
Abstract

SHAW, JU-JEAN. Bioavailability of Oil-Based and ββ -Lactoglobulin

Complexed Vitamin A in a Rat Model. (Chair: Jonathan C. Allen and Co-chair:

Harold E. Swaisgood)

The goal of this research was to determine the bioavailability of a retinyl

palmitate-β-lactoglobulin complex in fortified skim milk and non-milk liquids using a

rat model. Vitamin A plays a crucial role in many biological functions such as vision,

cell differentiation, gene expression, central nervous system development, bone

development and immune system function. Fluid milk products have been fortified

with vitamin A (along with Vitamin D) since the 1930s to reduce the incidence of

disorders caused by fat-soluble vitamin deficiency in the USA. Low-fat and non-fat

fluid milk products are fortified with vitamin A and other nutrients to restore that

which is removed with the lipid phase. Vitamin A preparations for milk fortification

have either oil-based carriers or water-based carriers. Although it was suggested that

the oil-in-water emulsions are preferred rather than oil-based preparation, vitamin A-

fortified milk is often unable to comply with nutrition labeling requirements. Because

retinyl palmitate, a vitamin A form most used in food products, can bind with β-

lactoglobulin, a major component of bovine whey, in a molar ratio of 2:1, we propose

β-lactoglobulin could be a carrier to fortify skim milk with retinyl palmitate. The

bioavailability of this vitamin A-β-lactoglobulin complex has not been tested yet so we

designed and conducted experiments to test the bioavailability of this complex in the

skim milk and water-based liquids.
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Chapter I

Introduction

Vitamin A is a remarkable vitamin that has long been known to be crucial to

normal vision and controlling the differentiation of epithelial cells in the digestive

tract, respiratory system, skin, and bone. It is also important in cell replication, growth,

and maturation of the nervous system and the immune system. Both naturally

occurring and synthetic retinoids are used in the therapy of various skin diseases, for

augmenting the treatment of diabetes, and in some cases as chemopreventive agents.

Retinol metabolites serve as ligands that activate specific transcription factors and

control gene expression.

Because of the important role of vitamin A, fluid milk products have been

fortified with vitamin A (along with vitamin D) since the 1930s to reduce the

incidence of disorders caused by vitamin deficiency in the USA. Vitamin A addition to

whole milk is optional, but low fat and nonfat milk must be fortified with vitamin A so

that each quart contains >2000 IU (FDA 1997).

Vitamin A fortified skim milk is either prepared with oil-based carriers or

water-based emulsions. Currently, the acceptable deviation range of vitamin A for

FDA is 100% to 150% of FDA regulations (FDA 1994). However, non-fat or low-fat

milk products often do not comply with nutrition labeling requirements over the entire

shelf life. This may be due to analytical methods and loss of vitamin during processing

and storage (Bruhn and McGee 1992 & Tanner et al. 1988).

On the other hand, the degradation of vitamin A generally parallels the

oxidative degradation of unsaturated lipids. Losses of vitamin A activity in food occur

mainly through reactions involving the unsaturated isoprenoid side chain, by either

autoxidation or geometric isomerization. Light catalyzes double-bond isomerization of

most retinoids. The type of packaging material can have a substantial effect on net

retention of vitamin A activity in food exposed to light during storage (Fennema et al.

1996). In addition, small quantities of vitamin A have the ability to diffuse into plastic
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containers. Adsorption of vitamin A to the polyethylene material used for milk

containers may cause loss of vitamin A from fortified non-fat and skim milks that are

packaged in high density or low density polyethylene containers.

β-Lactoglobulin, a major component of bovine milk, has the ability to bind in

vitro certain hydrophobic molecules such as retinol and fatty acids. The physical-

chemical properties of β-lactoglobulin have been extensively studied. It is remarkably

acid-stable and resists proteolytic degradation. Retinyl palmitate binds with

considerable affinity to β-lactoglobulin in a molar ratio of 2:1 (Wang et al. 1997).

Because vitamin A, a fat-soluble nutrient, will bind with β-lactoglobulin, we propose

that β-lactoglobulin could be used as a carrier to fortify skim milk with vitamin A.

Some research even suggests that β-lactoglobulin shares similar structure and

conformation with serum RBP, and that β-lactoglobulin could enhance retinol uptake

in the intestinal tract.

In order to investigate whether β-lactoglobulin could be a successful carrier,

bioavailability of a vitamin A-β-lactoglobulin complex needed to be examined. The

goal of this research was to determine the bioavailability of a retinyl palmitate-β-

lactoglobulin complex for use as a fortifier for milk or other foods by using rats as a

model. Two sets of animal experiments were completed. First, we designed and

conducted experiments to deplete vitamin A in rats. Furthermore, we tested the

bioavailability of retinyl palmitate-β-lactoglobulin complex from skim milk and an

aqueous solution and compared the bioavailability with an oil-based vitamin A

vehicle.  Second, we designed and completed a dose response experiment. Four

different doses of vitamin A in four different treatment preparations were designed for

an animal experiment. Bioavailability of each treatment was examined by measuring

the serum retinol concentration. Finally, two different dose sets of animals were

selected to measure the retinyl palmitate storage and retinol concentration in the liver.

This thesis will review the digestion, absorption, transport, storage, metabolism

and several functions of vitamin A. It also briefly reviews some properties of β-

lactoglobulin and its relationship with vitamin A. Stability of vitamin A and some

fortification problems of milk are reviewed in the thesis as well. Analytical method
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development, a pilot animal experiment, and a dose-response study for vitamin A

bioavailability are described in detail in the thesis. Results and discussions are

included with each experiment separately.
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Chapter II

Literature Review

2.1 Vitamin A

2.1.1 Source

The term vitamin A or preformed vitamin A is used to refer to a group of

nutritionally active unsaturated hydrocarbons, including retinol (an alcohol), retinal

(the aldehyde form), related compounds and certain carotenoids. The term provitamin

A refers to β-carotene and other carotenoids that can be converted into retinol.

Retinoic acid is a metabolite of retinal. The term retinoids refers to the class of

compounds including retinol and its chemical derivatives having four isoprenoid units

(Fennema et al. 1996) (Figure 2.1).

Figure 2.1 Selective form of vitamin A.

All-trans retinol Retinal

Retinoic acid

β-Carotene

Retinyl Palmitate
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Free (all-trans) retinol is not generally found in foods, but is present as

precursor fatty acid esters, among which the most commonly occurring is retinyl

palmitate. Retinyl esters are found in selected foods of animal origin, primarily egg

yolks, butter, whole milk products, liver, and fish liver oils. Other dietary components

providing vitamin A activity are carotenoids. Carotenoids, the red, orange, and yellow

pigments synthesized by a wide variety of plants, are many in number (over 600), but

only about 10 % of these pigments have vitamin A activity. β-carotene pigment has

the greatest vitamin A activity. β-carotene and canthaxanthin are approved by the

Food and Drug Association (FDA) and used as a food color additive. Yellow and

orange vegetables such as carrots, red palm oil, papayas, tomatoes, squashes, apricots,

peaches, and yellow corn provide significant amounts of carotenoids. All green

vegetables contain some β-carotene equivalents, although the pigment cannot be seen

because it is masked by chlorophyll (Groff et al. 1995).

One internationa l unit (IU) of vitamin A is defined as 0.3 µg of all-trans

retinol. For nutritional purposes, a better term is “retinol equivalents” (RE), which

converts all dietary sources of vitamin A and carotenoids into a single unit. Thus, 1 µg

of all-trans retinol equals 1 RE. Generally, 1µg of retinol is assumed to be biologically

equivalent to 6 µg of β-carotene or 12 µg of mixed dietary carotenoids.

The 1989 recommended dietary allowances (RDA) for vitamin A are 800 µg

retinol equivalents (RE)/d (2667 IU/d) for adult woman and 1000 µg (1mg) RE/d

(3300 IU/d) for adult men (National Research Council 1989). The 1989 RDA values

of vitamin A (retinol) have not been revised in Dietary Reference Intakes (DRIs).  The

RDA will continue to serve health professionals until DRIs can be established (Food

and Nutrition Board 1998). Although β-carotene and other carotenoids (provitamin A)

studies are addressed in 1998 DRIs, no DRIs are proposed for β-carotene or other

carotenoids at the present time. Establishment of a requirement for carotenoids based

upon vitamin A activity was not included in either 1998 the DRIs or the 1989 RDAs

(Food and Nutrition Board 1998). Recommendations for adequate intake of vitamin A

are based on the amounts needed to correct night blindness among vitamin A-deficient

subjects, and to raise plasma vitamin A levels to a normal level in depleted subjects.
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Estimates of vitamin requirements are based on amounts of the vitamin needed to

maintain a given body pool size in well-nourished subjects. A concentration of 20 µg

retinol/g human liver was used to represent a satisfactory total body reserve (Olson

1987). With this latter approach, the recommended level for vitamin A intake was

reduced to 700 RE for adult men and 600 RE for adult females but the

recommendation (referred to as recommended dietary intake, or RDI) of the committee

were never officially accepted (Olson 1987).

2.1.2 Digestion and Absorption

Free, non-esterified vitamin A, retinol, is not generally found in food. Vitamin

A in food is typically covalently bound to a fatty acid. Retinyl palmitate is the most

commonly occurring ester in food, being present in animal tissues. Carotenoids are

found in fruits and vegetables. Retinyl esters and carotenoids in foods are often

complexed with protein from which they are released by pepsin in the stomach and

other proteolytic enzymes in intestinal lumen. Pancreatic lipase, cholesterol ester

hydrolase, as well as esterases from the intestinal brush border are responsible for de-

esterification of retinyl and carotenoid esters (Ong 1993 & Groff et al. 1995).

Retinol in physiological concentrations is apparently absorbed by facilitated

diffusion, whereas, at pharmacological levels, it can be absorbed by passive diffusion.

The released carotenoids and retinol in the small intestine form a micellar solution

along with the other fat-soluble food components. The micellar solution containing the

vitamin A diffuses through the glycoprotein layer surrounding the microvilli of the

intestine and into the enterocyte. Approximately 70 % to 90 % of retinol from the diet

is absorbed. More research is needed to determine what factors influence retinol

absorption (Olson 1987 & Blomhoff 1994).

Recent studies suggest that absorption of retinol from the retinol:retinol–

binding protein like complex (retinol:RBP or retinol β-lactoglobulin) might be

receptor mediated (Said et al. 1989 & Dew and Ong 1997). Retinol-binding protein

(RBP) is a superfamily of small secreted proteins that bind hydrophobic ligands. Dew

and Ong studied the absorption of retinol from retinol-RBP complex by brush border

transporter in epithelial sheets from the small intestine of the suckling rat. They found
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that these cells absorbed retinol from RBP in a specific, saturable manner. The

absorption mechanism of the retinol-RBP is different from free retinol uptake in the

intestine (Dew and Ong 1997). Please refer to the “β-Lactoglobulin” section for

related studies.

β-Carotene is transformed to retinal or retinoic acid in the intestinal mucosa.

Some (up to 30 %) β-carotene may leave the intestine without oxidation. Retinal

undergoes NADH or NADPH reduction to retinol within the intestinal cell. Retinoic

acid is picked up by the portal vein, and transported in the plasma bound tightly to

albumin.

Almost all the retinol absorbed into the enterocytes leaves via the lymphatics

as retinyl esters in chylomicrons. Retinol is re-esterified in intestinal cells. One of two

metabolic pathways may be followed for retinol re-esterification in the enterocyte. The

primary pathway involves type II cellular retinol-binding protein (CRBP-II). CRBP II

binds both retinal and retinol in the cytoplasm of epithelial cells of the small intestine

(Ong 1993). Retinol-CRBP-II is esterified by lecithin retinol acyl transferase (LRAT)

to form retinyl esters, mainly retinyl palmitate but also retinyl stearate, retinyl oleate

and retinyl linoleate. The minor pathway for re-esterification involves binding of

retinol to a non-specific cellular protein, with subsequent re-esterification by acyl CoA

retinol acyl transferase (ARAT) (Ong 1993 & Combs 1992). ARAT may serve to

esterify retinol when large doses of the vitamin A are ingested and CRBP-II becomes

saturated (Blomhoff 1994). The newly formed products are incorporated into

chylomicrons; these chylomicrons are carried first into the lymphatic system and then

into the general circulation (Groff et al. 1995) (Figure 2.2).
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Figure 2.2 Digestion and absorption of vitamin A.
(Redrawn from Groff et al. 1999 & Blomhoff 1994)

2.1.3 Transport, Storage, Metabolism and Excretion

Since this thesis targets the bioavailability of retinol and the retinyl palmitate,

the literature review of metabolism and excretion focuses on retinyl esters, not

carotenoids. Chylomicrons deliver retinyl esters, some unesterified retinol and

carotenoids to many extrahepatic tissues such as bone marrow, blood cells, spleen,

adipose tissue, muscle, lungs, and the kidneys. Finally, chylomicron remnants deliver

retinyl esters and portion of the carotenoids not taken up by peripheral tissue to the

liver.

The liver consists of several cell types, of which two (parenchymal and

stellate) are particularly important in the metabolism of vitamin A. Hydrolysis of the

retinyl esters occurs following their uptake by the hepatic parenchymal cells. In the

hepatic cell, retinol binds a cellular retinol-binding protein (CRBP). CRBPs have been
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found in many body cells such as intestine (CRBP-II), liver, kidney, and other vitamin

A target tissues. CRBP is thought to function both to help control the concentration of

free retinol within the cell cytoplasm and thus prevent its oxidation, and to direct the

vitamin A through a series of protein-protein interactions by enzymes of metabolism

such as LRAT or ARAT pathways (Ong 1994, Napoli 1993 & Ross and Ternus 1993).

Retinol not transported or metabolized from the liver may be stored following

re-esterification. About 80 % to 95 % of the vitamin A is stored with other lipids in

special perisinusoidal cells called stellate cells of the liver. When liver stores of

vitamin A are adequate, the stellate cells will store recently ingested vitamin A as

retinyl esters (primarily retinyl palmitate, but also as retinyl stearate, oleate and

linoleate). For a given person, plasma vitamin A levels remain quite constant over a

wide range of dietary intakes and liver stores. Only after the hepatic stellate cells can

accept no more retinol for storage does hypervitaminosis A occur (Groff et al. 1995).

When vitamin A is required by the rest of the body, retinol is released by a

hydrolase from the ester storage form in the liver and transported to the endoplasmic

reticulum, where retinol-binding protein (RBP) is found in high concentration. Retinol

is then bound to RBP and secreted from liver to plasma. The retinol-RBP within

plasma however, becomes bound to a protein called transthyretin (TTR). TTR is also

called prealbumin and binds one thyroxine (T4) per tetramer. The protein RBP and

TTR serve to make vitamin A more soluble in blood plasma, and by incorporating the

vitamin into a much larger structure, they protect it from being filtered from blood and

excreted via the kidneys. Some target tissues that take up retinol from the RBP-TTR

complex include adipose, skeletal muscle, kidney, white blood cells, bone marrow,

and eyes. Entry of the retinol into target cells is believed to involve slow release from

RBP with subsequent association with the target cell. It may also be mediated by

specific cell surface receptors that recognize the RBP and internalize the retinol, but

not the RBP (Creek et al. 1993 & Sundaram et al. 1998). Once delivered into a cell,

Vitamin A is picked up by various binding proteins such as CRBP (Blomhoff et al.

1992 & Groff et al. 1995) (Figure 2.3).
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Figure 2.3 Transport, storage and mode of vitamin A action.
(Redrawn from Groff et al. 1995 & Blomhoff 1994)

Retinol conversion to retinal is reversible, but the oxidation of retinal to

retinoic acid is irreversible. In the cytoplasm, retinoic acids bind to cellular retinoic

acid binding proteins (CRABPs). Retinoic acid is involved in cell differentiation, gene

expression and lots of other activities. The major pathway of retinoic acid metabolism

is oxidation to 4-hydroxyl retinoic acid in a NADPH-dependant reaction. The latter

compound is further oxidized to a variety of metabolites for excretion. The oxidized

product of vitamin A that contains intact chains are conjugated to glucuronide and
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excreted primarily via the bile into feces. About 70 % of the vitamin A metabolites is

excreted in the feces. About 30 % of vitamin A metabolites is excreted in the urine

(Olson 1991 & Groff et al. 1995).

2.1.4 Major Functions of Vitamin A

2.1.4.A Vision

Vitamin A has an important role in the visual process. The molecular

mechanism of action of vitamin A in the visual process has been under investigation

for many years. Wald in 1968 and Morton in 1972 characterized this mechanism of

action. The chemistry of vision was comprehensively reviewed in Accounts of

Chemical Research (1975) by numerous investigators. Retinol is delivered to the retina

by retinol-binding protein (RBP) and moves into the pigment epithelium of

photoreceptor rod cells which contain specific receptors for the retinol-RBP complex.

Interphotoreceptor retinol-binding protein (IRBP) is a glycoprotein that is responsible

for transporting retinol between the pigment epithelium and photoreceptor cells.

Retinol is oxidized by an NAD-activated dehydrogenase to generate all trans retinal in

the rod outer segments of rod cells. The all-trans retinal generated is equilibrated with

its 11-cis isomer either spontaneously or by an isomerase. The 11-cis retinal is joined

to the protein opsin through a protonated Schiff’s base linkage to produce rhodopsin.

The rods contain photosensitive rhodopsin which, when acted upon by light of a

definite wavelength, is converted to visual yellow and initiates a series of chemical

steps necessary to vision. When the light hits the rhodopsin, rhodopsin breaks down in

a series of reactions. The function of 11-cis retinal in rhodopsin is to provide an

increased absorption coefficient in visible light and thus sensitize the rhodopsin which

is denatured. Rhodopsin itself differs from other proteins by having a lower energy of

activation, which permits it to be denatured by a quantum of visible light. (Other

proteins require a quantum of ultraviolet light to be denatured.) The denaturation

process of protein is reversible and takes place more readily in the dark to give rise

from bleached rhodopsin, when combined with 11-cis-retinal, to rhodopsin. All-trans

retinal is generated during the degradation of rhodopsin. These processes lead to an

electrical signal to the optic nerve. Recovery of the rod’s dark current and thus vision
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in dim light is believed to be made possible by the phosphorylation of opsin. The exact

steps involved and the location of the reaction are unclear. The visual cycle is

completed when all-trans retinal is converted back to 11-cis retinal and bound once

again to rhodopsin. If an animal is placed in the dark, the regeneration of rhodopsin

continues until a maximum concentration is obtained (Doerge 1982 & Groff et al.

1995).

2.1.4.B Epithelial Cell Differentiation and Gene Expression

Vitamin A and its metabolites control and direct differentiation of epithelial

tissues, leading to the suggestion that vitamin A has hormone-like properties. The

effects of retinoids are thought to be mediated through the metabolite retinoic acid,

which binds to nuclear retinoic acid receptors (RAR) or retinoid X receptors (RXR)

that then interact with specific retinoic acid response elements such as specific

nucleotide sequences of nuclear DNA to regulate gene transcription

(Sankaranarayanan and Mathew 1996).  These receptors function as transcription

factors, regulating gene expression directly by binding to gene promoters and

indirectly by interacting with other transcription factors (Lee et al. 1997). Retinoic

acid is needed in the lungs, trachea, skin, and gastrointestinal tract, and other places

that have epithelial cells.  Retinoic acid helps to maintain both the normal structure

and the functions of the epithelial cells. Retinoic acid is thought to act as a signal to

“switch on” the genes for keratin proteins. Retinoic acid directs the differentiation of

keratinocytes, immature skin cells, into mature epidermal cells (Ross 1993).

2.1.4.C Cell Surface Functions – Glycoproteins

Vitamin A performs an important function in the biosynthesis of glycoproteins.

The glycoproteins are the principal cell surface constituents involved in cell

communication, cell recognition, cell adhesion, and cell aggregation, etc. The possible

mechanism of action involves the formation of retinyl phosphate which is formed from

the conjugation of retinol and ATP. Retinyl phosphate can be converted into retinyl

phosphomannose. Retinyl phosphomannose can pass mannose to a glycoprotein

acceptor to produce a mannosylated glycoprotein (Combs 1992). Changing the glycan
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portion of the glycoprotein can greatly affect differentiation of cells or tissues through

their effects on cell communication, aggregation, recognition and cell adhesion.

Retinoic acid has also been shown to affect cell membranes by increasing the number

of gap junctions, the junctions between cells. These junctions are important for cell to

cell communication and for cell adhesion. Vitamin A and its metabolites are believed

to have the ability to modify cell surfaces, possibly by improving attachment of

glycoprotein to cell surfaces to induce cell adhesion or through increasing glycoprotein

synthesis at the gene level (Wolf 1984).

2.1.5 Other Functions of Vitamin A

Impaired growth in vitamin–A-deficient animals can be stimulated with

replacement by either retinol or retinoic acid. Retinoic acid also plays a very important

role in the development of the central nervous system (CNS). Retinoic acid receptors

are abundant in the brain. The retinol, bound on RBP, is brought to the brain and

across to blood-brain barrier. The retinol is converted to retinoic acid in the brain cell

and affects the central nervous system development (MacDonald et al. 1990). Retinyl

β-glucuronide has been shown to improve acne lesions in patients (Olson 1993).

Retinoic acid promotes sperm production in males and is essential for

reproduction in females as well. Retinoic acid also is involved in bone and soft tissue

development and maintenance. Vitamin A is essential for bone metabolism through

involvement with osteoblasts and osteoclasts. The mechanism of the action is unclear

at present but the deficiency of vitamin A will result in excessive deposition of bone

by osteoblasts and reduced osteoclasts (Groff et al. 1995).

Vitamin A also influences immune system function. Depletion studies suggest

that vitamin A appears to be needed for T-lymphocyte function and for antibody

response to viral, parasitic, and bacterial infections. Natural killer cell activity and

phagocytosis are also impaired with vitamin A deficiency (Ross 1992).

Retinol or retinoic acid is required for insulin release. Retinoids increase

transglutaminase activity, and transglutaminase is a candidate for mediating retinoid-

induced changes in insulin secretion (Driscoll et al. 1997).
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Oxidation of lens proteins plays a central role in the formation of age-related

cataracts, suggesting that dietary antioxidants may play a role in prevention. Lutein

and zeaxanthin, two types of carotenoids, and foods rich in these carotenoids such as

spinach and kale may decrease the risk of cataracts severe enough to require extraction

(Chasan-Taber et al. 1999).

β-Carotene and other carotenoids are thought to function as antioxidants,

because they possess the ability to react with and quench free-radical reactions in

membrane systems (Mascio et al. 1991). β-Carotene has the ability to react directly

with peroxyl radicals involved in lipid peroxidation.

2.1.6 Vitamin A in Pharmacology

Several retinoids that are analogues of the nutritionally active forms of vitamin

A exhibit useful pharmacological properties. Moderate to massive doses of vitamin A

have been used in night blindness, pregnancy, lactation, acne, abortion of colds,

removal of persistent follicular hyperkeratosis of the arms, persistent and abnormal

warts, corns and calluses and similar conditions (Groff et al. 1995). Retinyl β-

glucuronide has been shown to improve acne lesions in patients (Olson 1993). The

vitamin A analogue, isotretinoin, or Accutane, is used for acne treatment. (Also refer

to “Toxicity” section.) Since retinol or retinoic acid is required for insulin release,

retinoids are used for augmenting the treatment of diabetes. β-Carotene has been

pharmaceutically available and indicated for the treatment of photosensitivity in

patients with erythoopoietic protoporphyria. Carotenoids may be used in decreasing

the risk of cataracts.

2.1.7 Potential Uses of Vitamin A

2.1.7.A Vitamin A and Cancer

The development of cancers involves alterations in growth and differentiation

of cells as a result of carcinogen-induced damage to DNA of regulatory genes.

Epithelial cancer is the most common form of neoplastic disease. Skin, lung, colon,

breast, prostate, cervical, bladder and esophageal cancers arise in epithelial tissues and

acquire the ability to grow and invade through the basement membrane. In the western
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world studies have been conducted for the last 20 years on the role of vitamin A- and

carotene -containing foods in protecting against the development of different forms of

cancer. The available epidemiological data are compatible with a modest inverse

association between intake of vitamin A and breast cancer although it is not clear

whether this effect may be due to preformed vitamin A, carotenoids, or both. Two

chemoprevention randomized clinical trials were begun in 1984 to evaluate retinoids

in the prevention of skin cancers. One trial was moderate risk subjects with a history

of at least 10 actinic keratoses and at most two prior skin cancers; another trail was

high risk subjects with a history of at least four prior skin cancers. Both trials were

randomized to retinol and placebo daily for years. The retinoid treatments had no

significant benefit on squamous or basal cell carcinoma skin cancers in the high risk

subjects trial, but daily retinol was effective in preventing squamous cell, not basal

cell, carcinoma skin cancers in the moderate risk subjects (Moon et al. 1997). Some

evidence suggests that vitamin A may be modestly protective against lung cancer as

well (Willett and Hunter 1994). Vitamin A also showed the capacity to modify rat

colonic tumor cell line proliferation and differentiation by an induction of apoptosis.

This result could be attractive to prevent development of colon cancer by vitamin A

supplemented diets (Maziere et al. 1997). Consumption of diets high in β-carotene,

which is derived almost exclusively from intake of fruits and vegetables, has been

associated with a reduced risk of lung cancer in smokers (Mayne et al. 1994).

It is unclear what the mechanism of action may be; a number of nutrients could

be involved and contribute to an antioxidant effect. Some carotenoids also induce

hormonal and other metabolic changes unrelated to either vitamin A action or to an

antioxidant effect. It is therefore unwise to jump to conclusions about the selective

benefits of individual carotene, or indeed of vitamin A as such (James et al. 1994).

2.1.7.B Vitamin A and Heart Disease

Oxidation of cholesterol in low-density lipoproteins (LDLs) increases

monocyte uptake of the oxidized LDL cholesterol and deposition of the lipids as fatty

streaks in blood vessels (Luc and Fruchart 1991). Once the cholesterol is deposited

within the vessels, the monocytes differentiate into macrophages and become foam
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cells. Because β-carotene and other carotenoids have antioxidant properties, many

studies suggest that β-carotene and other carotenoids can protect LDL from oxidation

(Abbey et al. 1993). Unfortunately, the Carotene and Retinol Efficacy Lung Cancer

Chemoprevention Trial (CARET) was ended prematurely due to the unexpected

finding that the active treatment group on the combination of 30 mg β-carotene and

25000 IU retinyl palmitate had a 26% increased cardiovascular mortality and a 46%

increased lung cancer mortality compared with placebo. The Department of Medicine

in Yale University School of Medicine had a follow-up study to explore possible

explanations for the CARET result after the intervention was halted. Based on a small

convenience sample, CARET participants in the active treatment arm had a small

nonsignificant increase in serum triglyceride levels while on the intervention, and a

decrease in serum triglyceride levels after the intervention was discontinued. No

significant changes in total or HDL cholesterol were noted. These results argue against

a major contribution of treatment-induced changes in serum lipid and lipoprotein

levels to the increased cardiovascular mortality in the active treatment group (Redlich

et al. 1999). Although the small convenience sample result showed the changes in

serum lipid and lipoprotein levels were not sufficient to cause the increased

cardiovascular mortality, the explanations for the CARET result still remain unclear.

Although some studies results indicate that retinoids or carotenoids are

effective in preventing or suppressing cancers, the Food and Drug Administration

(FDA) is issuing an interim final rule to prohibit the use on foods of a claim relating to

the relationship between antioxidant vitamins A and β-carotene and the risk in adults

of atherosclerosis, coronary heart disease, and certain cancers. This interim final rule is

in response to a notification of a health claim submitted under section 303 of the FDA

Modernization Act of 1997 (FDAMA). FDA has reviewed statements that the

petitioner submitted in that notification, and, in conformity with the requirements of

FDAMA, the agency is prohibiting the claim because the statements submitted as the

basis of the claim are not “authoritative statements” of a scientific body, as required by

FDAMA; therefor, section 303 of FDAMA does not authorize use of this claim (FDA

1998).
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2.1.7.C Vitamin A and HIV

The World Health Organization estimates that by the year 2000, 13 million

women worldwide will have been infected with HIV, the causative agent of AIDS.

When HIV-infected women become pregnant, their offspring have a 10-40 % chance

of acquiring the infection. Estimates are that already 1 million children are infected

with HIV, and many more are expected in the future. The risk of mother-to child

infection depends on numerous factors, including the severity of the mother’s illness,

preterm birth, breastfeeding, and perhaps nutritional status.

In a prospective study of HIV-infected women in Malawi, the contribution of

vitamin A status and other potential risk factors were examined in the mother-to-child

transmission of HIV. Women with the lowest serum vitamin A values were nearly four

and a half times more likely to transmit HIV infection to their infants than were

women with the highest levels of vitamin A (Semba et al. 1994).

The underlying biological mechanisms whereby vitamin A status is associated

with risk of vertical transmission of HIV are unknown. However, the essential role that

vitamin A is known to play in immunity and the maintenance of mucosal surfaces

suggests that increased transmission of the HIV may occur at increased rates in utero,

during delivery, and through breast-feeding. Additional study of these factors is

needed (Nut. Rev. 1994).

2.1.8 Deficiency

Vitamin A deficiency is common in developing countries and is a serious

problem of public health nutrition because of inadequate intake and is common in

children under 5 years old. Mortality rate is increased in vitamin A deficient children

(Olson 1994). Vitamin A (with iron) is the nutrient most likely to be supplied in

marginal amounts in undeveloped countries. Selected signs and symptoms of

deficiency include anorexia, retarded growth, increased tendency to infections,

obstruction and enlargement of hair follicles, and keratinization of epithelial mucous

cells of the skin with failure of normal differentiation (Combs 1992 & Olson 1994).

Vitamin A deficiency causes degeneration of mucous membranes of the eyes to give

rise to disease conditions called xerophthalmia or  keratomalacia. In the earlier stages
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of vitamin A deficiency, there may develop a night blindness (nyctalopia) which can

be cured by vitamin A. In rats, the signs of vitamin A deficiency are defects in vision,

bone defects, increased cerebral spinal fluid pressure, reproductive failure, epithelial

metaplasia, epithelial keratinization and growth failure (National Research Council

1995).

Conditions and populations associated with increased need for vitamin A

include those with malabsorptive disorders such as pancreatic, liver or gallbladder

diseases. People with chronic nephritis, acute protein deficiency, intestinal parasites,

or acute infections may become vitamin A deficient. Measles is thought to depress

vitamin A status, which may be already low in children from developing countries

(Ross 1992). A deficiency of vitamin A is the leading cause of childhood blindness in

developing countries, where around 251 million children are vitamin A deficient, 10

million have xerophthalmia, or "dry eye," 500,000 are irreversibly blinded, and 3

million die of vitamin A deficiency-related illnesses (Lima 2000).

A new variety of sweet potato selected by scientists in Peru could help to prevent

millions of cases of blindness and disease among children in Africa. The new bright

orange sweet potato, known as SPK 004, is rich in β-carotene, which is converted by

the body into vitamin A. It has been selected by the Lima based International Potato

Center (CIP) from 5000 varieties kept in the centre's genebank. The agricultural

research institute was set up in 1971 and is funded by, among others, the World Bank

and the UK government's Department for International Development. These projects

have reduced severe vitamin A deficiency among mothers and children worldwide by

two thirds since 1980.

Furthermore, scientists are also working to wipe out blindness with genetically

modified "golden rice," containing a yellow daffodil gene that is rich in β-carotene.

Rice is usually milled to remove the oil-rich aleurone layer that turns rancid upon

storage, especially in tropical areas. The remaining edible part of rice grains, the

endosperm, lacks several essential nutrients, such as provitamin A. Thus, predominant

rice consumption promotes vitamin A deficiency, a serious public health problem in at

least 26 countries, including highly populated areas of Asia, Africa, and Latin
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America. Recombinant DNA technology was used to improve its nutritional value in

this respect (Lima 2000, Ye et al. 2000 & Normile 2000).

2.1.9 Toxicity

Vitamin A is essential to human health, but concerns have arisen regarding its

potential teratogenicity. Toxicity can result from over intake of vitamin A. The

teratogenic effects of 13-cis retinoic acid (Acutane), isotretinoin, a vitamin A

analogue, have been brought to the public’s attention in recent years. Use of this

compound by women in the early months of their pregnancy has resulted in a number

of birth defects among the infants born to these women (Olson 1991 & 1994).

The Food and Drug Administration is evaluating the health issues surroundings

vitamin A and, together with the manufacturer, has developed restrictions and label

warnings to ensure the appropriate use of Accutane. Vitamin A daily doses of higher

than 8000 IU for pregnant woman are not necessary for good health and are not

recommended. Foods high in β-carotene can provide the necessary amounts of vitamin

A and, in contrast to the synthetic analogues, their use has not been associated with

vitamin A toxicity or teratogenicity in humans or animals (Kizer et al. 1990).

Understanding of the possible toxicity associated with hypervitaminosis A

becomes much more important because of the popularity of vitamin A

supplementation. Because vitamin A is fat-soluble, it has a relatively long biological

half-life. Hypervitaminosis A for many years may eventually lead to hepatocellular

damage. A rat model used to study the early effects on the metabolism of different

types of liver cells found that excessive intake of vitamin A activates Kupffer cells and

induces accumulation of lipid droplets in fat-storing cells as well as proliferation of

these cells. Moreover, it affects the metabolic heterogeneity in the liver lobules, but

does not lead to apparent cell damage. The capacity for breakdown of purines, the

antioxidant capacity, the potential for phagocytosis and the regulation of ammonia

levels were largely decreased (Lettinga et al. 1996).

In adults, a chronic intake of vitamin A in amounts ten times greater than the

RDA (10 mg RE) can result in hypervitaminosis (Groff et al. 1995). Although Dietary

Reference Intakes (DRIs) do not provide an Upper Reference Level (UL) of vitamin A
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yet, scientists have studied the issue for several years. Signs and symptoms of vitamin

A toxicity are anorexia, dry, itchy, and desquamating skin, alopecia and coarsening of

the hair, ataxia, headache, bone and muscle pain, conjunctivitis, etc. β-Carotene

ingestion by adults in amounts as high as 180 mg daily appears to pose no serious side

effects. Hypercarotenosis can however cause a yellow discoloration of skin occurring

especially in the fat pads or fatty areas of the palms of the hands and soles of the feet.

The condition usually disappears following removal of the carotenoids from the diet

(Groff et al. 1995). Sibulesky  and his colleagues suggest doses larger than or equal to

7500 RE (25000 IU/d) are considered potentially toxic over the long term for 18 to 54

year-old adults (Sibulesky et al. 1999).

In rats, the signs of vitamin A toxicity are weight loss, fatty liver,

hyperlipidemia, calcification of soft tissues, mobilization of bone calcium and bone

fractures (National Research Council 1995).

2.2 Fortification of Vitamin A in Milk

2.2.1 FDA Regulation for Milk Fortification

Retinyl palmitate and synthetic acetate are used widely in synthetic form for

food fortification. In the US, fluid milk products have been fortified with vitamin A

(along with Vitamin D) since 1930s to reduce the incidence of disorders caused by

vitamin deficiency. Low-fat and non-fat fluid milk products are fortified with vitamin

A and other nutrients to restore that which is removed with the lipid phase. Vitamin A

addition to whole milk is optional, but low fat and nonfat milk must be fortified so that

each quart contains > 2000 IU (FDA 1997).

2.2.2 Carriers for Vitamin A Fortification

Vitamin A preparations for milk fortification have either oil-based carriers or

water-based carriers. Oil-based vitamin A preparations are those that contain some

types of oil as the primary ingredient. Vegetable oils such as corn oil and canola oil

have been chosen as carriers for fat-soluble vitamins fortification of fluid milk. Water-

based vitamin preparations contained water as the primary ingredient, and other
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ingredients (emulsifiers, polysorbate-80, monoglycerides,etc.) are added to suspend

the vitamin into a water-oil emulsion (Hicks et al. 1996). Some companies also

provide “water dispersible” type vitamin A not only for fortification of non-fat dry

milk but also for other kinds of foods and pharmaceutical products as well (Appendix

1.).

2.2.3 Bioavailability Study of Vitamin A Carriers

Evaluation of bioavailability of vitamin A and β-carotene which was delivered

from oil- or from a emulsion- based solution in the rat model was done by Grolier and

his colleagues in 1995. As expressed as vitamin A storage in tissues, (serum, liver,

lungs and kidneys) the vitamin A repletion efficiency was gradually improved when

fine-oil-in-water emulsions and diets containing vitamin A or β-carotene. It also

suggested that the oil-in-water emulsions were preferred rather than oil-based

preparation (Grolier et al. 1995). This result is in agreement with several studies that

reported lower fecal carotene losses and higher liver vitamin A retention when rats,

rabbits, sheep and calves were dosed with aqueous dispersions of vitamin A or β-

carotene, compared with oil-based solutions (Kon et al. 1955 & Fernandez et al. 1976).

Post-absorptive studies on primates, children and human adults confirmed that

ingestion of water-miscible preparations of vitamin A resulted in more efficient

absorption as suggested by higher plasma peak concentrations and Area Under the

Cure values for retinyl esters and their metabolites (Eckhoff et al. 1991 & Johnson et

al. 1992). Although many studies show the high availability of emulsion-based vitamin

A preparations, the comparative bioavailability of the oil- and emulsion- carriers

specifically used in low-fat or skim milk fortification has not yet been demonstrated in

humans or in any other animal model.

2.2.4 Problems of Fat-Soluble Vitamin Fortified Milk

Currently, the acceptable range of vitamin A in fluid milk is 100 % to 150 % of

FDA regulations (FDA 1994). Variation of fortified vitamin A concentration in skim,

low-fat and whole bovine milk products has been documented. In general, the

adherence to label claim decreased with decreasing fat content. Industry is often
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unable to comply with the vitamin A labeling requirement for 100 % to 150 % of the

amount stated on the label over the entire shelf life. This may be due to methods and

stage of vitamin addition prior to processing (Bruhn and McGee 1992 & Tanner et al.

1988).

Retinol and its derivatives are hydrophobic compounds that are unstable in the

presence of oxygen or free radicals and yield a mixture of dehydrated and double-

bonded rearrangement products in acids. The degradation of vitamin A generally

parallets the oxidative degradation of unsaturated lipids. Losses of vitamin A activity

in food occur mainly through reactions involving the unsaturated isoprenoid side

chain, by either autoxidation or geometric isomerization. Light catalyzes double-bond

isomerization of most retinoids. These photochemical reactions have been observed

when vitamin A in milk is exposed to light. The type of packaging material can have a

substantial effect on net retention of vitamin A activity in food exposed to light during

storage (Fennema et al. 1996).

Since vitamin A is unstable in the presence of light and oxygen and in oxidized

or readily oxidized fats and oils, it should be protected by the exclusion of air and light

and by the presence of antioxidants. Skim milk fortified with all-trans retinyl palmitate

carried by corn, butter, peanut, or coconut oil was studied to determine the effect of

physical state and droplet size of the carrier system on loss of all-trans retinyl

palmitate during exposure to light by Zahar an his colleagues (1987). Greater loss

occurred in corn oil as the vitamin carrier compared to coconut oil in various

conditions such as temperature and light. (Corn oil is often used as a carrier for oil-

based vitamin A fortification in low-fat or skim milk.) Degradation rate of all-trans

retinyl palmitate increased with decreased homogenization pressure. Isomerization of

all-trans to cis isomers of retinyl palmitate occurred in all oil-carrier systems (Zahar et

al. 1987), showing the potential instability problems of vitamin A in oil-base fortified

non-fat or skim milk.

Smith et al., studied effects of container and duration of storage on vitamin

stability in total parenteral nutrition admixtures (Smith et al. 1988). Admixtures which

did not contain intralipid and which were stored in plastic bags had 35 % reduction in

vitamin A after 48 hrs at 5 oC and 60 % after 48 hr at 25  oC. The vitamin A state in
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skim milk is similar to admixture without intralipid. Thus an additional cause of loss

of vitamin A in fortified non-fat and skim milk packaged in polyethylene or any other

kind of plastic containers could be adsorption of vitamin to the polyethylene material

used for milk containers.

Overdose of vitamins in some fluid milk could be another potential problem.

Jacobus and his colleagues found cases of vitamin D intoxication that appear to have

been caused by excessive vitamin D fortification of dairy milk (Jacobus et al. 1992). A

local dairy that did not carefully monitor vitamin D fortification in milk caused

vitamin intoxication. Vitamin A is usually fortified along with vitamin D in milk

especially in non-fat and skim milk. The incident that happened with vitamin D

fortification could happen on vitamin A fortification in milk as well. Milk that is

fortified with vitamins must be carefully monitored.

2.3 ββ -Lactoglobulin

2.3.1 Structure of ββ -Lactoglobulin

β-Lactoglobulin is a globular protein with a mol. wt. of 18,362 for genetic

variant A and 18,276 for B, corresponding to 162 amino acids. The complete amino

acid sequence of β-lactoglobulin A and B are known (Braunitzer et al. 1973). The two

genetic variants differ in two amino acid residues – Asp 64 and Val 118 in variant A

are replaced by Gly and Ala in β-lactoglobulin B, respectively. The β-lactoglobulin C

and D have additional substitutions at residues 59 (Gln à His) and 45 (Glu à Gln),

respectively (Wong et al. 1996).

The crystal structure of the β-lactoglobulin has been studied. The core of the

molecule is made up of a very short α-helix segment and eight strands of anti-parallel

β-sheet, which wrap around to form an anti-parallel β-barrel (Papiz et al. 1986 &

Sawyer et al. 1985). The secondary structure of bovine β-lactoglobulin is 15 % α-

helix, 50 % β-sheet, and 15 to 20 % reverse turn (Creamer et al. 1983) (Figure. 2.4).



24

Figure 2.4 A representation of bovine β-lactoglobulin.
Red, α-helix; yellow and green, β-sheets; purple, disulfide bonds.

The location of Trp 19, Trp 61 and Arg 124 are indicated.
(Brownlow et al. 1997 & Kraulis 1991)

2.3.2 Conformation Changes Affected by pH

β-Lactoglobulin is acid stable, resisting denaturation at pH 2.0. It generally

exists as a dimer resulting from the association of the monomer at the respective α-

helical segments at the isoelectric pH of 5.2 and alkaline pH range. In the dimer the α-

helix of one monomer runs antiparallel to the helix of the other (Creamer et al. 1983).

β-Lactoglobulin at low temperature and high concentration, between pH 3.5 and 5.2

tends to form octamers as the predominant species. Below pH 3.5, β-lactoglobulin

dissociates into monomers due to electrostatic repulsion between the subunits. Above

pH 6.5, the dimers begin to dissociate. A transition in conformation occurs near pH

7.5, which is reversible, and involves only a certain region of the molecule. At pH 8.6

and above, β-lactoglobulin undergoes a polymerization that progresses with time and

that seems mainly to be due to the oxidation of the sulfhydryl groups (Tanford et al.

1959, Timasheff et al. 1966, McKenzie and Sawyer 1967 & Pessen et al. 1985)

(Figure 2.5).
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Figure 2.5 Schematic representation of changes in the structure of β-lactoglobulin as a
function of pH.

B = β-lactoglobulin, Insets (molecular models): (A) dimer; (B) octamer with square
decahedral faces on top and bottom; O, octamer bonds; X-X, tetrad axis; circular lines
indicate monomer equators and parallels perpendicular to the dimer axes; (C) octamer
with square faces in front and back, tetrad axis perpendicular to plane of paper.
(Adapted from Pessen et al. 1985)

β-Lactoglobulin is quite resistant to hydrolysis in vitro at pH 2.0 by proteases

such as trypsin, chymotrysin and pepsin (Reddy et al. 1988). Some suggested that the

resistance of this protein to peptic digestion could result from increased internal

hydrogen bonding at acid pH such as pH 2.0 (Kella and Kinsella 1988). On the other

hand, β-lactoglobulin is less resistant to tryptic and chymotrytic hydrolysis at pH 7.5,

possibly because β-lactoglobulin changes conformation above 7.5 that result in

exposure of strategic cleavage points for these enzymes (Chobert et al. 1991 & Reddy

et al. 1988). Similarly, β-lactoglobulin seems to be quite resistant to gastric digestion

in vivo and remains mostly intact after it passes through the stomach or calf

abomasum (Yvon et al. 1984). One study showed absorption of some intact β-
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lactoglobulin in humans, as this protein can be detected in trace amounts in maternal

milk from women who have consumed milk from cows (Monti et al. 1989).

2.3.3 Thermal Denaturation

Bovine β-lactoglobulin denatures at temperatures above 65 0C at pH 6.7,

followed by aggregation (Gough and Jenness 1962). The critical temperature of 70 0C

for denaturation of β-lactoglobulin has been further confirmed by differential scanning

calorimetric studies. The denaturation temperature is 70.4 + 0.5 0C at pH 6.7 (DeWitt

and Swinkels 1980). Denaturation of β-lactoglobulin at pH 2.5 occurs at a higher

temperature of 75 0C (Harwalkar 1980). The protein is most heat sensitive near pH 4.0,

with a maximum stability at pH 6.0 and decreasing stability in the higher pH range

(Relkin and Launay 1990).

2.3.4 Functions of ββ -Lactoglobulin

β-Lactoglobulin is a major whey protein (7 to 12 % of skim milk total proteins)

found in bovine milk. Its concentration varies through lactation; it is higher in the first

colostrum (between 18 to 20 mg/ml), and becomes stable during the 2nd week

postpartum (about 4 mg/ ml) (Perez et al. 1990). The protein is also found in the milk

of dolphins, pigs, manatees, and ruminants. Interestingly, it is not present in the milk

of either rats or humans (Perviaz and Brew 1985).

The biological function of this protein has not yet been satisfactorily resolved

despite intensive research. The ability of β-lactoglobulin to bind retinol (also refer to

“interaction of β-lactoglobulin with vitamin A” section), suggests that this protein

could be involved in the transport of retinol to the newborn.

Conversely, recently it has been observed that bovine β-lactoglobulin at the

concentration present in milk, increases the activity of ruminant phyaryngeal lipase.

This seems to be due to the ability of β-lactoglobulin to remove the released fatty acids

that would otherwise inhibit the lipase activity. This lipase is very important during the

neonatal period because levels of pancreatic lipase and bile salts are low at that age.
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These facts suggest that a biological role of ruminant β-lactoglobulin could be to

enhance the digestion of milk lipids in newborns (Perez et al. 1991).

2.3.5 Interaction of  ββ -Lactoglobulin with Vitamin A

An interesting characteristic of β-lactoglobulin is its ability to bind in vitro

certain hydrophobic molecules such as retinoids, retinyl palmitate, vitamin D2,

cholesterol and some fatty acids. The physical-chemical properties of β-lactoglobulin

have been extensively studied. In the early 1970s, β-lactoglobulin was first reported to

bind retinol and enhance its fluorescence similar to the serum retinol-binding protein

(RBP), the main protein involved in the transport of retinol in serum. Retinol binds

with considerable affinity to β-lactoglobulin in a molar ration of 1:1. Some studies

showed β-lactoglobulin shares similar amino acid sequence and tertiary structure with

retinol-binding protein (Pervaiz and Brew 1985 & Papiz et al. 1986).  The degree of

fluorescence enhancement of retinol bound to β-lactoglobulin was about half that of

retinol bound to RBP, indicating that retinol was bound with greater affinity to RBP

than to bovine β-lactoglobulin (Futterman and Heller 1972).

In fact, β-lactoglobulin, RBP, and other small proteins, including

apolipoprotein D, bilin-binding protein, are evolutionarily related and belong to a

family of proteins whose function is binding and /or involves transport of small

hydrophobic molecules. The genes encoding of these proteins have similar

organization of exons and introns. In particular, a comparison between β-lactoglobulin

and RBP shows that the genes encode equivalent elements of the three-dimensional

protein structure within analogous exons, which suggests that these proteins are

members of an ancient gene family (Ali and Clark 1988). Although the tertiary

structures are very similar, the primary structures of these proteins show only 25 to

30% similarity. However, all the proteins in this family contain highly conserved

regions (Godovac-Zimmermann et al. 1985).

 The identification of the hydrophobic barrel as the binding site has been well

established for RBP. In the crystal structure of RBP, retinol was bound in a deep

pocket formed by the β-barrel of the protein polypeptide chain with the β- ionone ring
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deep inside the protein; the alcohol group pointed toward the solvent (Blaner 1989 &

Cowan 1993).  On the other hand, the location and nature of the retinol binding sites in

β-lactoglobulin are still unclear. Two independently performed crystallographic

analyses of β-lactoglobulin have led to different hypotheses about the location of the

retinol-binding pocket. Data based upon fluorescence spectroscopy and electron

densities assigned to retinol suggests that binding of retinol is quite different in β-

lactoglobulin and in RBP. The retinol would bind in a hydrophobic pocket located on

the surface of β-lactoglobulin at the interface between the β-barrel and the α-helix that

packs onto the barrel, and the β-ionone ring of retinol interacts with Phe 136, and Lys

141 is in the vicinity of the retinol OH group (Monaco et al. 1987). However, most of

the experimental evidence points to the calyx as the binding site. Modeling studies

have proposed that the binding of retinol by β-lactoglobulin occur in the interior of the

β-barrel with Trp 19 at the bottom of the calyx interacting with the β-ionone ring of

the retinol molecular. The retinol OH group lies near the Lys 70, anchoring the tail

segment of the molecule (Sawyer et al. 1985, Dufour et al. 1990 & Papiz et al. 1986).

Chen, et al., using proteolysis techniques, found that the central core of the β-barrel,

with α-helix removed, still bound to immobilized retinal in a manner similar to the

intact protein (Chen et al. 1993). Furthermore, Cho and his colleagues using site-

directed mutagenesis in the putative interior and surface pockets, proposed that retinol

binds in the conserved interior cavity rather than the surface pocket (Cho  et al. 1994).

Retinyl palmitate was suggested to bind in both the β-barrel cavity and the

external α-helix pocket. Results based on fluorescence measurements suggest that β-

lactoglobulin binds palmitate on the external hydrophobic pocket between the α-helix

and the β-barrel. Furthermore, there is no competition between palmitate and retinal

for binding to β-lactoglobulin. β-Lactoglobulin is capable of binding 2 mols of retinyl

palmitate per mol of protein. Wang and his colleagues suggested that β-lactoglobulin

should be an excellent carrier of retinyl palmitate additive (Wang et al. 1999). Some

other studies also have reported evidence indicating different binding sites for retinol

versus those for other lipophilic ligands (Dufour et al. 1994, Frapin et al. 1993 &
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Narayan and Berliner 1997). In contrast with these results, some investigators have

suggested that retinol and palmitate bind in the same site of β-lactoglobulin.

Competition experiments showed that free fatty acids compete with retinol for binding

to β-lactoglobulin (Puyol et al. 1991 & Creamer et al. 1995). Furthermore, Wu and his

colleagues have cocrystallized β-lactoglobulin with palmitic acid reveals that the

ligand binds in the central cavity in a manner similar to the binding of retinol to the

RBP. The carboxyl group binds to both Lys 60 and Lys 69 at the entrance to the

cavity. The hydrophobic tail stretches in an almost fully extend conformation into the

center of the β-lactoglobulin (Wu et al. 1999).

As already mentioned, β-lactoglobulin shares similar amino acid sequence and

tertiary structure with retinol-binding protein. Since the known function of retinol-

binding protein is delivering retinol to tissues, it was suggested that β-lactoglobulin

may play a role in the delivery of retinol to the intestinal absorptive cells after

hydrolysis of esterified retinol in the lumen.

Said et al. examined the effect of β-lactoglobulin on retinol uptake in the

intestine of suckling rats to determine the characteristics of the uptake process of

retinol bound to β-lactoglobulin (Said et al. 1989). The effect of bovine milk β-

lactoglobulin on intestinal uptake of retinol was examined in suckling rats with the

everted sac technique. They used the rat as an animal model in the studies because the

rat and human share important similarities in that the intestine of both species contains

cellular retinol-binding protein II (CRBP II). The CRBPII appears to play a significant

role in intestinal vitamin A handling (Ong 1984 & 1986). Said et al. found uptake of

retinol bound to β-lactoglobulin was significantly higher than that of free retinol both

in the jejunum and the ileum. The enhancing effect of β-lactoglobulin on retinol

uptake was specific because equimolar concentrations of bovine serum albumin and

lactoferrin had no effect on retinol uptake. However, serum RBP, which shares

structural and conformational similarities with β-lactoglobulin, also enhanced retinol

uptake. β-lactoglobulin, β-lactoglobulin-retinol and RBP- retinol all inhibited the

uptake of retinal from β-lactoglobulin-(3H)retinol in a concentration-dependent

manner. Uptake of retinol from β-lactoglobulin-retinol was saturable, not affected by
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metabolic inhibitors, and partially temperature dependent. β-lactoglobulin also

significantly enhanced retinol uptake in the intestine of adult rats. These results

demonstrate that β-lactoglobulin specifically enhances intestinal uptake of retinol and

suggest the possibility of a receptor for β-lactoglobulin-like proteins at the brush

border membrane of the enterocyte (Said et al. 1989).

Dew and Ong (1997) extended the preliminary observation of Said et al. by

studying the absorption of retinol from retinol-binding complex by epithelial sheets

from the small intestine of the suckling rat. They found that the absorption of retinol

from retinol-binding protein was a saturable process. The absorption was specifically

competitive with unlabeled retinol:RBP and by both apo-and holocellular retinol-

binding protein, but not by β-lactoglobulin. This suggests that a specific mechanism is

present for the absorption of retinol bound to RBP. The presence of a brush border

receptor for retinol-RBP or retinol-RBP like complex such as retinol-β-lactoglobulin is

intriguing.  Omnivores and  carnivores including rat and human will see retinyl esters

in their diets throughout their lives. These retinyl esters must be hydrolyzed to free

retinol before they are absorbed (Mahadevan et al. 1963) and some mechanism may

exist for RBP to be present in the gut lumen. Dew and Ong found the KT for the retinol

was 15 µM, while the KT for uptake from retinol-RBP was 4.9 uM. This suggests that

at low retinol concentration RBP (or β- lactoglobulin ) in the intestinal lumen could

facilitate retinol absorption (Dew and Ong 1994).
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Chapter III

Experiment I – Pilot Animal Experiment

3.1 Materials and Methods

3.1.1 Chemicals, Reagents and Experimental Materials

β-Lactoglobulin was kindly supplied by Dr. Q. Wang, North Carolina State

University (Heddleson et al. 1997). Raw skim milk (not fortified with fat-soluble

vitamins) was supplied by North Carolina State University Dairy Processing

Laboratory. All-trans-retinol and all-trans-retinyl palmitate were purchased from

Sigma Chemical Co. (St. Louis, MO). Pelleted diets, AIN-93G with/without vitamin

A, were purchased from Dyets Inc. (Bethlehem, PA). Equipment and software used

included a shaking water bath (Precision Scientific, Chicago, IL), N-EVAP® analytical

evaporator (Organomation Associates Inc. MA), Vanguard V6000 centrifuge (Roche

Molecular Biomedical Laboratories, Indianapolis, IN), Tissumizer®, (Tekmar

company, Cincinnati, OH), Corning pH-30 meter, Sartorius balance (Sartorius

Corporation, NY), Microsoft Excel 97 SR-1 (Microsoft Corporation), STATLETS

statistic program (Statlets version 1.0, StatePoint LLC, Englewood Cliffs, NJ). All

other chemicals, reagents, experimental materials and dissection kits were obtained

from either Sigma (St. Louis, MO) or Fisher (Pittsburgh, PA) and were of highest

analytical quality.

3.1.2 Treatment Preparations

AIN-93G pelleted diet (full nutrient composition include 4000 IU vitamin A

/kg) and vitamin A-free AIN-93G pelleted diet were purchased from Dyets Inc.

Bethlehem, PA. (Appendix 2). Each vitamin A treatment of gavage feeding was

carefully calculated based on equation 3.1. The dose, 100 nmol/kgBW/day retinyl

palmitate, was that recommended by National Research Council for vitamin A

deficient rats (National Research Council 1989). Treatments were prepared based on

the average weight of each animal group. An Excel program was prepared for

improving treatment preparation and efficiency (Table 3.1).
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100 x 10-9 mol/kgBW/day x 524.88 g/mol x BW(g)/1000 x Day x N@

= (CRP x V) / VT x V@ x N@

Equation 4.1 Equation for treatment preparation.
524.88 g/mol, Retinyl palmitate molecular weight; BW, Body weight; 100x10-9

mol/kgBW/day, vitamin A required for repletion of vitamin A deficient rats per Kg of
body weight per day; (National Research Council, 1989) N@, number of rats; Day,
accumulated days of vitamin A gavage dose (twice a week = 3.5 days); V@, gavage
treatment volume of each rat (1 ml). V, one specific preparation stock solution volume
(ml); VT , total volume prepared for individual group gavage feed. CRP, retinyl
palmitate concentration in cotton seed oil with/without skim milk or in β-
lactoglobulin-water with/without skim milk (stock solution - g/ml) Note: each gram of
retinyl palmitate contains 9 mg of butylated hydroxytoulene-BHT, CRP  = weight of
retinyl palmitate  x 99.1 % / added base solution volume.

Table 3.1 Treatment preparation for experiment-I.
Red color numbers (underlined) are changeable, green color (italicized) requires

attention.
Retinol Palmitate -Oil
Treatment

2/week=3.5days&1ml/ti
me
If 7days preparation=> 2mls/time

Cotton seed oil RPg*99.1%/Stockml      II
RP-g Stock-ml Stock con. Rat's W-g Feed days Rat #

0.0514 3 0.01697913 344 3.5 6

Oil Requested to Prepared-ml= 12

V of Each Rat Consumed-ml= 1

V of stock required for this preparation-ul = 44.66345

(100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*Oil needs to prepared /Stock con./V-Rat
eat/Rat# )

Retinol Palmitate -Oil in Milk Treatment
2/week=3.5days& 2mls/time
If 7days preparation=> 4mls/time

Cotton seed oil RPg*99.1%/Stockml      II
RP-g Stock-ml Stock con. Rat's W-g Feed days Rat #

0.0514 3 0.01697913 344 3.5 6

Milk Requested to Prepared-
ml=

12

V of Each Rat Consumed-ml= 1

V of stock required for this preparation-ul = 44.66345

(100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*Oil needs to prepared /Stock con./V-Rat
eat/Rat# )
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RP-g
0.0132

Requirement of β  β  Lactoglobulin-g = 0.228039

(RPg*99.1%/524.88/2*18300)- Measure ββ   Lactoglobulin + water up to Stockml then, + RP)

Retinol Palmitate & ββ Lact - Water
Treatment

2/week=3.5days& 2mls/time

If 7days preparation=> 4mls /time

Water RPg*99.1%/Stockml      II
RP-g Stock-ml Stock con. Rat's W-g Feed days Rat #

0.0132 51 0.00025649 344 3.5 6

Water Requested to Prepared-
ml=

10

V of Each Rat Consumed-ml= 1

V of stock required for this preparation-ul = 2463.821

(100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*water needs to prepared /Stock con./V-Rat
eat/Rat# )

Retinol Palmitate & ββ Lact - Milk Treatment
2/week=3.5days& 2mls/time
If 7days preparation=> 4mls /time

Water RPg*99.1%/Stockml      II
RP-g Stock-ml Stock con. Rat's W-g Feed days Rat #

0.0132 51 0.00025649 344 3.5 6

Milk Requested to Prepared-
ml=

10

V of Each Rat Consumed-ml= 1

V of stock required for this preparation-ul = 2463.821

(100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*water needs to prepared /Stock con./V-Rat
eat/Rat# )

Aliquots of vitamin A (retinyl palmitate) in cottonseed oil stock, 16.98 µg/ml,

were prepared and stored in the freezer for individual gavage feeding treatment

preparations. Unfortified skim milk was pasteurized in a 63 oC water bath for 30

minutes. Prior to each feeding, the vitamin A oil stock was homogenized with

unfortified skim milk or mixed with additional cottonseed oil in room temperature for

30 seconds.

Vitamin A-β-lactoglobulin complex stock was prepared in a 2:1 ratio of retinyl

palmitate (dissolved in ethanol) and β-lactoglobulin (dissolved in distilled water), 0.26

µg of vitamin A in 1 ml of solution. The ethanol concentration was lower than 3 %

(Wang et al. 1999). The Vitamin A-β-lactoglobulin complex solution (pH 6.41) was
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then divided into different vials and stored in the freezer for each gavage feeding

preparation. Prior to each feeding, the vitamin A-β-lactoglobulin complex stock was

homogenized with unfortified skim milk (pH 6.97—final pH = 6.81) or mixed with

additional distilled water (Figure 3.1).

All supplemented treatments were prepared under dim light and stored in

amber vials one day prior to gavage feeding except for milk with vitamin A in oil,

which was well-homogenized and packed into syringes one or two hours before the

gavage feeding.

Figure 3.1 Treatment preparation scheme.
A, estimate vitamin A requirement for the whole experiment. B, prepare stock
solutions. C, individual gavage feeding stock treatment preparation. D, store stocks in
the freezer. E, weigh rats before gavage feeding. F, calculate actual amount for
individual treatments based on average weight of each group. G, pasteurization of
unfortified skim milk. H, prepare final treatment for gavage feed in vials. I, pack
treatment in syringes. J, gavage rats.
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3.1.3 Animals and Experiment Design

Male Wistar rats (Charles River, Raleigh, NC), 23 days old, were randomly

housed (16 groups of 3 rats) three per cage for 3 wk and then in individual cages for

another 3 wk (Biological Resource Facility, North Carolina State University). The

animals had free access to water and AIN-93G pelleted diet (positive control diet

groups – contained 4000 IU vitamin A /Kg) or a vitamin A-free AIN-93G pelleted diet

for 3, 5 or 6 wk (deficiency groups) (Dyets Inc. Bethlehem, PA). One control group

and one deficient group were killed at 3, 5 and 6 wk. The other rats were assigned to

one of the 5 following treatments for 2 or 4 wk: (Figure 3.2 & Figure 3.3)

Free access to AIN-93G pelleted diet containing 4000 IU/kg and water

(reference group).

• Gavage fed twice a wk with 100 nmol/kgBW/day retinyl palmitate in

cottonseed oil.

• Gavage fed twice a wk with 100 nmol/kgBW/day retinyl palmitate provided as

β-lactoglobulin complex in water.

• Gavage fed twice a wk with 100 nmol/kgBW/day retinyl palmitate carried by

cottonseed oil in raw skim milk.

• Gavage fed twice a wk with 100 nmol/kgBW/day retinyl palmitate provided as

β-lactoglobulin complex in raw skim milk.

The rats that were gavage fed had free access to vitamin A-free AIN-93G

with/without vitamin A pelleted diet and water. Before the gavage feedings, the rats

were fasted 4-5 hr.  The animals were kept at 27 0C, with a 12 hr light cycle. They

were killed after they had been fasted overnight. After Ketamine (80 mg/kg) and

Acepromazine (20 mg/kg) intraperitoneal anesthesia injection, blood was collected by

cardiac puncture and serum was obtained by centrifugation. Liver was obtained and

packed in aluminum foil then frozen in liquid nitrogen. All samples were stored at –87
0C until analysis.
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Figure 3.2 Experiment-I design.

Figure 3.3 Picture of gavage feeding.
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3.1.4 Serum Retinol Analysis

3.1.4.A. Serum Sample Preparation

Ethanol, 200 µl, containing 0.01 % of butylated hydroxytoluene was pipetted

into a disposable glass centrifuge tube to which was then added 200 µl serum. An

internal standard of 0.1 µg retinyl acetate dissolved in 100 µl ethanol was added into

the disposable glass centrifuge tube. Then 2 ml of hexane was added, the tube was

capped and vortex-mixed vigorously for 1.5 min. Then 100 µl distilled water was

added with vortex-mixing for another 10 sec. The tube was centrifuged for 5 min to

separate the aqueous and organic phases.

The upper hexane layer was transferred by glass pipette to a glass test tube,

discarding the disposable centrifuge tube. With a micropipetter, 1500 µl from the

hexane solution was transferred to another glass test tube. The hexane phase was

evaporated under nitrogen and the extract was re-dissolved in 500 µl methanol by

vortex–mixing for 10 sec. The mixture was then passed through a 0.45 µm syringe

filter into a screw-top vial. The vials were stored in the freezer until analysis by HPLC.

All the processes were carried under dim light in a fume hood. Two samples were

prepared from each rat’s serum and each sample had duplicate HPLC injections with a

25 µl injector. The samples were prepared one day prior to HPLC injection.

3.1.4.B. Serum Retinol Recovery Rate Detection

An additional experiment was used to measure the recovery rate of retinol in

the serum analysis. A 10 µl aliquot of 10 µg/ml retinol and internal standard, 100 µl of

1 µg/ml retinyl acetate, were spiked into the serum sample before extraction. The

resulting peak areas were measured and compared to the peak area of the pure retinol

and retinyl acetate standard curves. Sera from four rats, eight total samples, were used

to detect the recovery rate of retinol by HPLC (Table 3.2).

3.1.4.C Retinol Standard Curve for Serum Samples

A standard curve for serum samples was prepared by the following procedure.

The compounds shown in Table 3.3 were measured into different test tubes.
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Table 3.2 Serum retinol and retinyl acetate (IS) recovery rate.

AUC of Pure
compound

AUC of serum
sample*

Recover Rate
(%)

CV
(%)

Retinol 6386+397 5859+263 91.74+4.12 4.49

Retinyl acetate 7618+440 7485+263 98.26+3.46 3.52
* Value is the AUC of internal standard spiked sample subtracts unspiked sample
AUC= Area under the curve, CV= Coefficient of variation, Mean + SD, n=8.

Table 3.3 Pure compound volumes for serum standard curve preparation.

Sample #

Retinol (10 µµg/ml of

0.01% BHT ethanol )

Retinyl acetate (1 µµg/ml of

0.01% BHT ethanol)

#0 0 µµ l 100 µµ l

#1 5 µµ l 100 µµ l

#2 15 µµ l 100 µµ l

#3 25 µµ l 100 µµ l

#4 35 µµ l 100 µµ l

Figure 3.4 Standard curve of serum retinol.
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The solvents were evaporated under nitrogen until dry. Two ml hexane was

added to the test tube and vortexed for 10 sec. A 1500 µl portion of the hexane mixture

was pipetted from the original test tube to another test tube. The hexane-mixture was

evaporated under nitrogen and the extract was re-dissolved in 500 µl methanol and

vortex–mixed for 10 sec. The mixture was then passed through a 0.45 µm syringe

filter into a screw-top vial. A 25 µl sample of the methanol solution was injected into

the HPLC system. The solution was chromatographed and the area under the curve

was recorded. A typical standard curve for serum samples are shown in Figure 3.4,

with the ratio of serum retinol to retinyl acetate internal standard on the ordinate.

3.1.5 Liver Retinol and Retinyl Palmitate Analysis

3.1.5.A Liver Sample Preparation

Whole rat liver was weighed, cut with scissors into pieces and homogenized

with an equal weight of distilled water for 2.5 min. One gram of the liver homogenate

was pipetted into a centrifuge tube.  Two ml  of 0.01 % BHT ethanol, 50 µl of 0.1

mg/ml of retinyl acetate (internal standard), and 2 ml of hexane were added into the

centrifuge tube. The tube was capped and vortex-mixed vigorously for 1.5 min. The

tube was un-capped; another 2 ml of hexane was added and vortex-mixed vigorously

for another 1 min. A 500 µl volume of distilled water was added to the tube and

vortexed for 10 seconds. The tubes were centrifuged for 5 min.

The upper hexane layer was transferred by glass pipette to a screw top test tube

(Stock extract). With a micropipetter, 200 µl of the hexane solution was transferred to

the test tube. The hexane phase was evaporated under nitrogen and the extract was re-

dissolved in 100 µl of chloroform and after vortex–mixing for 10 sec, 400 µl of

methanol were added to the chloroform mixture with vortex –mix for another 10 sec.

The mixture was then passed through a 0.45 µm syringe filter into a screw-top vial.

The vials were stored in the freezer until analysis by HPLC.

All the processes were carried under dim light and in an exhaust hood except

the weight measurement.  One sample was prepared from each rat’s liver and each
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sample had one injection. The samples were prepared one day prior to HPLC injection.

The HPLC injection volume was 25 µl of liver extract.

3.1.5.B Representative Vitamin A Concentration in Liver

It was important to assure our method would provide a representative

concentration of vitamin A in the liver because vitamin A is stored in various forms

and in different cells of hepatic leaves. About 80 % to 95 % of the vitamin A is stored

with other lipids in stellate cells of the liver as retinyl esters (primarily retinyl

palmitate, but also small amounts as retinyl stearate, oleate and linoleate). When

vitamin A is required by the rest of the body, retinol is released by a hydrolase from

ester storage, bound to RBP, and secreted from liver to plasma (Groff et al. 1995).

Therefore, retinyl palmitate concentration will indicate the amount of vitamin A stored

in the liver.

To assure the liver portion sampled was representative of the entire liver, a

preliminary experiment subsampled and processed ten samples from the same liver

and compared the results statistically. A whole rat liver was weighed, cut with scissors

into pieces and homogenized with an equal weight of distilled water for 2.5 min. Ten

1-g samples of the liver homogenate were placed in separate centrifuge tubes. The

samples were processed and analyzed as described above.

One injection for each sample was analyzed by HPLC. The results are shown

in Table 3.4. The CV for the multiple samples with single injection was close to 5 %,

suggesting that a 1-g sample processed by this technique and analyzed with a single

injection will be representative of the vitamin A concentration in the liver.

Table 3.4 Liver representative vitamin A concentration.

Sample weight*

(g)

Retinol

(µµg/g of liver)

Retinyl palmitate

(µµg/g of liver)

# 1 1.0206 8.08 346.06

# 2 1.0089 7.93 363.87

# 3 1.0016 7.62 340.52
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# 4 1.0121 8.59 385.84

# 5 1.0020 8.40 372.10

# 6 1.0048 8.49 374.99

# 7 1.0020 8.62 374.00

# 8 1.0087 8.21 368.72

# 9 1.0032 9.12 402.57

# 10 1.0083 7.58 399.62

Average 1.0072+0.0059 8.27 + 0.48 372.89 + 20.01

CV (%) 0.59 5.8 5.4

CV: Coefficient of variation, Means + SD,  n = 10.
* Values are weight of liver and distilled water.

3.1.5.C Liver Retinol and Retinyl Palmitate Recovery Rate Detection

An additional experiment measured the recovery rate of vitamin A in the liver

analysis. Forty µl of 0.1 mg/ml retinol, 40 µl of 1 mg/ml retinyl palmitate and internal

standard, 50 µl of 0.1 mg/ml retinyl acetate, were spiked into the liver sample before

the extraction process. The resulting peak areas were measured and compared to the

peak area of the pure retinol, retinyl palmitate and retinyl acetate at the concentrations

added. Six rats’ livers, totaling twelve samples, were used to detect the recovery rate

of retinol, retinyl palmitate, and retinyl acetate by HPLC (Table 3.5).

Table 3.5 Liver retinol, retinyl palmitate and retinyl acetate (internal standard)
recovery rate.

AUC of pure
compound

AUC of compound
in liver sample*

Recovery
rate
(%)

CV
(%)

Retinol 16052.00+500.63 15174.00+1372.37 96.31+7.38 7.66

Retinyl
acetate 49631.5+704.99 50702.17+1910.65 106.74+3.65 3.42
Retinyl

palmitate 136526+2910.45 160558.67+16001.93 127.57+8.42 6.60
* Value is the AUC of internal standard spiked sample after subtracting unspiked
sample AUC.
AUC= Area under the curve, CV = Coefficient of variation, Mean + SD, n=6.
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3.1.5.D Retinol and Retinyl Palmitate Standard Curve for Liver Samples

Standard curves for liver samples were prepared by the following procedure.

The quantities of standards shown in Table 3.6, were pipetted into different test tubes.

Table 3.6 Pure compound volumes for liver standard curve preparation.

Sample

no.

Retinol

(0.1 mg/ml of 0.01 %

BHT ethanol )

Retinyl acetate

(0.1 mg/ml of

0.01% BHT ethanol)

Retinyl palmitate

(1 mg/ml of

0.01% BHT ethanol)

#0 0 µµ l 50 µµ l 0 µµ l

#1 20 µµ l 50 µµ l 25µµ l

#2 35 µµ l 50 µµ l 35 µµ l

#3 40 µµ l 50 µµ l 50 µµ l

#4 50 µµ l 50 µµ l 75 µµ l

#5 65 µµ l 50 µµ l 85 µµ l

#6 80 µµ l 50 µµ l 100 µµ l

The solvents were evaporated under nitrogen until dry. Four ml of hexane was

added to the test tube and vortexed for 20 sec. A 200 µl portion of the hexane mixture

from the original test tube was transferred to another test tube. The hexane-mixture

was evaporated under nitrogen and the extract was re-dissolved in 100 µl chloroform

and 400 µl methanol with vortex–mixing for 10 sec. The mixture then was passed

through a 0.45 µm syringe filter into a screw-top vial. Twenty-five µl of the methanol

solution was injected into the HPLC system. The solution was chromatographed and

the area under the curve ratio was recorded. Typical standard curves are shown in

Figure 3.5 and Figure 3.6.
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Figure 3.5 Standard curve of liver retinyl palmitate.

Figure 3.6 Standard curve of liver retinol.
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3.1.6 Quantification of Vitamin A in Serum and Liver Tissues

High performance liquid chromatography was used to quantify the retinol and

retinyl palmitate in rat’s tissues. Area under the curve of vitamin A in tissue sample

extracts were measured and plotted against the known concentration of each

compound in standard curves. The apparent concentration was divided by the recovery

rates of the detected compound and the internal standard to obtain the real

concentration in the tissue sample.

The HPLC column, Zorbax ODS, 7 µm, 4.6 x 150 mm silica column was

placed after a 4.6 x 30 mm guard column (Phenomenex, Torrance, CA). The mobile

phase was HPLC grade pure methanol. Peaks from a SM 95 UVIS detector (Linear

Instruments Co., Reno. Nev.) set at 325 nm, were integrated with Dynamax HPLC

Method Manager, version 1.2 (Rainin Instrument Co., Woburn, Mass). Elution profiles

of serum and livers with internal standards are shown in Figure 3.7 & Figure 3.8.

Figure 3.7 Chromatogram of serum vitamin A. Retinol retention time =2.4 min,
Retinyl acetate retention time = 3.4 min.
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Figure 3.8 Chromatogram of liver vitamin A. Retinol retention time =2.4 min,
Retinyl acetate retention time = 3.4 min, Retinyl palmitate retention time =28.5 min.

3.1.7 Statistical Analysis

Data are expressed as means + SD. Multiple sample completely randomized

design analysis of variance (ANOVA, Statlets version 1.0, StatePoint LLC,

Englewood Cliffs, NJ) were used to determine the overall effects of nutrient carriers,

degree of vitamin A deficiency and their interactions on the measured parameters.

When an overall F ratio was significant, group means were considered to be

significantly different at P < 0.05 as determined by the Fisher least significant

difference (LSD) method.
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3.2 Results

3.2.1 Growth Rate and Weight Comparison

There was a significant difference of liver weight after 3 wk deficiency

development. After then, there was no significant difference of body weight and liver

weight between the vitamin A deficient group and the control group during deficiency

development (Table 3.7).

The rat body weights, growth rate and liver weights were not significantly

different from the regular groups during 2 wk repletion (Table 3.8). There was a

statistically significant difference in body weight and growth rate at 4 wk repletion

(Table 3.8 & Figure 3.9 & Figure 3.10).

Table 3.7 Effect of vitamin A deficiency on body and liver weight.

Body weight

(g)

Liver weight

(g)

3 weeks

Control 208.83 + 20.40 7.48 + 0.06

Deficiency

(P value)

201.67 + 14.84

(0.556)

6.09 + 0.75

(0.005)

4 weeks

Control 272.17 + 8.81 8.40 + 1.65

Deficiency

(P value)

255.75 + 0.75

(0.297)

7.67 + 2.06

(0.168)

6 weeks

Control 372.50 + 11.65 8.47 + 0.46

Deficiency

(P value)

341.73 + 26.88

(0.430)

9.27 + 1.65

(0.755)

Each value is the mean + SD (n = 3). P value indicates the experimental group
compared with the respective control group.
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Table 3.8 Effect of the supplementation vehicles on rat body weight, liver weight and
growth rate1.

Body weight

(g)

Growth rate

(g/day)

Liver weight

2 weeks repletion (W8-W6) / 14

Control (regular diet) 412.33 + 30.57 3.5+0.20 9.63 + 1.23

Vitamin A in oil 404.17 + 21.91 3.80+0.55 9.32 + 1.70

Vitamin A in b-

lactoglobulin

401.47 + 14.15 4.51+0.51 10.38 + 0.26

Vitamin A in oil-milk 382.43 + 38.50 3.03+2.05 9.28 + 0.58

Vitamin A in b-

lactoglobulin-milk

406.57 + 37.66 3.73+0.94 11.65 + 2.33

P Value 0.7864 0.5737 0.2866

4 weeks repletion (W10-W6) / 27

Control (regular diet) 449.67 + 23.86ab 3.65+0.31 ab 10.98 + 0.99

Vitamin A in oil 438.00 + 5.57 abc 3.73+0.24 ab 10.53 + 0.28

Vitamin A in b-

lactoglobulin

463.00 + 5.20 a 4.09+0.57 a 12.24 + 0.78

Vitamin A in oil-milk 414.00 + 10.54 c 2.88+0.25 c 9.85 + 0.79

Vitamin A in b-

lactoglobulin-milk

433.00 + 15.59 bc 3.42+0.30 bc 10.59 + 1.11

P Value 0.0162 0.0151 0.0561
1 Each value is the mean + SD, n = 3 rats/group. Means in a column with no common
superscript letters are significantly different (p < 0.05).
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Figure 3.9: Body weight comparison of 4 wk gavage feeding.

Figure 3.10: Growth rate comparison of 4 wk gavage feeding.
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3.2.2 Serum Retinol Concentration

The effects of vitamin A deficiency on serum levels was detected as early as

the 3rd wk after beginning experimental diets (Table 3.9). Serum vitamin A

concentrations were dramatically different at 6 wk deficiency, when serum vitamin A

was 2.25±.51 µg/dl in deficient rats vs. 15.32±2.55 µg/dl in controls (Figure 3.11).

Analysis of Variance (ANOVA) of completely randomized multiple samples

was used to compare serum retinol of the repleted rats with different gavage-fed

treatment groups. After 2 wk repletion and 4 wk repletion, serum retinol

concentrations were measured (Table 3.10).

Table 3.9 Serum retinol deficiency progress during vitamin A depletion.

Begin 3 weeks 4 weeks 6 weeks

Control 10.68 + 2.06 11.17 + 0.34 16.24 + 5.90 15.32 + 2.55

Deficiency 10.68 + 2.06 9.16 + 1.59 8.56 + 2.21 2.25 + 0.51

P value 1.0 0.0125 0.0136 0.0001

Mean + SD,  n=3 rats/group. P value indicates the experimental group compared
with the respective control group.

Figure 3.11 Deficiency progress of serum retinol.
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Table 3.10 Serum retinol concentration after 2 and 4 wk of vitamin A repletion1.

2 week repletion 4 week repletion

Regular 18.42 + 3.51a 24.67 + 6.54 a

Vitamin A in oil 10.59 + 2.51 b 12.63 + 2.07 b

Vitamin A in ββ -lactoglobulin 12.18 + 2.72 b 14.82 + 3.75 b

Vitamin A in oil-milk 5.48 + 0.65 c 3.32 + 0.83 c

Vitamin A in ββ -lactoglobulin-milk 7.45 + 0.88 c 6.19 + 0.94 c

1 values are Mean (µg/dL) + SD, n=3 rats/group. Means in a column with no common
superscript letters are significantly different (p < 0.05).

ANOVA with a LSD test demonstrated that serum vitamin A that was

delivered by β-lactoglobulin complexes was similar to that carried by oil either in non-

skim milk or skim milk treatment groups. The LSD results also showed significant

differences of serum retinol concentrations between non-milk and milk-containing

treatment groups. At 4 wk, serum vitamin A was slightly higher in the vitamin-A-ß-

lactoglobulin in milk treatment than in the vitamin A-oil in milk treatment. At both 2

and 4 wk, the skim milk in the gavage feed significantly reduced the serum vitamin A

relative to the respective non-milk treatment (Figure 3.12).

Figure 3.12 Repletion progress of serum retinol.
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3.2.3 Liver Retinol and Retinyl Palmitate Concentrations

The effect of vitamin A deficiency on liver concentrations of retinol and the

storage form of vitamin A, retinyl palmitate, was detected as early as the 3rd wk after

beginning experimental diets. Liver retinol and retinyl palmitate concentrations were

dramatically different at 3, 4 and 6 wk deficiency (Table 3.11).

Table 3.11 Liver retinol and retinyl palmitate deficient progress during vitamin A
depletion treatment1.

3 week 4 week 6 week

Retinol (µµg/g of liver)

Control 3.56 + 0.83a 5.27 + 1.05 a 19.89 + 5.78 a

Deficiency 1.17 + 0.33 b 1.20 + 0.62 b 0.12 + 0.20 b**

Retinyl palmitate

(µµg/g of liver)

Control 129.20 + 17.36 A 137.28 + 25.26 A 154.16 + 45.31 A

Deficiency 20.40 + 6.06 B 9.37 + 10.68 B 0.00* + 00.00 B*
1 Values are Mean (µg/dL) + SD, n=3 rats/group. Means in a column of each
compound with no common superscript letters are significantly different (p < 0.05).

** Indicates no vitamin A was detected by HPLC.

*** Indicates vitamin A was not detected by HPLC in one sample.

After 2 wk and 4 wk repletion, liver retinol and retinyl palmitate concentrations

were measured (Table 3.12). Retinyl palmitate was not detectable except in the

“vitamin A in oil” treatment. Analysis of Variance of completely randomized multiple

samples was used to compare liver’s retinol concentration at 2 wk and 4 wk repletion

among different gavage-fed treatment groups (Figure 3.13). ANOVA with a LSD test

found no differences in liver vitamin A among the different carriers. However, they

were all insufficient to replete the liver vitamin A back to normal in either the 2 wk or

4 wk repletion period.
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Table 3.12 Liver repletion retinol and retinyl palmitate after 2 and 4 wk repletion1.

2 week repletion 4 week repletion

Retinol

(µµg/g of liver)

Retinyl palmate

(µµg/g of liver)

Retinol

(µµg/g of liver)

Retinyl palmate

(µµg/g of liver)

Regular 10.28 + 0.98a 237.12 + 24.93  a 18.79 + 6.45  a 261.97 + 26.52  a

Vitamin A in oil 0.77 + 0.07  b 1.65 + 0.57  b 1.89 + 0.52  b 4.11 + 2.34  b

Vitamin A in

ββ-lactoglobulin
0.45 + 0.02  b 0.00 + 0.00  b* 0.63 + 0.11  b 0.00 + 0.00  b*

Vitamin A in

oil-milk
0.07 + 0.04  b 0.00 + 0.00  b* 0.00 + 0.00  b* 0.00 + 0.00  b*

Vitamin A in ββ -

lactoglobulin-milk
0.44 + 0.08  b 0.00 + 0.00  b* 0.04 + 0.07  b** 0.00 + 0.00  b*

1 Values are Mean (µg/dL) + SD, n=3 rats/group. Means in a column with no common
superscript letters are significantly between (p < 0.05).

** Indicates no vitamin A was detected by HPLC.

*** Indicates vitamin A was not detected by HPLC in one sample.

Figure 3.13 Repletion progress of liver retinol.
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3.3 Conclusion and Discussion of Experiment-I

The serum comparative bioavailability study reported here shows that β-

lactoglobulin can be used as a vitamin A carrier for milk and non-milk liquid products.

No previous reports were found that compared bioavailability between fortified skim

milk and non-milk vitamin A sources in a rat model. Our results were intriguing and

suggest skim milk reduced the bioavailability of both oil-carried or β-lactoglobulin

complexed forms.

However, the reasons for the change in liver vitamin A concentrations

observed during the repletion period were still unclear in this study. Much is known

about the physicochemical properties of β-lactoglobulin. However, the biological

function of this protein has not yet been satisfactorily resolved despite intensive

research. How β-lactoglobulin delivers vitamin A in the GI tract and how the body

metabolizes this vitamin A-protein complex still remains unclear. β-Lactoglobulin

shares similar amino acid sequence and tertiary structure with retinol-binding protein.

Since the known function of retinol-binding protein is delivering retinol to tissues, it

was suggested that β-lactoglobulin may play a role in the delivery of retinol to the

intestinal absorptive cells after hydrolysis of esterified retinol in the lumen. One study

showed absorption of some intact β-lactoglobulin in humans, as this protein can be

detected in trace amounts in maternal milk from women who have consumed milk

from cows (Monti et al. 1989).

Dew and Ong (1997) suggested that the absorption of retinol:RBP might be

receptor-mediated in the rat’s intestinal brush border membranes, whereas there is a

diffusional transport mechanism for free retinol. Because β-lactoglobulin is similar in

structure to RBP, it might enhance the uptake of retinol (Said et al., 1989). However,

the presence of a receptor for this protein would be unusual because rat or human milk

does not contain β-lactoglobulin. Monaco et al., (1987) suggested that vitamin A

bound in a region of the β-lactoglobulin molecule that is structurally analogous to

RBP. Perhaps if retinyl palmitate, the vitamin A form used in this experiment, is
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hydrolyzed by enzymes in the lumen, free-retinol could follow the diffusional

mechanism. Because β-lactoglobulin seems to be quite resistant to gastric digestion in

vivo and remains mostly intact after it passes through the stomach (Yvon et al. 1984),

retinol might bind with intact β-lactoglobulin and be transported by a receptor

mechanism into the intestinal cells in rats.

In contrast, the β-lactoglobulin in milk may have the binding site occupied by

other compounds such as fatty acids and be unable to bind additional retinol (Renner

et al., 1989). Some investigators have suggested that retinol and palmitate bind in the

same site of β-lactoglobulin. Competition experiments showed that free fatty acids

compete with retinol for binding to β-lactoglobulin (Puyol et al. 1991 & Creamer et al.

1995). Additionally, the binding of fatty acids to β-lactoglobulin increased the

resistance of the protein to proteolytic degradation and to thermal denaturation.

However, this increased stability was not observed when retinol was bound to β-

lactoglobulin (Puyol, et al., 1993 & 1994). Furthermore, Wu and his colleagues have

cocrystallized β-lactoglobulin with palmitic acid, revealing that the ligand binds in the

central cavity in a manner similar to the binding of retinol to the RBP. The

hydrophobic tail stretches in an almost fully extended conformation into the center of

the β-lactoglobulin (Wu et al. 1999). So, we suggest that β-lactoglobulin from milk

might compete for and block the retinol:RBP from binding to receptors on brush

border membranes and reduce the bioavailability of vitamin A added to milk as we

saw in this study.

Thus, the results of this study suggest that β-lactoglobulin could be another

option to fortify skim milk. Smith et al. (1988) studied effects of container and

duration of storage on vitamin stability in total parenteral nutrition admixtures.

Admixture which did not contain Intralipid and which were stored in plastic bags, had

35 % reduction in vitamin A after 48 hr at 5 oC and 60 % after 48 hr at 25 oC. The

concept of skim milk is similar to admixture without Intralipid. Vitamin A gradually

adhering to the plastic container during the storage could be a hidden problem to cause

loss of vitamin A in fortified non-fat and skim milk that are packaged in polyethylene

or other kinds of plastic containers. Because β-lactoglobulin is a water-soluble protein,
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it may prevent vitamin A, a lipid-soluble nutrient, from adsorbing to polyethylene

packaging. So, β-lactoglobulin could be used not only as a carrier for  vitamin A in

skim milk or other aqueous products, but also could be used for preventing fat-soluble

nutrients adhering to plastic containers. To further confirm these points, digestion and

transport mechanisms of the vitamin A-β-lactoglobulin complex need to be studied.

Additional studies are also needed on the effect of the β-lactoglobulin carrier of

vitamin A on stability in skim milk under various conditions that can result in loss of

the available nutrient.
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Chapter IV

Experiment II - Dose Response Study

4.1 Materials and Methods

4.1.1 Chemicals, Reagents and Experimental Materials

Please refer to section 3.1.1

4.1.2 Pellet Diet Analysis

4.1.2.A Sample Preparation and Analysis

A coffee grinder was used to grind 20.0 g of pelleted rat diets to powder for

about 1 min. One gram of powdered diet was placed into a glass centrifuge tube. Then,

2 ml of H2O was pipetted into the glass centrifuge tube and vortex-mixed vigorously

for 15 sec. To this mixture we added 1 ml of ethanol and 4 ml hexane, and vortex-

mixed vigorously for another 2 min. The tube was centrifuged for 5 min. Then, 2.5 mls

of the upper hexane layer was transferred to a test tube. The 2.5 mls of hexane was

evaporated by nitrogen gas. We added 300 µl chloroform and 300 µl methanol into the

test tube to dissolve the residue and vortex-mixed for 10 seconds. The solution was

injected through a 0.45 µm syringe filter into an empty screw-top vial. A 50 µl portion

of the extract was injected into the HPLC system.  All procedures were conducted

under dim light.

Retinyl palmitate (please refer to Appendix 2. Pellet Diet Contents) was

analyzed by HPLC using a Zorbax column (ODS, 7 µm 4.6 X 150 mm) and guard

column. Pure methanol was used as mobile phase. The flow rate was set at 1.3 ml/min.

Absorption was measured at a UV wave length of 325 nm for retinyl palmitate with a

retention time at 28.3 min. A standard curve, which was modified from liver retinyl

palmitate standard curve, was prepared for diet analysis (Figure 4.1).
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Figure 4.1 Standard curve of vitamin A

 in pelleted diet.
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4.1.3 Treatment Preparations

Please refer to section 3.1.2 for AIN-93G pelleted diet, vitamin A-free AIN-

93G pelleted diet and equation for gavage feeding. Treatments for gavage feeding

were prepared based on the average weight of each animal group. An Excel program

was prepared for improving treatment preparation and efficiency. Vitamin A in oil and

vitamin A in β-lactoglobulin water treatments were prepared for gavage with 1 ml into

each rat. Vitamin A in oil-milk and vitamin A in β-lactoglobulin-milk treatments were

prepared for gavaging such that each rat would receive 1 ml non-fortified skim milk

plus the vitamin mixture (Table 4.2).

Table 4.2 Treatment preparation for experiment-II.
Red color numbers (underlined) are changeable, green color (italicized) requires
attention.

Retinol Palmitate -Oil
Treatment

2/week=3.5days&1ml/time
If 7days preparation=> 2mls/time

Cotton seed oil RPg*99.1%/Stockml II

RP-g Stock-ml Stock con. Rat's W
g Feed days Rat

#
0.0585 3 0.0193245 348.025 3.5 4

Requested amount to Prepare-ml= 8 each rat gavage (ul)= 1 ml
V of Each Rat Consumed-ml= 1
V of stock required for0.5Xpreparation-ul= 13.23 oil Requiment (ul)= 7986.77
(0.5*100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need  to prepared /Stock con./V-Rat
eat/Rat# )
V of stock required for1Xpreparation-ul = 26.47 oil Requiment (ul)= 7973.53
(100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need  to prepared /Stock con./V-Rat
eat/Rat# )
V of stock required for 2Xpreparation-ul = 52.94 oil Requiment (ul)= 7947.06
(2*100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need  to prepared /Stock con./V-Rat
eat/Rat# )
V of stock required for 4Xpreparation-ul = 105.87 oil Requiment (ul)= 7894.13
(4*100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need  to prepared /Stock con./V-Rat
eat/Rat# )

Retinol Palmitate -Oil in Milk
Treatment

2/week=3.5days& 2mls/time
If 7days preparation=> 4mls/time

Cotton seed oil RPg*99.1%/Stockml      II
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RP-g Stock-ml Stock con. Rat's
W-g

Feed days Rat
#

0.0585 3 0.0193245 359.9 3.5 4
Requested amount to Prepare-ml= 8 Total milk to add (ml)= 8
calculated V of Each Rat
Consumed-ml= 1

<(stock+total
milk*1000)/services>

V of stock required for "0.5" preparation-
ul= 13.69 each rat gavage

(ul)= 1001.71

(0.5*100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need to prepared /Stock con./V-Rat
eat/Rat# )

V of stock required for "1" preparation-ul= 27.37 each rat gavage
(ul)=

1003.42

(100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need to prepared /Stock con./V-Rat
eat/Rat# )

V of stock required for "2" preparation-ul= 54.74 each rat gavage
(ul)= 1006.84

(2*100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need to prepared /Stock con./V-Rat
eat/Rat# )

V of stock required for "4" preparation-ul= 109.48 each rat gavage
(ul)=

1013.69

(4*100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need to prepared /Stock con./V-Rat
eat/Rat# )

RP-g
0.0371

Requirement of β  β  Lactoglobulin-g= 0.64
(RPg*99.1%/524.88/2*18300)- Measure ββ   Lactoglobulin + water up to Stockml
then, + RP)

Retinol Palmitate & ββ Lact - Water
Treatment

2/week=3.5days& 2mls/time
If 7days preparation> 4mls/time

Water RPg*99.1%/Stockml      II

RP-g Stock-ml Stock con. Rat's
W-g Feed days Rat

#
0.0371 51 0.0007209 345.6 3.5 4

Requested amount to Prepare-ml= 6 each rat gavage (ul)= 1ml
V of Each Rat Consumed-ml= 1
V of stock required for "0.5" preparation-
ul= 264.21 Water requirement

(ul)= 5735.79

(0.5*100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need  to prepared /Stock con./V-Rat
eat/Rat# )
V of stock required for "1" preparation-ul
=

528.42 Water requirement
(ul)=

5471.58

(1*100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need  to prepared /Stock con./V-Rat
eat/Rat# )
V of stock required for "2" preparation-ul= 1056.83 Water requirement

(ul)= 4943.17

(2*100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need  to prepared /Stock con./V-Rat
eat/Rat# )
V of stock required for "4" preparation-ul= 2113.66 Water requirement 3886.34
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(ul)=
(4*100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need  to prepared /Stock con./V-Rat
eat/Rat# )
Estimated β β -stock required for both
treatments = 7926.23 <(0.5V+1V+2V+4V) X2>

Retinol Palmitate & ββ Lact - Milk
Treatment

2/week=3.5days& 2mls/time
If 7days preparation=> 4mls/time

Water RPg*99.1%/Stockml II

RP-g Stock-ml Stock con. Rat's W
g Feed days Rat

#
0.0371 51 0.00072090 342.75 3.5 4

Requested amount to Prepare-ml= 6 Total milk add (ml)= 6
calculated V of Each Rat
Consumed-ml=

1

<(stock+total
milk*1000)/services>

V of stock required for "0.5" preparation-
ul= 262.03 each rat gavage= 1043.67

(0.5*100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need  to prepared /Stock con./V-Rat
eat/Rat# )
V of stock required for "1" preparation-ul= 524.06 each rat gavage= 1087.34
(100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need  to prepared /Stock con./V-Rat
eat/Rat# )
V of stock required for "2" preparation-ul= 1048.12 each rat gavage= 1174.69
(2*100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need  to prepared /Stock con./V-Rat
eat/Rat# )
V of stock required for "4" preparation-ul= 2096.23 each rat gavage= 1349.37
(4*100*10-9*524.88*Rat's W*10-3*Feed days*Rat#*serivices need  to prepared /Stock con./V-Rat
eat/Rat# )

An estimate of the appropriate amount of vitamin A required for the entire

experiment was based on a table of predicted animal weight obtained from Charles

River, Raleigh NC. Aliquots of vitamin A (retinyl palmitate) in cottonseed oil stock,

19.32 µg/ml, were prepared and stored in the freezer for individual gavage feeding

treatment preparations. Unfortified skim milk was pasteurized in a 63 oC water bath

for 30 min. Prior to each feeding, the vitamin A oil stock was homogenized with

unfortified skim milk or mixed with additional cottonseed oil.

A vitamin A-β-lactoglobulin complex stock was prepared in a 2:1 ratio of

retinyl palmitate (dissolved in ethanol) and β-lactoglobulin (dissolved in distilled

water) by adding 0.72 µg of vitamin A to 1 ml of solution. The ethanol concentration

was lower than 3 % (Wang et al., 1999). The vitamin A-β-lactoglobulin complex
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solution (pH 6.41) was then divided into different vials and stored in the freezer for

each gavage feeding preparation. Prior to each feeding, the vitamin A-β-lactoglobulin

complex stock was mixed with unfortified skim milk (pH 6.97---final pH = 6.81) or

mixed with additional distilled water.

All supplemented treatments were prepared under dim light and stored in

amber vials in a refrigerator one day prior to gavage feeding. All treatments were kept

in an icebox during transport to the animal facility and packed into syringes for gavage

feeding. Please refer to Figure 3.1 as well.

4.1.4 Animals and Experimental Design

Male Wistar rats (Charles River, Raleigh, NC), 23 days old, were randomly

housed (23 groups of 4 rats) four per cage for 2 wk and then in individual cages for

another 4 wk (Biological Resource Facility, North Carolina State University). Cages

contained a corn-cob bedding material and were covered with filter tops. The animals’

ears were punched for identification when they arrived in the facility. The animals had

free access to water and AIN-93G pelleted diet (positive control diet groups –

contained 4000 IU vitamin A /kg) or a vitamin A-free AIN-93G pelleted diet for 6 wk

(deficiency groups) (Dyets Inc. Bethlehem, PA). One control group (R) and one

deficient group (D) were killed at 6 wk. After the 6 wk depletion phase, some groups

of rats were repleted by oral gavage with vitamin A in cottonseed oil or in a β-

lactoglobulin complex, both with and without added skim milk. The standard retinyl

palmitate dose was 3.5 times the daily recommended intake because the rats were

gavaged twice weekly (100x10-9 mol/kgBW/day; designated 1X). Other groups of rats

given one half, twice, or 4 times this standard dose, were designated 0.5X, 2X, and

4X.

The control group, regular diet group, continually had free access to AIN-93G

pelleted diet containing vitamin A at 4000 IU/kg of diet and water for another 2 wk

(Reference group I - RR). The vitamin A deficiency rats were assigned to one of the

19 following treatments for 2 wk: (Figure 4.2)

• Free access to vitamin A-free AIN-93G and water (Reference group II - DD).
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• Free access to AIN-93G pelleted diet containing vitamin A at 4000 IU/kg and

water (Reference group III - DR).

• Gavage fed twice a wk with 1 ml of raw skim milk (Reference group IV - DS).

• Four separate groups were assigned to gavage feeding twice a wk with 50

nmol, 100 nmol, 200 nmol, and 400 nmol/kgBW/day of retinyl palmitate in

cottonseed oil (0.5/O, 1/O, 2/O, 4/O).

• Four separate groups were assigned to gavage feeding twice a wk with 50

nmol, 100 nmol, 200 nmol, and 400 nmol/kgBW/day retinyl palmitate

provided as β-lactoglobulin complex in water (0.5/B, 1/B, 2/B, 4/B).

• Four separate groups were assigned to gavage feeding twice a wk with 50

nmol, 100 nmol, 200 nmol, and 400 nmol/kgBW/day retinyl palmitate carried

by cottonseed oil in raw skim milk (0.5/OM, 1/OM, 2/OM, 4/OM).

• Four separate groups were assigned to gavage feeding twice a wk with 50

nmol, 100 nmol, 200 nmol, and 400 nmol/kgBW/day retinyl palmitate

provided as β-lactoglobulin complex in raw skim milk (0.5/BM, 1/BM, 2/BM,

4/BM).

The rats that were gavage fed had free access to vitamin A-free AIN-93G

without vitamin A pelleted diet and water. Before the gavage feedings, the rats were

fasted 12 hr.  The animals were kept at 27 0C, with a 12 hr light cycle. At the

completion of the study, rats were anaesthetized with Ketamine (80 mg/kg) and

Acepromazine (20 mg/kg) intraperitoneal injection. Blood was collected by cardiac

puncture and serum was obtained by centrifugation. Livers were removed, packed in

aluminum foil, then frozen in liquid nitrogen. All samples were stored at –87 0C until

analysis.
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Figure 4.2 Experiment-II design.
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4.1.5 Serum and Liver Processing and Analysis

Serum and liver processing and analysis for vitamin A was conducted as

described in Chapter III (section 3.1.4 – 3.1.6). Statistical analysis was done as

described in section 3.1.7.

4.2  Results

4.2.1 Randomization Among Treatment Groups

Ninety-two rats were assigned at random among 23 experimental groups right

after they were delivered to the facility.  A single-factor ANOVA of beginning body

weights,  (F (1.083) < F crit (1.698)), showed no differences among groups, indicating

they were randomly distributed (Table 4.3).

Table 4.3 Beginning housing statistical results based on rats’ weights.

ANOVA: Single Factor

Source of Variation SS df MS F P-value F crit
2938.902 22 133.5865 1.083161 0.38566 1.698496

8509.781 69 123.3302

Between Groups

Within Groups

Total 11448.68 91

4.2.2 Progress of Vitamin A Depletion

There was no significant difference of body weight, or weekly growth rate

between the vitamin A deficient group and the control group during the 6 wk of the

depletion phase (Table 4.4, Table 4.5 & Figure 4.3). Surprisingly there was no

significant difference in retinol concentration in the serum between the vitamin A

deficient group and the control group after 6 wk feeding deficient diet treatments

(Table 4.6). The results showed that the rats in the vitamin A deficient groups did not

really reach a vitamin A deficient condition in the serum after 6 wk vitamin A-free

AIN-93G pellet diet, in contrast to our earlier study using the same dietary depletion

regimen.
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Table 4.4 Body weight comparison of 6 wk vitamin A depletion1.

Body weight
AIN-93G pellet

diet
(g)

Vitamin A free
AIN-93G pellet

diet
(g)

P value of t-test on
two-sample
comparison

Arrive 92+2 90+14 0.84

Week 1 105+4 105+14 0.98

Week 2 163+3 166+16 0.67

Week 3 219+7 227+17 0.43

Week 4 277+18 281+15 0.76

Week 5 330+27 336+19 0.76

Week 6 369+30 375+22 0.78
1 Each value is the mean + SD, n = 4 rats/group, α=0.05.

Figure 4.3 Rat’s body weight comparison during 6 wk feeding.

(n = 4 rats/ group)
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Table 4.5 Weekly growth rate comparison during deficiency development1.

AIN-93G pellet
diet

(g / day)

Vitamin A free
AIN-93G pellet

diet
(g / day)

P value of t-test on
two-sample
comparison

Week 1 6.72+1.02 7.39+1.27 0.44

Week 2 8.19+0.40 8.74+0.61 0.19

Week 3 8.05+0.63 8.65+0.44 0.17

Week 4 8.30+1.61 7.74+0.47 0.54

Week 5 7.60+1.22 7.79+0.61 0.80

Week 6 5.55+0.98 5.56+1.06 0.98
1 Each value is the mean + SD, n = 4 rats/group, α=0.05.

Table 4.6 Serum retinol concentration comparison after 6 wk vitamin A depletion1.

AIN-93G pellet
diet

Vitamin A free
AIN-93G pellet

diet

P value of t-test on
two-sample
comparison

Serum Retinol
(ug/dL) 47.26+9.67 49.20+9.71 0.71

1 Each value is the mean + SD, n = 4 rats/group, α=0.05.

4.2.3 Results of Dose-Response of Each Treatment after Repletion

Body weight, growth rate and serum retinol concentrations in different doses

were compared with all the control groups, including RR, DD, DR and DS, in the

same treatment. The control groups included rats that were fed regular pellet diet (RR)

or vitamin A free pellet diet for 8 wk (DD), and rats that were fed vitamin A free pellet

diet  for 6 wk and switched to regular pellet diet (DR) or gavage fed raw skim milk for

2 wk (DS).
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4.2.3.A Growth Rate Weight Comparison of Dose-Response of Each Treatment

There was no significant difference in body weight among treatment groups

(Table 4.7, 4.8, 4.9, and 4.10). Although the P value of growth rate shows a significant

difference among treatment groups when they were compared to the control groups,

the LSD range test did not distinguish a significant difference between the groups

(Figure 4.4).

Livers of 2X and 4X doses were selected to have measurement of liver vitamin

A. The weight of liver showed no difference between 2X and 4X doses except that the

oil treatment differed from the control groups (Table 4.7, 4.8, 4.9 & 4.10).

Table 4.7 Growth rate and weight comparison after repletion of vitamin A in oil

treatment1.

Vitamin A in oil
treatment

Body weight (g)
- Week 8

Growth rate (g/day)
- 2wks repletion

Liver weight (g)
- Week 8

RR 422+25 4.44+0.69a 17.26+1.06a

DD 414+20 4.52+0.48 a 15.77+1.86ab

DR 434+33 4.68+0.68 a N/A

DS 405+29 3.51+0.72 b 15.13+1.99abc

0.5X 414+35 3.15+0.43 bc N/A

1.0X 399+29 2.90+0.59 bc N/A

2.0X 373+34 2.93+0.49 bc 13.35+1.49c

4.0X 383+23 2.53+0.82 c 14.65+1.11bc

P value 0.107 < 0.0001 0.0342

1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no common
superscript letters are significantly different (p < 0.05). N/A Data is not available.
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Table 4.8 Growth rate and weight comparison after repletion of vitamin A in β-

lactoglobulin-water treatment1.

Vitamin A in ββ-
lact. treatment

Body weight (g)
- Week 8

Growth rate (g/day)
- 2wks repletion

Liver weight (g)
- Week 8

RR 422+25 4.44+0.69ab 17.26+1.06

DD 414+20 4.52+0.48 ab 15.77+1.86

DR 434+33 4.68+0.68 a N/A

DS 405+29 3.51+0.72 bc 15.13+1.99

0.5X 408+17 3.62+0.59bc N/A

1.0X 392+39 3.81+0.34 abc N/A

2.0X 392+37 3.33+0.51 c 16.46+1.18

4.0X 386+37 2.91+1.81c 16.40+0.48

P value 0.376 0.0334 0.3294
1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no common
superscript letters are significantly different (p < 0.05). N/A Data is not available.

Table 4.9 Growth rate and weight comparison after repletion of vitamin A in oil-

milk treatment1.

Vitamin A in oil-
milk  treatment

Body weight (g)
- Week 8

Growth rate (g/day)
- 2wks repletion

Liver weight (g)
- Week 8

RR 422+25 4.44+0.69 17.26+1.06

DD 414+20 4.52+0.48 15.77+1.86

DR 434+33 4.68+0.68 N/A

DS 405+29 3.51+0.72 15.13+1.99

0.5X 414+41 3.56+0.34 N/A

1.0X 413+27 3.72+1.11 N/A

2.0X 416+36 4.15+1.01 16.86+1.77

4.0X 407+28 3.34+0.27 15.17+1.72

P value 0.918 0.0834 0.3122
1 Each value is the mean + SD, n = 4 rats/group. N/A Data is not available.
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Table 4.10 Growth rate and weight comparison after repletion of vitamin A in β-

lactoglobulin-milk treatment1.

Vitamin A ββ-lact.-
milk  treatment

Body weight (g)
- Week 8

Growth rate (g/day)
- 2wks repletion

Liver weight
(g)

- Week 8
RR 421+25 4.44+0.69abc 17.26+1.06

DD 413+20 4.52+0.48 ab 15.77+1.86

DR 434+32 4.68+0.68a N/A

DS 405+28 3.51+0.72 cd 15.13+1.99

0.5X 406+10 3.49+0.44 cd N/A

1.0X 389+26 3.58+0.72 bcd N/A

2.0X 385+37 3.02+0.97 d 16.90+1.30

4.0X 391+32 3.46+0.35d 14.98+3.23

P value 0.200 0.0102 0.4265
1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no common
superscript letters are significantly different (p < 0.05). N/A Data is not available.
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Figure 4.4 Growth rate comparison of dose-response in each treatment after repletion.
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4.2.3.B Serum Retinol Concentration

Retinol concentration in the serum of each treatment group was compared with

the control groups after 2 wk repletion. There was no difference in retinol

concentration in the serum between RR and DD groups. The group fed the vitamin A-

free diet did not show vitamin A depletion in the serum. This suggested that the livers

of the vitamin A free depleted group may have stored an adequate amount of vitamin

A to maintain normal serum vitamin A concentration (Figure 4.5).

The serum retinol concentrations of different dosage groups did not show the

expected dose response (Table 4.11, 4.12, 4.13, 4.14 & Figure 4.5). Some of the

treatment groups showed significant differences between different doses but the

elevated doses did not correspond with greater serum concentration. Because the

animals were not fully vitamin A depleted before the repletion began, the transport

between serum and liver stores might be a complicating factor.

4.2.3.C Liver Retinol and Retinyl Palmitate Concentrations

Livers of 2X and 4X doses were selected for retinol and retinyl palmitate

concentration analysis. Positive and negative control groups were analyzed also. Liver

retinol concentrations are affected by both import and export of vitamin A from the GI

tract and to other tissues. Because the rats were sacrificed three days after their last

gavage feeding, the liver retinol would primarily represent transport from the storage

form to serum retinol. Retinyl palmitate concentration represented the vitamin A

stored in the liver.

There was a statistically significant difference in liver retinol concentration

between RR (9.32+1.37 µg/g) and DD (4.07+1.14 µg/g) groups (Figure 4.6 & Figure

4.7). The retinyl palmitate concentration of liver also was significantly lower in the

DD group (RR - 273.2+28.5 µg/g , DD – 63.1+33.7 µg/g). The retinol concentration of

the DS group (3.75+0.26 µg/g) did not statistically differ from that in the liver of the

DD group (4.07+1.14 µg/g) (Figure 4.6). This corresponded with the retinyl palmitate

concentration in the liver. Retinyl palmitate concentration in the DS group (75.0+17.4

µg/g) was similar to that in the liver of the DD group (63.1+33.7 µg/g) (Figure 4.7).

This was expected because neither group received any dietary vitamin A.
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In both 2/O (2X vitamin A in oil treatment) and 4/O (4X vitamin A in oil

treatment) rats given vitamin A in oil, liver retinol and retinyl palmitate concentrations

were higher than DD (Figure 4.6 & Figure 4.7). The results showed that the vitamin A

in the gavage treatment was able to restore that which was depleted from liver storage

during the vitamin A deficient diet treatment. Also, there was no significant difference

of liver retinol concentration between the 2/O (7.23+1.12 µg/g) and 4/O (7.83+1.14

µg/g). Likewise, there was no significant difference of liver retinyl palmitate

concentration between the 2/O (120.6+17.2 µg/g) and 4/O (119.0+40.9 µg/g).  The

results suggest that both 2/O and 4/O treatments may have had similar absorption rates

in the digestion system.

There were some differences of liver retinol between 2/B (2X β-lactoglobulin-

water group – 3.73+1.74 µg/g) and 4/B (4X β-lactoglobulin-water group – 5.92+0.97

µg/g). On the other hand, liver retinyl palmitate concentration of 2/B (38.6+29.3 µg/g)

was not statistically different from 4/B (48.9+13.5 µg/g) and DD group (63.1+33.7

µg/g). The data suggest that the 2/B and 4/B groups might have similar amount of

vitamin A storage in the liver and that the vitamin A supplied was not being converted

to retinyl palmitate to store in the liver (Figure 4.7). There was a high CV, coefficient

of variation, (75.9 %) in the 2/B group.

Similar results were seen with the vitamin A in oil-milk treatment group (OM).

Liver retinol concentration showed the 4/OM group to be significantly higher than the

2/OM, DD and DS groups (Figure 4.6). But, retinyl palmitate concentration of 2/OM

(57.1+9.00 µg/g) was not statistically different from 4/OM (93.7+32.4 µg/g), DD

group (63.1+33.7 µg/g) and DS group (75.0+17.4 µg/g) in liver. Thus, the higher oral

intake may have elevated the vitamin A in plasma more, but the vitamin A was not

converted to extra retinyl palmitate to store in the liver (Figure 4.7).

Finally, the liver retinol and retinyl palmitate concentrations of 2/BM and

4/BM (2X & 4X vitamin A–β-lactoglobulin – milk treatments) had no statistically

significant difference compared to DD and DS groups. This indicates that 2/BM and

4/BM groups did not make extra retinyl palmitate to store in the liver at all (Figure

4.7).
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Table 4.11 Serum and liver vitamin A concentration after repletion of vitamin A in

oil treatment1.

LiverVitamin A in
oil treatment

Serum retinol
(µµg / dL) Retinol

(µµg / g)
Retinyl palmitate

(µµg / g)
RR 47.66+12.90ab 9.32+1.37 c 273.16+28.52 c

DD 57.26+8.87 a 4.07+1.14 a 63.13+33.71 a

DR 51.48+11.64 ab N/A N/A

DS 53.90+9.17 ab 3.75+0.26 a 74.99+17.44 a

0.5X 55.42+16.34 a N/A N/A

1.0X 42.53+7.92 bc N/A N/A

2.0X 33.25+1.23 c 7.23+1.12 b 120.63+17.16 b

4.0X 47.80+7.63 ab 7.83+1.14 bc 118.97+40.89 b

P value 0.0006 0.0001 0.0001
1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no common
superscript letters are significantly different (p < 0.05). N/A Data is not available.

Table 4.12 Serum and liver vitamin A concentration after repletion of vitamin A -

β-lactoglobulin in water treatment1.

LiverVitamin A in
ββ-lact. treatment

Serum retinol
(µµg / dL) Retinol

(µµg / g)
Retinyl palmitate

(µµg / g)
RR 47.66+12.90 c 9.32+1.37 c 273.16+28.52 b

DD 57.26+8.87 ab 4.07+1.14 a 63.13+33.71 a

DR 51.48+11.64 bc N/A N/A

DS 53.90+9.17 abc 3.75+0.26 a 74.99+17.44 a

0.5X 62.19+6.11 a N/A N/A

1.0X 45.23+7.35 cd N/A N/A

2.0X 37.83+3.37 d 3.73+1.74 a 38.60+29.29 a

4.0X 50.75+8.96 bc 5.92+0.97 b 48.87+13.50 a

P value 0.0001 0.0001 0.0001
1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no common
superscript letters are significantly different (p < 0.05). N/A Data is not available.
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Table 4.13 Serum and liver vitamin A concentration after repletion of vitamin A in oil-
milk treatment1.

LiverVitamin A in
oil-milk

treatment

Serum retinol
(µµg / dL) Retinol

(µµg / g)
Retinyl palmitate

(µµg / g)

RR 47.66+12.90 a 9.32+1.37 c 273.16+28.52 b

DD 57.26+8.87 a 4.07+1.14 a 63.13+33.71 a

DR 51.48+11.64 a N/A N/A

DS 53.90+9.17 a 3.75+0.26 a 74.99+17.44 a

0.5X 53.97+6.59 a N/A N/A

1.0X 48.68+8.16 a N/A N/A

2.0X 49.01+13.04 a 4.49+0.73 a 57.14+9.00 a

4.0X 36.30+3.35 b 7.25+1.23 b 93.75+32.41 a

P value 0.0043 0.0001 0.0001
1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no common
superscript letters are significantly different (p < 0.05). N/A Data is not available.

Table 4.14 Serum and liver vitamin A concentration after repletion of vitamin A-β-
lactoglobulin in milk treatment1.

LiverVitamin A ββ-
lact.-milk
treatment

Serum retinol
(µµg / dL) Retinol

(µµg / g)
Retinyl palmitate

(µµg / g)

RR 47.66+12.90 ab 9.32+1.37 b 273.16+28.52 b

DD 57.26+8.87 a 4.07+1.14 a 63.13+33.71 a

DR 51.48+11.64 a N/A N/A

DS 53.90+9.17 a 3.75+0.26 a 74.99+17.44 a

0.5X 50.36+13.06 a N/A N/A

1.0X 48.64+6.84 ab N/A N/A

2.0X 31.81+2.96 c 4.64+1.45 a 59.26+22.24 a

4.0X 38.83+10.92 bc 5.53+2.26 a 58.27+25.43 a

P value 0.0001 0.0004 0.0001
1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no common
superscript letters are significantly different (p < 0.05). N/A Data is not available.
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Figure 4.5 Serum retinol comparison of dose-response in each treatment after

repletion.
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Figure 4.6 Liver retinol comparison of dose-response in each treatment after

repletion.
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Figure 4.7 Liver retinyl palmitate comparison of dose-response in each treatment

after repletion.
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4.2.4 Results of Each Treatment on Specific Vitamin A Dose after Repletion

Body weight, growth rate and serum retinol concentrations in each treatment

of specific vitamin A dose were compared with all the control groups, including RR,

DD, DR and DS, in the same treatment. The control groups included rats that were

fed regular pellet diet (RR) or vitamin A free pellet diet for 8 wk (DD), and rats that

were fed 6 wk vitamin A free pellet diet and switched to regular pellet diet (DR) or

gavage fed skim milk for 2 wk (DS).

4.2.4.A Growth Rate and Weight of Each Treatment in Specific Vitamin A Dose

Body weight data showed no significant difference among each treatment

group within a dose of vitamin A (Table 4.15, 4.16, 4.17 & 4.18). Although the P

value of growth rate shows a difference in treatment groups when they were

compared to the control groups, the range test still showed no significant difference

between different treatments in a specific vitamin A dose (Table 4.15, 4.16, 4.17 &

4.18).

Livers of 2X and 4X doses were selected for measurement of liver. The

weights of liver showed no difference among treatments in 4X vitamin A dose

groups (Table 4.18). In 2X vitamin A groups, only the oil treatment had a significant

difference with the other three treatments (Table 4.17). Overall the information

suggests that the control groups (RR, DD, DR and DS) had a higher growth rate than

other treatment groups in which rats were gavaged with different doses. The results

also show no body weight, growth rate and liver weight differences between vitamin

A delivery vehicle within any specific dose groups (Table 4.15, 4.16, 4.17 & 4.18).
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Table 4.15 Growth rate and weight after 2 wk repletion of 0.5X vitamin A on each
treatment1.

0.5X vitamin A
50nmol/KgBW/day

Body weight (g)
- Week 8

Growth rate (g/day)
- 2 wks repletion

Liver weight (g)
- Week 8

RR 421.775+25.22 4.44+0.69a 17.26+1.06a

DD 413.83+19.89 4.52+0.48 a 15.77+1.86 a

DR 434.125+32.73 4.68+0.68 a N/A

DS 405.30+28.68 3.51+0.72 b 15.13+1.99 a

0.5/O 413.95+35.11 3.15+0.43b N/A

0.5/ββ 407.53+17.04 3.62+0.59 b N/A

0.5/OM 413.95+41.28 3.56+0.34 b N/A

0.5/ββM 406.85+9.88 3.49+0.44 b N/A

P value 0.8526 0.0034 0.2403
1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no
common superscript letters are significantly different (p < 0.05). N/A Data is not
available.

Table 4.16 Growth rate and weight after 2 wk repletion of 1X vitamin A on each
treatment1.

1X vitamin A
100nmol/KgBW/day

Body weight (g)
- Week 8

Growth rate (g/day)
- 2wks repletion

Liver weight (g)
- Week 8

RR 421.775+25.22 4.44+0.69ab 17.26+1.06 a

DD 413.83+19.89 4.52+0.48 ab 15.77+1.86 a

DR 434.125+32.73 4.68+0.68 a N/A

DS 405.30+28.68 3.51+0.72 bc 15.13+1.99 a

1/O 398.83+28.58 2.90+0.59c N/A

1/ββ 392.02+39.27 3.81+0.34 abc N/A

1/OM 413.38+27.08 3.72+1.11 abc N/A

1/ββM 388.7+25.95 3.58+0.72 bc N/A

P value 0.3783 0.0201 0.2403
1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no
common superscript letters are significantly different (p < 0.05). N/A Data is not
available.
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Table 4.17 Growth rate and weight after 2 wk repletion of 2X vitamin A on each
treatment1.

2X vitamin A

200nmol/KgBW/day

Body weight (g)

- Week 8

Growth rate (g/day)

- 2wks repletion

Liver weight (g)

- Week 8

RR 421.775+25.22 4.44+0.69ab 17.26+1.06 a

DD 413.83+19.89 4.52+0.48 ab 15.77+1.86 a

DR 434.125+32.73 4.68+0.68 a N/A

DS 405.30+28.68 3.51+0.72 bcd 15.13+1.99 ab

2/O 372.5+34.41 2.93+0.49d 13.35+1.49 b

2/ββ 392.25+37.43 3.33+0.51cd 16.46+1.18 a

2/OM 416.18+35.62 4.15+1.01 abc 16.86+1.77 a

2/ββM 385.15+36.72 3.02+0.97d 16.90+1.30 a

P value 0.1678 0.0061 0.0259
1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no
common superscript letters are significantly different (p < 0.05). N/A Data is not
available.

Table 4.18 Growth rate and weight after 2 wk repletion of 4X vitamin A on each
treatment1.

4X vitamin A

400nmol/KgBW/day

Body weight (g)

- Week 8

Growth rate (g/day)

- 2wks repletion

Liver weight (g)

- Week 8

RR 421.775+25.22 4.44+0.69 abc 17.26+1.06

DD 413.83+19.89 4.52+0.48 ab 15.77+1.86

DR 434.125+32.73 4.68+0.68 a N/A

DS 405.30+28.68 3.51+0.72 bcd 15.13+1.99

4/O 383.40+23.41 2.53+0.82 d 14.65+1.11

4/ββ 386.40+37.18 2.91+1.81 d 16.40+0.48

4/OM 406.6+27.88 3.34+0.27 d 15.17+1.72

4/ββM 391.2+32.27 3.46+0.35 cd 14.98+3.23

P value 0.2009 0.0027 0.4391
1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no
common superscript letters are significantly different (p < 0.05). N/A Data is not
available.
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4.2.4.B Serum Retinol Concentration in Treatments with Equivalent Vitamin A

Dose

Retinol concentrations in the serum of groups given equivalent doses of

vitamin A were compared with the control groups after 2 wk repletion. The results

show there were no differences of retinol concentration in the serum between 0.5X

groups and control groups or between 1X groups and control groups (Table 4.19 &

4.20). 2X and 4X groups showed a significant difference from control groups and

significant differences among treatments in each dose group (Table 4.21, 4.22 &

Figure 4.8). On the other hand, there was no significant difference between the RR

group and the DD group. These results suggest that serum retinol might not be a

reliable indication because these rats did not show vitamin A depletion in the serum.

This might be due to a sufficient supply of vitamin A from liver to the circulation

system.

4.2.4.C Liver Retinol and Retinyl Palmitate Concentrations in Treatments with

Equivalent Vitamin A Dose

Livers of 2X and 4X doses were selected for retinol and retinyl palmitate

concentration analysis. From experiment-I, we found 1X vitamin A treatment was

not enough to show detectable vitamin A in liver after 2 wk or 4 wk repletion.

Therefore, only the 2X and 4X treatments were analyzed for liver vitamin A in this

experiment. Liver retinol concentrations represent a balance of import and export of

vitamin A from the circulation. Retinyl palmitate concentration represents the

vitamin A storage condition in the liver.

In 2X vitamin A dose groups, liver retinol concentrations of all treatments

were the same as the DD group and the DS group with the exception of vitamin A in

oil treatment (2/O) (Figure 4.9). Liver retinyl palmitate concentrations of most

treatments were the same as the DD and DS groups. The β-lactoglobulin in water

treatment (2/B) was even lower than the DS group (Figure 4.10). Only the 2/O group

had higher liver retinyl palmitate concentration than DD, DS and the other gavage

feeding treatment groups. All these results indicate that the vitamin A in oil

treatment had a higher storage rate in the liver. Furthermore, the results also
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suggested that 2/B, 2/OM and 2/BM treatment groups had no storage of liver retinyl

palmitate in these non-depletion rats (Table 4.21 and Figure 4.10).

In 4X vitamin A dose groups, liver retinol concentrations of 4/Β and 4/BM

treatment groups were the same as the DD or DS groups. Nevertheless, 4/O and

4/OM had higher liver retinol concentration than the other treatments (but lower than

the regular group RR). Furthermore, the 4/O treatment group still showed a higher

vitamin A storage rate in liver. However, all these results of 4X and 2X groups

suggested that in experiment-II, β-lactoglobulin-vitamin A did not result in storage

of liver retinyl palmitate during the repletion phase regardless whether prepared as

non-milk or milk –containing treatments (Table 4.22 and Figure 4.9 & 4.10).

Table 4.19 Serum and liver vitamin A concentration after 2 wk repletion of 0.5X
vitamin A1.

Liver0.5X vitamin A
50nmol/KgBW/day

Serum retinol
(µµg / dL) Retinol

(µµg / g)
Retinyl palmitate

(µµg / g)
RR 47.66+12.90 9.32+1.37 273.16+28.52

DD 57.26+8.87 4.07+1.14 63.13+33.71

DR 51.48+11.64 N/A N/A

DS 53.90+9.17 3.75+0.26 74.99+17.44

0.5/O 55.42+16.34 N/A N/A

0.5/B 62.19+6.11 N/A N/A

0.5/OM 53.97+6.59 N/A N/A

0.5/BM 50.36+13.06 N/A N/A

P value 0.2686 N/A N/A
1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no
common superscript letters are significantly different (p < 0.05). N/A Data is not
available.
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Table 4.20 Serum and liver vitamin A concentration after 2 wk repletion of 1X
vitamin A1.

Liver1X vitamin A
100nmol/KgBW/day

Serum retinol
(µµg / dL) Retinol

(µµg / g)
Retinyl palmitate

(µµg / g)
RR 47.66+12.90 9.32+1.37 273.16+28.52

DD 57.26+8.87 4.07+1.14 63.13+33.71

DR 51.48+11.64 N/A N/A

DS 53.90+9.17 3.75+0.26 74.99+17.44

1/O 42.53+7.92 N/A N/A

1/B 45.23+7.35 N/A N/A

1/OM 48.68+8.16 N/A N/A

1/BM 48.64+6.84 N/A N/A

P value 0.0944 N/A N/A
1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no
common superscript letters are significantly different (p < 0.05). N/A Data is not
available.

Table 4.21 Serum and liver vitamin A concentration after 2 wk repletion of 2X
vitamin A1.

Liver2X vitamin A
200nmol/KgBW/da

y

Serum retinol
(µµg / dL) Retinol

(µµg / g)
Retinyl palmitate

(µµg / g)
RR 47.66+12.90b 9.32+1.37c 273.16+28.52 d

DD 57.26+8.87 a 4.07+1.14 a 63.13+33.71 ab

DR 51.48+11.64 ab N/A N/A

DS 53.90+9.17 ab 3.75+0.26 a 74.99+17.44 b

2/O 33.25+1.23 c 7.23+1.12 b 120.63+17.16 c

2/B 37.83+3.17 c 3.73+1.74 a 38.60+29.29 a

2/OM 49.01+13.04 ab 4.49+0.73 a 57.14+9.00 ab

2/BM 31.81+2.96 c 4.65+1.45 a 59.26+22.24 ab

P value 0.0001 0.0001 0.0001
1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no
common superscript letters are significantly different (p < 0.05). N/A Data is not
available.
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Table 4.22 Serum and liver vitamin A concentration after 2 wk repletion of 4X
vitamin A1.

Liver4X vitamin A

400nmol/KgBW/day

Serum retinol

(µµg / dL) Retinol

(µµg / g)

Retinyl palmitate

(µµg / g)

RR 47.66+12.90 bc 9.32+1.37 e 273.16+28.52 d

DD 57.26+8.87 a 4.07+1.14 ab 63.13+33.71 ab

DR 51.48+11.64 ab N/A N/A

DS 53.90+9.17 ab 3.75+0.26 a 74.99+17.44 ab

4/O 47.80+7.63 ab 7.83+1.14 de 118.97+40.89 c

4/B 50.75+8.96 ab 5.92+0.97 bcd 48.87+13.50 a

4/OM 36.30+3.35 d 7.25+1.23 cd 93.75+32.41 bc

4/BM 38.83+10.92 cd 5.53+2.26 abc 58.27+25.43 ab

P value 0.0005 0.0001 0.0001
1 Each value is the mean + SD, n = 4 rats/group. Means in a column with no
common superscript letters are significantly different (p < 0.05). N/A Data is not
available.
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Figure 4.8 Serum retinol comparison of each treatment in specific vitamin A dose.
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Figure 4.9 Liver retinol comparison of 2X and 4X of vitamin A dose groups.

Figure 4.10 Liver retinyl palmitate comparison 2X and 4X  of vitamin A dose

groups.
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4.3 Conclusion and Discussion of Experiment-II

The serum and liver comparative bioavailability studies in this experiment

show β-lactoglobulin was not an effective vitamin A carrier in either milk or non-

milk gavage treatments which is in conflict with the results of experiment-I. Except

the previous experiment, (experiment-I), no previous reports or publication were

found to have compared bioavailability between fortified skim milk and non-milk

vitamin A sources in a rat model. Furthermore, there was also no report or

publication that compared bioavailability between β-lactoglobulin-vitamin A

complex and oil-based vitamin A when they were used as a carrier in either non-milk

or milk products in a rat model. However, results of liver retinol and retinyl

palmitate measurements in experiment-II suggested β-lactoglobulin was not a useful

carrier for vitamin A as delivered in this study. The experiment-II results conflict

with the results of experiment-I, in which the β-lactoglobulin used as a carrier to

fortify vitamin A in skim milk or carry vitamin A in aqueous solution had good

bioavailability. We believe it is necessary for us to compare both experiments

closely.

In experiment-II, some groups showed a high coefficient of variation. This

may have been due to spitting from the mouth of some rats during gavage feeding.

To adjust for this possibility, the data were re-analyzed after the rat that had the

lowest retinyl palmitate in liver was excluded from the DS, 2/O, 2/B, 2/OM, 2/BM,

4/O, 4/B, 4/OM, and 4/BM treatment groups. The modified results of serum retinol

show all of the treatment groups were either lower than the control groups (DD, RR

and DS) or equal with the control groups (Figure 4.11). No pattern was apparent

from the treatment comparison in both 2X and 4X serum retinol groups (Figure

4.12). Comparing liver retinol data (Figure 4.13), 2X vitamin A groups were all

statistically equivalent to both DD and DS groups except that vitamin A in oil, (2/O),

had a higher liver retinol concentration than DD and DS. In 4X vitamin A groups, all

the treatments were higher than DD and DS groups (Figure 4.13). The 2X and 4X
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liver retinol comparison shows the 4X group was statistically equivalent with the 2X

group in each treatment (except the OM treatments) although there was a clear

tendency for a positive dose-response effect when looking at the DS, 2X, and 4X

trimmed-mean data for each treatment vehicle (Figure 4.15).  The vitamin A in the

2/O and 4/O treatments were the only treatments to have higher storage of retinyl

palmitate in the liver than DD and DS groups (Figure 4.14). The liver retinyl

palmitate concentrations in both 2X and 4X of β-lactoglobulin in water and in milk

groups were statistically equivalent with DD and DS. There was no difference

between the 2X and 4X vitamin A concentration (Figure 4.16). All these analyses of

modified data still suggest β-lactoglobulin was not a useful vitamin A carrier for

repletion of the non-deficient rats in this study.

Figure 4. 11 Modified serum retinol of different treatments in 2X and 4X vitamin
A dose groups.
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Figure 4. 12 Modified 2X & 4X serum retinol comparison in each treatment.
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Figure 4. 13 Modified liver retinol of different treatments in 2X & 4X groups.

Figure 4. 14 Modified Liver retinyl palmitate of different treatments in 2X and 4X
vitamin A dose groups.
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Figure 4. 15 Modified 2X and 4X liver retinol comparison in each treatment.
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Figure 4. 16 Modified 2X and 4X liver retinyl palmitate comparison in each

treatment.



93

Several differences of experimental process between experiment-I and

experiment-II might be responsible for the difference in results. A new batch of

pelleted diets was purchased for each experiment.  To be sure the diet of experiment-

II was actually vitamin A deficient, a sample was analyzed as described in section

4.1.2.B, The diet analysis confirmed there was no vitamin A in “Vitamin A free

pelleted diet”.  So, the diet should not be a reason for the high serum retinol in

experiment-II.

Another difference between these two experiments was the preparation of the

vitamin-A solution in milk treatment groups. In experiment-I, each rat was gavage

fed with 1ml of fortified skim milk. So, for example, if a rat needed for 150 µl of β-

lactoglobulin-vitamin A complex, an additional 850 µl of skim milk was used for the

gavage feeding (Table 3.1).  On the other hand, in experiment-II, each rat was given

the required amount of β-lactoglobulin-vitamin A complex plus one full ml of skim

milk. So, in the experiment-II, if a rat needed 150 µl of β-lactoglobulin-vitamin A

complex, he received a total of 1150 µl of fortified skim milk in the syringe for the

gavage feeding (Table 4.2). The same treatment preparation processes were applied

in the oil-milk groups as well. In contrast with β-lactoglobulin-milk, a very small

amount of vitamin A-oil stock was required for preparing the oil-milk treatment. The

amount in the syringe was close to 1 ml. However, a different amount of milk would

not have affected the results of non-milk treatment groups, and, the bioavailability of

vitamin A from β-lactoglobulin in water was high in experiment-I but not in

experiment-II. Thus, the different milk volumes in treatment preparations probably

did not cause the difference between experiment-I and II.

Another difference between these two experiments was that the rats were

fasted about 15 hr before sacrificing in experiment-I and not fasted in experiment-II.

We believe this factor should not have affected the outcome of these two

experiments.  Three days passed between the last gavage feeding and the day of

sacrificing.  Three days should be enough time for vitamin A to be digested,

absorbed, stored, and metabolized in the body. Also, there were 80 rats at the end of

experiment-II and 18 rats at the end of experiment-I. Because of the long and not
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entirely predictable time needed to finish sacrificing and collecting an appropriate

amount of serum and liver sample, fasting prior to sacrifice was not appropriate.

However, the liver stores of vitamin A should have been in the process of being

mobilized to maintain plasma concentration at the day of sacrificing rats, as would

have been the case with the fasted rats in experiment-I. Therefore, the fasting process

probably did not cause differences in results between experiment-I and experiment-

II.

Finally, there was a major difference in vitamin A metabolism of rats

between these two experiments. In rats, the serum vitamin A levels can be monitored

as an indication of vitamin A depletion (Smith, 1990). In experiment-I, vitamin A

free rats showed very low serum retinol concentration after 6 wk consuming

vitamin-A-free pellet diet (Figure 3.12 & Table 3.9). However, in experiment-II the

rats did not showed low vitamin A in serum after 6 wk consuming vitamin A-free

pellet diet (Table 4.6). Although all the male Wistar weanling (23 days old) rats were

fed the experimental diets as soon as they arrived at our facility, the delivery of rats

for experiment-II was delayed 3 days due to weather, with access to normal vitamin-

A containing feed during this time. Furthermore, we have recently found that some

batches of the corn-cob bedding used for housing rats contains whole kernels of corn

which could have been a significant source of vitamin A, if eaten by the rats. For

these and possibly other reasons, the rats in experiment-I were in a much greater

state of vitamin A depletion than those in experiment-II, as evidenced by serum

retinol concentrations.

When vitamin A was presented in an oil matrix, it did not matter whether rats

showed deficiency or not. With respect to liver vitamin A concentrations, both

vitamin A-oil (2/O and 4/O) and vitamin A-oil in milk (4/OM) treatments had a

repletion effect (Figure 4.14, 4.15 & 4.16). That the 2X and 4X vitamin A-oil groups

showed statistically equivalent results might be due to an absorption limitation of the

GI-tract. Given a large amount of the nutrient at one time, the gut could not

completely absorb the 3.5 day supply. This would account for the observation that

none of the gavaged rats reached the same degree of repletion as those fed the

vitamin-A-containing pelleted diet. However, both 2X and 4X vitamin A-oil
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treatments (2/O and 4/O) still had some vitamin A stored in the rats’ livers during

the repletion period (Figure 4.10 & 4.15).

On the other hand, the β-lactoglobulin-vitamin A complex treatment (B &

BM) had no repletion effect in experiment-II, which had vitamin A sufficient rats.

These results conflicted with experiment-I (vitamin A deficient rats), which showed

β-lactoglobulin-vitamin A complex treatment, either with or without milk, had a

repletion effect.

After a detailed comparison of the two experiments, several questions can be

addressed.  First, is it reasonable to say that the degree of vitamin A deficiency

indicated by serum retinol might be the major cause of conflicting results between

experiments II and I? Next, was the absorption or storage mechanism different for

the vitamin A-oil treatment from the vitamin A-β-lactoglobulin treatment?

Furthermore, is the absorption or storage mechanism of the β-lactoglobulin-vitamin

A complex dependent on the vitamin A status in the rats’ body? Finally, is there a

specific mechanism for delivering the β-lactoglobulin-vitamin A complex into the

GI tract, and is it a feedback mechanism that is triggered by serum vitamin A status?

Answers to all these questions require further investigation of absorption and storage

on the molecular and receptor level.

Much is known about the physicochemical properties of β-lactoglobulin. But,

the biological function of this protein has not yet been satisfactorily resolved despite

intensive research. How β-lactoglobulin delivers vitamin A in the GI tract and how

the body metabolizes this vitamin A-protein complex still remains unclear. β-

Lactoglobulin shares similar amino acid sequence and tertiary structure with retinol-

binding proteins. Since the known function of retinol-binding protein is delivering

retinol to tissues, it was suggested that β-lactoglobulin may play a role in the

delivery of retinol to the intestinal absorptive cells after hydrolysis of esterified

retinol in the lumen. One study showed absorption of some intact β-lactoglobulin in

humans, as this protein could be detected in trace amounts in maternal milk from

women who have consumed milk from cows (Monti et al. 1989).
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Possibly the absorption of retinol:RBP might be receptor-mediated in

intestinal brush border membranes, whereas there is a diffusional transport

mechanism for free retinol (Dew and Ong, 1997). Because β-lactoglobulin is similar

in structure to RBP, it might enhance the uptake of retinol (Said et al., 1989).

However, the presence of a receptor for this protein would be surprising because rat

or human milk does not contain β-lactoglobulin. Monaco et al. (1987) suggested that

vitamin A bound in a region of the β-lactoglobulin molecule that is flexible with

respect to RBP. Perhaps if retinyl palmitate, the vitamin A form used in this

experiment, is hydrolyzed by enzymes in the lumen, free-retinol could follow the

diffusion mechanism. Because β-lactoglobulin seems to be quite resistant to gastric

digestion in vivo and remains mostly intact after it passes through the stomach

(Yvon et al. 1984), some free retinol might bind with intact β-lactoglobulin, and be

transported by a receptor mechanism into the intestinal cells in this study. Results of

experiment-I seem to support this theory.

Nevertheless, when serum vitamin A showed the rats were not deficient,

results of experiment-II suggested there was no vitamin A absorption and storage

activity when vitamin A was carried by β-lactoglobulin. So, if the receptor-mediated

mechanism in the rats’ intestinal brush border membranes is true, these two

experiments suggest the mechanism could be regulated by serum retinol status or

retinoic acid status as a feed-back mechanism. Two of the major functions of vitamin

A are cellular differentiation and cell surface functions in which vitamin A plays a

role in the synthesis of glycoproteins (Sankaranarayanan and Mathew, 1996, &

Wolf, 1984). Intestinal cells are one of the target cells of vitamin A. If there were a

shortage of vitamin A in intestinal cells, it might activate the receptor-mediated

mechanism and improve the absorption capability in the brush border site. If there

were sufficient vitamin A in intestinal cells, the receptors on the brush border might

be inhibited or down-regulated and simply no further absorption of vitamin A as a β-

lactoglobulin or retinol binding protein (RBP)-complex would occur (Figure 4.17). If

this theory is true, it could explain why the β-lactoglobulin-vitamin A complex had
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no repletion effect on the serum vitamin A sufficient rats of experiment-II and the

opposite effect in experiment-I.

Thus, the combined results of experiment-I & II suggest that β-lactoglobulin

might be an option to carry vitamin A for vitamin A-deficient individuals. This

function could be further applied as a medical treatment for vitamin A deficient

animals or patients in the future. Other aspects of this treatment still require further

investigation. The stability of β-lactoglobulin-vitamin A complex to changes in pH,

light, oxidation, and heat are all important issues to be studied if β-lactoglobulin is to

be used in food products or medicines.

These data support the concept of using β-lactoglobulin to carry vitamin A in

fortified milk or dairy products. When the individual is deficient and needs vitamin

A, the bioavailability appears good. But individuals who have adequate intake of

vitamin A from other sources would absorb less. If a dairy plant had a problem

metering the quantity of this nutrient added to milk and added too much, people

might be protected from toxicity if the vitamin A were presented as a β-lactoglobulin

complex, but not if it were in an oil-based matrix. Further study is also needed to test

this hypothesis.
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Figure 4.17 Theoretical figure of β-lactoglobulin-vitamin A complex digestion

mechanisms.
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Appendix

1.  Vitamin A Palmitate (Water Dispersible)

Dry Beadlets Type 250-CWS/F, USP/FCC

Cold Water Dispersible

Product Code: 65256 – USA

Global Code: 0421871

Roche Vitamin Inc., Parsippany NJ.

Description:

Dry Vitamin A Palmitate Beadlets, Type 250-CWS/F, USP/FCC, Cold Water

Dispersible is a dry, free-flowing form of vitamin A palmitate (retinyl palmitate)

compound with sugar, fish gelatin and modified food starch, with dl-alpha

tocopherol as an antioxidant.

Dispensability:

Dry Vitamin A Palmitate Beadlets, Type 250-CWS/F, USP/ F disperse

completely and quickly in cold liquids; e.g., water, beverages, fruit juices, milk, and

infant formulas. These dispersions are cloudy; the cloud of dispersion is and remains

uniform for relatively long periods.

Uses:

Dry Vitamin A Palmitate Beadlets, Type 250-CWS/F, USP/ F may be used to

fortify dry milk, dehydrated foods, dry cereals, beverage powders, and other food

and pharmaceutical products that are reconstituted before use.

Nutritional Data:

Typical Values Per 100 Grams (These values have been determined by using

a nutritional database of ingredients which were analyzed singularly. They are

believed to be accurate but are not guaranteed.)

Calories (388.3), Fat-total (6.963g), Prox-other (7.075g), Saturated Fat

(7.23g), Cholesterol (55.64g), Dietary Fiber (0.2338g), Sugars (30g), Protein

(26.77g), Vitamin A (25,020,000 IU), Vitamin C (0mg), Calcium (0.7896mg), Iron
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(0.2421mg), Water (3.386g), Ash (0.1734g), 18:0-Stearic (0.0003g), Mono Fat

(0.0042g), Poly Fat (0.0065g), Potassium (4.529mg), Sugar Alcohol (0g), Other

Carbs (23.49g), Vit E (137.5mg), Phosphorus (3.407mg), Mg (0.7794mg), Zn

(0.0606mg), Cu (0.013mg), Mn (0.0138mg), Se (0.1039mcg).

2. Dyets #119134 & 119135

Produced by: Dyets Inc.

Modified AIN-93G Purified Rodent Diet w/wo Vitamin A (Reeves et al. 1993)

Table of pellet diet ingredients

Ingredient #119134
Grams / Kg

#119135
Grams / Kg

Vitamin Free Casein 200 200

Cornstarch 397.486 397.486

Dyetrose 132 132

Sucrose 100 99.992

Cellulose 50 50

Cottonseed oil 70 70

t-Butylhydroquinone (TBHQ) 0.014 0.014

Salt Mix # 210025 35 35

Vitamin A Mix #319013 (without Vitamin A) 10 10

Vitamin A Palmitate (500,000 IU / gm)

(500,000 IU/gm x 0.008 gm/kg = 4000 IU / kg of diet)
-.- 0.008

L-Cystine 3 3

Choline Bitartrate 2.5 2.5


