1 is essential in regulating gastric 

secretory capacity, and  maintenance of vesicle trafficking46,47. In such case, mice deficient in 

Paneth cell specific MIST1 expression can be further studied using our experimental set up.  
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Statistical analyses 

Experiments will be completed with a sample size of 3 or 4 animals per group in preliminary 

studies. Cell culture experiments will be performed in triplicates repeated in three independent 

experiments. Normality of data will be determined via the Shapiro-Wilk test. Parametric and 

non-parametric statistical testing will be performed on normal and non-normal data, respectively 

followed by post-hoc test, if necessary, to determine significance. The data will be expressed as 

means ± standard deviation and analyzed with the Prism software. Paired comparisons will be 

tested using the t-test and multiple comparisons using simple factor analysis of variance 

(ANOVA). Values with P < 0.05 will be considered statistically significant.  

 

Conclusions and future directions 

The completion of this proposal will provide new information on the role of DXR induction of 

IRE1α signaling on intestinal cell survival, barrier, and Paneth cell function. This information 

will contribute to the understanding of the cellular mechanisms responsible for the development 

of mucositis, and sepsis, for example in patients undergoing cancer treatment. Here, we seek to 

manipulate intestinal specific IRE1α signaling with the intention of ameliorating GI side effects 

while also harnessing the ability of Paneth cells to produce antimicrobials to prevent bacterial 

translocation in the presence of a weakened barrier. In addition, the proposed model of study can 

be applied to other models of damage such as irradiation therapy. This combined knowledge can 

be incorporated to develop therapeutics that combined with cancer treatments will lead to 

treatment continuation while also increasing the quality of life of patients.  
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