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CHAPTER I
RESEARCH PROBLEM
Introduction to Topic

Although nutrient interactions are important in human
nutrition (1), chromium nutrient interactions have not been
extensively studied. Because minerals often carry positive
or negative charges which change based upon local pH, they
can associate loosely with or bind chemically with a variety
of compounds. Components in food or ingested drugs may
affect mineral abs&rption and excretion. Intake of chromium
from self-selected diets in the United States may be below
the estimated safe and adequate amount of 50-200 ug. chromium
per day (2). Marginal intake is of concern because chromium
deficiency has been' linked to elevated blood cholesterol and
impaired glucose tolerance (3). The extent of interaction
of chromium with other nutrients is not known. However,
chromium supplémentation (10 ug/g diet) has increased
vitamin C concentrations in adrenal and liver tissues of
rats (4). Nutrient and drug interactions affecting chromium
retention and utilization, the role of chromium in
- cholesterol metabolism, and the impact of chromium on

essential nutrients are problems that warrant investigation.



Significance of Problems/Description of Experiments

Most research on interactions between minerals and
carbohydrates in non-ruminants has emphasized nondigestible
carbohydrétes (fiber) (5). Reports of digestible
carbohydréte effects on mineral absorption have involved
copper (6) and. iron (7). The‘ability of supplemental
‘chromium to lower'serum cholesterol in rats was different
with diets containing sucrose versus diets containing starch
(8). In humané,kdiets high in simple sugars (35% of
calories) incregsed urinary chromium excretion compared to
diets with 35% of calories from complex carbohydrates (9).
Therefore, experiment 1 was designed to determine whether
tissue concentrations of chromium and 51CrCl3 absorption are
altered either when chromium is supplemented and or when
sources of carbohydrate are altered. Genetically obese mice
and their lean litéermatés were used because obese mice
exhibited insulin resiétance (10) and sensitivity to Cr
depletion (11).

Effects of common over-the-counter drugs on chromium
status have not been investigated. The elderly may be at
risk for adverse drug-nutrient interactions becauée of their
chronic use of medications (12). Gastrointestinal tract
disorders may promote antacid abuse in the elderly, and an
increasing numbér of women have responded to recommendations
for increased calcium intakes (13) by taking calcium based
antacids. In inverted sac experiments, calcium appreciably

" depressed 5lcr transport (14). Chromium formed insoluble



complexes under alkaline conditions in vitro (15). Vitamin
C may facilitate the absorption of chromium by preventing
the formation of insoluble chromium complexes (16). Vitamin
C enhanced iron absorption (17). Therefore, experiment 2
evaluated °lcr retention and excretion in rats from 51chl3
dosed concurrently either'with vitamin C, with an antacid
composed of calcium carbonate, or with water.

Elderly persons (18), multiparous women (19), patients
receiving long-term total parenteral nutrition (20) and
diabetics (21) are most likely to be at risk for chromium
deficiency. Less than 2% of dietary chromium is absorbed
(22). Effects of chromium status on chromium absorption and
excretion have not been clarified (23), but in one study,
chromium absorption (estimated by urinary excretion) was
related inversely to dietary intake in human subjects (24).
Cr absorption may be impaired in chronic vitamin C
deficiency. 1In scorbutic guinea pigs the total acidity of
gastric juice was decreased (25); this could reduce chromium
absorption if olatioh and subsequent precipitation occurred
in the more alkaline environment (16). Therefore,
experiment 3 utiliééd 51CrC13 to evaluate chromium retention
and excretion in chromium and/or vitamin C depleted guinea
pigs.

Insulin is needed for the transport of vitamin C into
certain tissues (26), and inadequate insulin depressed
vitamin C retention in tissues (27). If chromium

facilitated the transport of vitamin C as it does glucoSe



(28), then a chromium deficiency should affect intracellular
vitamin C. In experiment 4, the effects of vitamin C and
chromium status on tissue retention of l%c from l4c-
ascorbate were determined using guinea pigs. Metabolism of
14C-ascorbate,was also evaluated by measuring 14¢c in urine
and~expiréd carbon dioxide.> Other effects of vitamin C and
chromium status were determined by measuring’tissue vitamin
C, hydroxyproline, creatinine, blood urea nitrogen, cortisol
and tissuelmineralé.

Serum cholesterol levels havevbeen elevated in rats fed
low chromium diéts (29), and in chropic vitamin C
deficiency, guinea pigs had lower bile acid production and
higher hepatic and serum cholesterol than controls (30).
Serum cholesterol‘elevation‘was exacerbated by combined
chromium and vitamin C deficiencies in guinea pigs (31).
Therefore, experimént 5 investigated the effects of
chromium, vitamin C, and their -interactions on cholesterol
biosynthesis through analysisnof hepatic 3-hydroxy-3-

methylglutaryl coenzyme A reductase actiQity.
Objectives

The following research objectives were developed:

1. To determine if type of dietary carbohydrate, either
glucose, fructose, sucrose of»starch, and chromium
supplementation would alter tissue concentration of chromium
or retention and excretion of 51CrCl3 in obese and lean

mice;



2. To determine if vitamin C or a calcium carbonate
antacid would alter tissue accumulation and excretion of
510rC13 in rats;

3. To investigate effects:of chromium depletion and/or
chronic vitaminic‘deficiency on tissue accumulation and
excretion of °lcr from a dose of 51CrCl3.

4., To determine if chromium depletion and/or chronic
vitamin C deficiency would affect 14¢ in plasmé, tissues,
urine and carbon dioxide after a 14c_ascorbate dose, tissue
trace minerals (copper, zinc, chromium, manganese), blood
urea nitrogen, cortisol, tissue vitamin C, and urinary
excretion of hydroxyproline and creatinine in guinea pigs;
and 3 |

5. To determine if hepatic 3-hydroxy-3-methylglutaryl-
coenzyme A activity is affected by chromium depletion and/or

chronic vitamin C deficiency.,
Hypothesis

The following hypothesis were developed for this study.

1. There will be no statistically significant effects
of carbohydréte source (éiudose, fructose, sucrose or
starch), or of chromium supplementation, or genetic obesity
on tissue chromiuh or ®lcr retention and excretion from
Slerca 37

2. In rats dosed with 51CrC13 there will be no

statistically significant difference in Sler tissue



accumulation or excretion following a dosage of vitamin C,
calcium carbonate antacid, or water;

3. Deprivation of chromium and vitamin C will not
significantly alfer 5J‘Cr appearance in tissues, blood, and
urine of guinea pigs;

4. Chromium or vitamin C status will not statistically
alter either 14c in blood, tiséues, urine and expired carbon
dioxide from a l%4c ascorbate dose or tissue mineral
concentrations, tissue vitamin C, blood urea nitrogen,
cortisol, and urinary excretion of hydroxyproline and
creatinine;

5. Chromium depletion and chronic vitamin C deficiency
will not statisticaily alter hepatic 3-hydroxy-3-

methylglutaryl-coenzyme A (HMG-CoA) reductase activify.
Limitations

Nutrient and drug interactions that affect chromium are
difficult to aésess because chrémium concentrations in
tissues are very low (32f. Furthermore, circulating
chromium may not be in equilibrium with tissue stores making
it difficult to determine chromium status. Although data
from animal models cannot be extrapolated directly to
humans, mechanisms of chfomium—drug and chromiuﬁ-nutrient
interactions determined utilizihg animal models can help

direct human research.



Format of Dissertation

Each of the five experiments was organized as an
individual manuscript for publication in an appropriate
journal. Chapter III was written using the Guide for
Authors for the Journal\of Nutrition. Chapter IV was
written according to the\guidelines for Nutrition Research.
Chapter V was written accorqing to directiéns.for
contributors to International Journal for Vitamin and
Nutrition Research using thé research note format. Chapter
VI and Chapter VII were written following the guidelines of
Biological Trace Element Research and Nutrition Research,

respectively.



CHAPTER II
REVIEW CF LITERATURE

This éhapter includes a review of absorption, excretion,
and tissue distribution of the trace mineral chromium.
Evidence that chromium influences cholesterol metabolism is
evaluated. Metabolism of vitamin C is discussed as well as
effects of vitamin C on mineral bioavailability and
synthesis of cholesterol. Factors influencing
hydroxyproline and creatinine excretion are reported. A
review of factors affecting the activity of 3-hydroxy-3-

methylglutaryl coenzyme A reductase is included.
Chromium Absorption, Excretion, Tissue Distribution

Chromium deficiency is characterized by impaired growth
and longevity in exbefimentalranimals and by disturbances in
glucose, lipid, and protein metabolism (29). Chromium (Cr)
is a metal of the firstwtrahsition/series with atomic number
of 24 and atoﬁié weight of 52 g/mole. Of the five
radiocactive isotobés, only 5ler with a half-life of 27.8
days is available commercially for radioisotope tracer

studies (33).

4



Absorption

The absorption 6f chromium (Cr) is dependent on the type
of chromium complex (28); Trivalent chromium was absorbed
at 0.5% compared to hexavalent chromium at 2% (22). Any
chromates preseﬁt in the diet appear to be reduced in the
gastrointestinal tract from the hexavalent (+6) to the
trivalent (+3) Qalence (22) .

In an alkaline medium, chromium (III) is olated, i.e.,
forms gel-liﬁe complexes with hydroxyl and water molecules
(15). Olation starts at pH values above 3.5 and increases
with increasing pH and temperature (16). Ligands that
increase absorptionJmay function by preventing olation and
precipitation of chromium. In rats, Chen et al (34) found
that oxalate increased and phytate decreased Cr absorption
both in vitro and in vivo. Chromium transport by inverted
sacs was strongly stimulated by substances that formed
chelates with the element (14). A mixture of amino acids
doubled the rate of traﬁsport as did penicillamine. Without
chelation, chromium was precipitated at alkaline pPH.

Interactions wéth other metals may affect chromium
absorption. Whole body contents of an oral dose ofg
radioactive Cr were‘greater in zinc-deficient rats than in
zinc-adequate controls (35). 2Zinc, cobalt, and chromium
eluted in the same low-molecular weight fraction when

mucosal supernatant extracts were separated by gel
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filtration, suggesting that they combined with the same
intestinal ligand.

Chromium and iron may share a common gastrointestinal
transport mechanism. Iron deficient animals absorbed more
Cr than iron supplemented controls and iron depressed
chromium binding to transferrin (36). Transferrin also
forms a complex with manganese (37). Manganese (Mn)
deficiency in the guinea pig induced a diabetes-mellitus
like syndrome (38) which suggested an interaction between Cr
and Mn. However, in rats, supplementation with 1600 ng Cr
as CrClj3/g diet did not altef’hepatic zinc, iron, copper and
manganese concentrationé (39). 7

Chromium absbrption was greatest in the jejunum (34).
Mertz and Roginski (14) used inverted jejunal sacs with
51CrC13 and found that the rate of chromium uptake
diminished as the amount of chromium in the medium
increased; this suggested that the number of absorption
sites were finite. Chromic chioride uptake followed a
facilitated diffusioh process (14).‘ Neither glucose,
acetate, nor inhibition of cellular energy generation
influenced the process. Iron, manganese, calcium, and
titanium depressed chromium fransport in vitro. Disodium
ethylenediamine tetracetate (EDTA) in the medium overcame
calcium inhibition; however, even in the absence of calcium,
EDTA stimulated chromium transport.

The average daily intake of chromium from US diets is

below the minimum safe and adequate recommended level of 50
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to 200 micrograms per day (24). Offenbacher and co-workers
reported that net absorption of Cr in subjects in a
metabolic unit was 1.8% (40). But Donaldson and Barreras
found an average absorption of only 0.5% of an oral dose of
51CrCl3 in normal subjects (41). ‘In elderly human subjects,
Sler absorption was not significantly different from young
adults; but inSulin!requiring—diapetics absorbed two to four
times more chromium than normai subjects did (21). Along
with increased absorption, diabetics had increased urinary
excretion of chromium (21).  Streptozotocin diabetic animals
retained a higher percentage of a 3lcr dose in the serum
than normal animals, but there‘wére no differences in °lcr
retained in the muscle, spleen,yliver, heart and pancreas
(42). Insulin administration increased tissue retention of
51cr in diabetic animals (43).

There is some disagreement on effects of prior chromium
intake on chromium absorption. Mertz et al (23) failed to
detect any influence of previous chromium intake on
absorption or excretion of 51CfC13 in rats. Hopkins and
Schwarz (44) also concluded that the percentage of chromium
absorbed from an oral dose was independenf of dose or
chromium status of the rat. However, Anderson and Kozlovsky
(24) reported that in humans chromium absorption was
inversely related to dietary intake. At a dietary chromium
intake of 10 microgfams, absorption (measured as urinary
excretion) was approximately 2%; as intake increased to 40

micrograms, chromium absorption decreased to 0.5%.
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Foods rich in chromium include brewer's yeast, meats,
cheeses, whole grains, mushrooms, black pepper, nuts, and
asparagus (45). Chromium in foods generally decreased with
processing. (46). For example, molasses contains 0.26 ug
chromium/g, unrefined sugar contains 0.16 ug/g, and refined
sugar contains 0.02 ug/g. As compared to whole wheat bread,
white bread was 71% lower in Cr (47). However, chromium may
be increased in some processed foods due to nonspécific
contaminationiduring processing (48).. At high temperatures
and low pH (2.5-3.0), 1§ to 59 ﬁg/g chromium was released
from stainless steel cooking vessels into water; no chromium
leached into unaci&ified water in the same vessels.

Mertz and Roginski‘(14) concluded that some sources of
dietary chromium were more available for absorption than
chromic chloride. Whethef foods themselves contain
substances that increase chromium retention and utilization
has received little attgqtion.j Supplemental vitamin C
increased hepatic ircen (49) -and serum iron (50) while
reciprocally decreasing\hepatic copper (49). Whether
vitamin C increaseé or decreases chromium absorption has not

been determined.
Excretion

Once absorbed, chromium is excreted almost exclusively
via urine; therefore, Mertz (51) suggested that the
measurement of urinary chromium can be used to detect gross

abnormalities in chromium metabolism (51). Only very small
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amounts of chromium are lost in hair, perspiration and bile
(44). Anderson et al (52) suggested that, although urinary
chromium excretion was not a meaningful indicator of
chromium status, it is meaningful as an indicator of
chromium intake and absorption. 1In the dog nearly all the
urinary 51Cr wés dialyzable, and at least 63% of filtered Cr
was reabsorbed (53). Ultrafilterable plasma Sler
concentration and glomerular filtration rate aﬁpeared to be
the primary determinants of renal Sler excretion (54).

Early studies indicated that glucose loading increased
urinary chromium excretion in réts (15), diabetics (55), and
normal humans (56), but methodological difficulties in
analyzing chromium make these data difficult to interpret.
One early study indicated that both glucose administration
and insulin injection increased plasma chromium
concentration; this may meah that the response of plasma
chromium to glucose is qécurrinq via insulin secretion (28).
Kozlovsky et al (9) répoftéd that chromium loss in 37 adults
increased when they were fed diets containing 35% of
kilocalories as simple sugar compared to diets containing
35% of<kilocalorieé as complex carbohydréte. In rats,
neither insulin nor glucose influenced the rate of
disappearance of 5lcr in blood within a few hours after an
intravenous dose of 51CrC13, but some response to insulin
and glucose was observed in Sler disappearance from the

blood after three days (14).
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Liu and Morris (57) reported that serum chromium levels
dropbed in response to a glucose load in hypoglycemic
subjects with inadequate chromium storage. In subjects
receiving 5 g‘brewers' yeast extract containing 4 micrograms
chromium daily for 3.months, serum chromium rose in response
to a glucose load. AAndersoﬁiet al (58) noted that urinary
chromium excretion increased in response to a glucose load
for nonsupplemented noimal subjects butqnot for subjects
supplemented daily/with trivalent chromium.

Mertz (59)lreported that when 2lcr was injected into
rats intravenouély, approximately 14% of the dose had
appeared in the feces by day 8. Contamination of feces with
urine complicates quantitative assessment of fecal chromium
excretion from intravenously injected chromium in animals.
Fecal chromium from‘an intravenous dose could arise from
bile, because the liver accumulates chromium. Another
source is sloughed mucosal cells that had incorporated

chromium (36).
Tissue Distribution of Chromium

The tissue distribution of chromium is affected by
chemical form, age, Species and the presence of diabetes
(60). A variety of metabolic poisons strongly inhibit
cellular uptake of chromium (61). Hexavalent Sler has been
used extensively as a cell label because it binds to
erythocytes, tumor cells, platelets and leukocytes (61).

Visek and co-workers (60) found that after intravenous
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administration of °lcr as sodium chromate, almost all Sler
was localized in the reticuloendothelial system; in
contrast, after administration ofvchromium chloride, 55% of
retained °lcr was found in the liver. However, when 51CrCl3
was buffered with acetate or citrate, most was excreted in
the urine and less than 5% remained in the liver.

Kraintz and Talmage (62) injected rats intravenously
with 2lcrcly. By 24 hr, 40% of the lcr was excreted in the
urine while thé bone marrow had the highest percentage of
remaining activity. Although Slcr in the bone marrow was
deposited in the feticuloendothelial system, it was not
retained by red cell precursors.‘

In rats only 1.2 to 2.3% of a 5lcr dose from chromium
labelled foods reméiped in the animals by day nine (63).
Hopkins and Schwarz'(36) obéerved that 2lcr from chromium
chloride peaked in the blood at 30 to 60 minutes after
administration by stomach tube.. Whole blood values ranged
f;om 0.07 to 0.48 percentéofﬁthe dose. Even with low doses
(10 to 100 ng) of chromium, chromium accumulated in the
spleen (44). In humans injected intravenously with §1CrC13,
the principal concentrations'of Sler were’found in the
liver, spleen, bone, muscle and adipose tissue (64). The
tissues extracted °lcr very rapidly; more than 50% of plasma
Slcr was taken up by the tissues within hours after
intravenous administration.

In exercise trained rats, tissue chromium increased

(65). In mice, age led to decreased Sley uptake in some
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tissues, specifically liver, testes, and epididymal fat pads
(66) . Mature rats, however, retained less Sler in bone but

more in spleen, kidney and testes than immature rats (44).
Chromium and Stress

Stress may be a major factor in chromium metabolism (14)
and human chromium need (67). Stress, including tréuma,
infection, surgery, intense heat or cold, elevated the
secretion of hormonés, which altered glucose metabolism and
apparently affected chrpmium metabolism (67). Chromium
deficiency in animals has been associated with growth
retardation (68); shortened iifé span, and decreased ability
to cope with various forms of physiologic stress (69). 1In
experimental aniﬁals} stress induced by low protein diets,
controlled exercise) acute bloéd loss or infection increased
the severity of depressed grbwth and decreased survival of
animals fed low chromium‘diets (70).

Under physiologiéal COnditiéns, blood glucose
concentrations are regdlated’by the hormones insulin,
glucagon and growth hormone (45). Cortisol and
catécﬁolémines arevelevated in vériqus forms of stress
including trauma, infectipn, surgery, and intense heat or
cold (14). Catecholéminesystimulate glucagon secretion and
inhibit pancreatic ipsulin relgase (71), with a net effect
of stimulating glucéneogenesis by the liver and causing

hyperglycemia.



Increased serum levels of glucagon, growth hormone,
catecholamines and cortisol occurred during strenuous
exercise in humans (45). Anderson and co-workers (72)
observed increased glucose utilization and urinary chromium
excretion increased five-fold in humans two hours after
running. Elderly men with ischemié heart disease had
elevated serum cortisol during exercise whereas, cortisol
declined in similar subjects without ischemic heart disease
(73) . The effects of cortisol on chromium retention and the
possible link of stress to hearf Aisease deserves further
evaluation.

After trauma, plasma cortisol is elevated (45). Pekarek
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and co-workers reported subjects infected with sandfly fever .

had lower fasting serum chromium than healthy subjects (74).
The mean urinary chromium cpnéentration of traumatized
patients 42 h following admission was 10 times greater than
the urinary chromium concentration of normal, healthy
subjects (75). Effects of coftisol on tissue distribution
of chromium have not been studied, but circulating plasma
cortisol has been linked to stress related increases in
sodium and calcium excretion in the fét (76) . . Increased
zinc and chromium excretion have been reported in human
runners with elevatéd plésma cortisol (77).

Measurement of changes in chrqmium metabolism as a
result of stress is difficult. Currently there are no
established biochemical indices of chromium status;

confirmation of human chromium deficiency is dependent on
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beneficial effects of dietary chromium supplementation.
Chromium deficiency in man causes glucose intolerance,
neuropathy, high free fatty acid concentrations, and
abnormalities of nitrogen metabolism (20,78), but these
symptoms are not specific enough fo be used as chromium
status indicators. Therefore, a clinical measure of

chromium status is needed.
Chromium and Cholesterol

Chromium supplementation has resulted in lowered blood
cholesterol and chromium deficient diets have produced
elevated cholesterol in animals (8). However, mechanisms
for these effects are speculative. Chromium may affect
cholesterol through effects on synthesis and/or degradation
of cholesterol.

Evidence that chromium functions in the biosynthesis of
cholesterol is limited. Using labelled acetate, Curran (79)
was the first to demonstrate that chromium enhanced the
synthesis of choleséefol and of fatty acids in rat liver.
When chicks were fed 20 ug Cr/g diet, the chromium increased
14C aéetate incorporafion into hepatic fatty acids compared
to the controls (80). Xu and co-workers reported increased
plasma cholesterol i; guinea pigs supplemented with 4 ug Cr
from CrClz/g diet versus 2 ug Cr/g diet (81). Yet chromium
has not been implicated in the function of 3-hydroxy-3-
methylglutaryl coenzyme reductase, the rate limiting step in

cholesterol biosynthesis.



Mertz and co-workers found that chromium from glucose
tolerance-like compounds enhanced glucose uptake by
epididymal fat tissue of rats (82). Glucose uptake by
adipocytes from chromium deficient rats did not differ from
controls in the absence of insulin; however, addition of
chromium in vitro or inrviVo to the donor animals increased
the response of the tissue to exogenous insulin (59).

Serum cholesterol was elevated and increased with age in
rats receiving sucrose; in rats given sucrose plus Cr serum
cholesterol levels were lower (83). Feeding 1 ug/g chromium
decreased serum cholesterol in_male rats, while 5 ug/g Cr
lowered serum cholesterol in female rats (84). Potassium
chromate injected intraperitoneally reduced the size of
aortic plaques and decreased aortic cholesterol in rabbits
fed a high cholesterol diet_k85). However, Preston and
colleagues (86) demonstrated‘fhat addition of 0.5 ug Cr/g
diet for 21 weeks had no effect on serum cholesterol of
pregnant guinea pigs.

Total hepatic lipid wés significantly lower in obese
mice fed chromium supplemented (2 ug Cr as CrCl3/g) diet
compared to chromium depletion diets kll). In male rats fed
5 ug Cr/g diet, the decrease of circulating cholesterol with
normal levels of aortic‘lipids suggestgd that chromium may
function in the catabolism of cholestercl (87). In female
animals, comparable changes in serum cholesterol were not
observed, which sugyests sex differences in response to Cr

supplementation (87).
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Schroeder et al (88) found decreased chromium in aortic
tissue from individuals who died of atherosclerotic heart
disease compared to those who died in traffip accidents.
Although problems with chromium measurement make
interpretation of the data difficult, these authors
hypothesized chromium functions in the catgbolism of
cholesterol and may have a basic réle in atherosclerosis.

In a doublg—blind 12 weék study of 23 men (31-60 yr of
age) supplemented with 200 ug trivalent Cr in water, high
density 1ipopfotein cholesterol\increased in the cr
supplemented group (89). This étudy was we1l controlled
with half of the subjects ingesting a water placebo.

Several studies‘which have reported cholesterol lowering
effects of supplemental chromium have lacked a placebo
group. When twenty-four non-insulin-dependent diabetics
were fed fruit juice donﬁainihg either chromium-rich Brewers
yeast or chromium-poor Torulé yeast (the control) (90),
cholesterol decreased (p<0.001) with the chromium-rich
Brewers yeast. Elwood et al (915 gave 20 g Brewers yeast to
11 adults with normal lipids and 16 adults with hyperlipemia
and reported a 10% and 9% reduction respectively in ‘the two
groups.

Not all studies héve found a decrease in total
cholesterol as a resﬁlt of chromium supplementation. When
Offenbacher and co-workers sﬁpplemented non-
institutionalized elderly volunteers with 200 ug CrCljz, 5 g

Brewers yeast, or placebo for ten weeks, no changes in blood
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cholesterol or triglycerides were noted (92). When Riales
and Albrink (89) supplemented 12 healthy adults with 200 ug
Cr, blood cholesterol did not change; howevef, there was a
12% increase in high density lipoprotein (HDL) cholesterocl.
Grant and McMullen (93) supplemented 37 non-insulin
dependent diabetics with 1;6 g brewers yeast and reported no
-change in fotal cholesterol, but HDL cholesterol increased
by 36%. Polansky et al (94) using 200 ug Cr as CrCl3, 8 g
Brewers' yeast or placebo during three separate three month
periods found no change in total cholesterol in 30 adults
with normal oral glucose tolerance tests.

The conflicting results obtained in these
supplementation éxperiments may indicate that diets of
subjects not responding to chromium supplementation were
adequate or that cholesterol elevation was not present prior
to supplementation.:/These results could further reflect
dietary factors and other physiological factors, such as
stress, not contfolled in theée experiments.

Individually, chromium (83) and vitamin C deficiencies
(30) have contributed to elevated serum cholesterol.

Studies in guinea pigs have shown that the'chéieéterol
elevation is exacerbated by combined chromium and vitamin C
deficiencies (31). Synergistic effects of chromium and
vitamin C need-evaluation as do mechanisms by which chromium

supplementation may affect cholesterol metabolism.



Vitamin C Metabolism

Vitamin C, CgHgOg, is a six carbon compound with a
molecular weight of 176 (95). A critical function of
vitamin C is its ébility to donate electrons while itself
undergoing reversible oxidation to dehydroascorbic acid
which has(a half-life of only a few minutes (96). Metabolic
functions of ascorﬁic acid include hydroxylation of dopamine
to form noreﬁinephrine, hydroxylation of peptidyl proline to
form hydroxyproline, and enhanced secretion of procollagen

(95) .
Absorption

In guinea pigs, vitamin C was absorbed primarily in the
duodenum, whereas in the rat the greatest absorption was in
the ileum (97). In intestinal tissue from guinea pigs
vitamin C was transported by a sodium-dependent active
transport systen, buf the transport of dehydroascorbic acid
was by simple diffusion (98) . In addition to the éarrier-
mediated process that was saturated at low ascorbic acid
concentrations, ascorbate entered the tissue from the
intestinal lumen by simple diffusion (99).

Ascorbkate transport across the brush border in the
guinea pig small intestine was inhibited by D-glucose (100)
and aspirin (101). Ascorbic acid accumulated in mucosal
cells of scorbutic guinea pigs indicating impaired

intestinal absorption (102). Likewise, the transport of
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ascorbic acid in vitro was significantly reduced in brush
border membranes from scorbutic animals (103).

Ascorbic acid was reabsorbed in the kidney by a sodium-
dependent active transport mechanism that operates by
concentrating ascorbic acid in the cellular fluid. Both rat
and guinea pig kidne§5'handled ascorbic acid similarly
(104). Rose (105) suggested a cytosolic enzyme functions in
reduction of dehydroascorbic acid to maintain the redox
state of ascorbic écid in the process of reabsorption in the
kidney. Otsuka and co-workers (106) reported fhat
utilization of injected dehydroascorbate in vitamin C
deficient guinea pigs was less than in control animals and
suggested that the reduction mechanism of dehydroascorbic to
ascorbate was impaired in guinea pigs deficient in vitamin

c.
Distribution

The tissue distribution of vitamin C is similar in man
and other species dependent upon dietary intake. The
highest concentrations were observed in glandular tissues
(pituitary gland, adrenél glands, corpusLluteum, and
salivary glands), whereas the vitamin C concentration in
muscle tissue was relatively low. Pancreas, liver, lungs,
brain, spleen, thymus, and kidneys were intermediate (107).
Damron and colleagues (108) determined that dehydroascorbic
acid and 2,3-diketogulonic acid were present in guinea pig

tissues only in negligible concentrations.



24

Ginter and co-workers (109) reported that guinea pigs
fed ascorbic acid in the diet had higher ascorbate in the
tissues than animals where ascorbic acid was ndministered
orally once a day: There was a linear relationship between
ascorbic acid concentrations in the tissues and the graded
oral dose (110). Five and teniminutes after intravenous
injection of aécorbic acid, the pituitary and adrenal
glands, spleen, pancreas and parotid glands had the‘highest
accumulation of label as visualized by autoradiography
(111). Uptake of ascorbate was significantly greater in
platelets of ascorbate deficient guinea pigs than in
controls (112). In guinea pigs fed a scorbutogenic diet,
the loss of ascorbate from thg brain and lens was slower
than the loss from7the\adrenai glands and spleen (113).

In Rhesus monkéys; plasmé)ascorbate was directly related
to liver ascorbic acid levels (r=.48, p<0.05) but leukocyte
ascorbate was the best indicator of the vitamin C status
(114). Veen-Baigent and colleagues (115) suggested that
ascorbic acid may not;be'freely exchangeable among tissues
or between blood and tissues. At very low levels of intake,
tissue ascorbic acid rose at the'apparént expense of
leukocyte ascorbic acid. The data were suégestive of a
preferential transfer of vitamin ¢ from blood (including
leukocytes) to tissues supporting essential ascorbic-acid
dependent functions when ascorbic acid intakes were low
(0.05 to 0.15 mg/100 g body weight). At adequate intakes

(0.5 to 2.0 mg/100 g body weight), blocd and some tissues



(kidney, heart, and spleen) remained relatively constant as
liver and adrenal ascorbic acid increased. Above 2.0
mg/100 g body weight, ascorbic acid in all tissues rose

until saturation was attained.
Half Life

From depletion experiments in guinea pigs, Pelletier
(116) calculated the half-life of 1-14C—ascorbic acid in the
liver, heart, kidneys, adrenals and spleen to be 2-3 days,
whereas the brain was about 5 days. Ginter et al (117)
found the time for ascorbate depletion in nine organs to be
similar in guinea pigs receiving 0.5 mg/day and
approximately 150 mg/day. The half-life of ascorbic acid
was shorter in tissues of younger guinea pigs; younger
animals were depleted much more rapidly than older animals
(118).

The half-life of ascorbate in the guinea pig (4 days)
was much shorter than in humans (16 days) (119). Likewise,
a larger dose of ascorbic acid was required to maintain an
equivalent body pool of the vitamin in the guinea pig than

in humans (119).

Transport

The active transport of 14c-1abelled ascorbic acid into
rat brain cortex and ovary slices was inhibited by
corticosteroids, estrogen, and testosterone, but uptake was

not affected by ACTH (120). There was no active uptake by
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ascorbate uptake (126); hoﬁever, equimolar concentrations of
fructése did not inhibit uptake. The absence of insulin
also significantly reduced ascorbic acid uptake. Kapeghian
and Verlangieri (27) confirmed that ascorbic acid uptake by
the cell was comprqmiseq by decreased insulin and/or
increased e#traceliular glucose levels.

Bianchi and Rose (1986) (127) demonstrated in vitro a
facilitated diffusion pathway of dehydroascorbic acid
transport in human erythrocytes that was not influenced by
external glucose. ;Physiologiqal levels of D-glucose limited
dehydroascorbic transport on the hexose transporter as
proposed by Manh and Newton (122), but high levels of
glucose did not interfere with transport of dehydroascorbic
by the alternate pathway. Moofadian (128) studied brain and
muscle uptake of gluéoée with various concentrations of
ascorbate and dehydroascorbafef Dehydroascorbic acid, but
not ascorbic acid, inhibited/in vivo uptake of glucose by
brain, but not by muscle Whiéh suggested a common carrier

system at the level of the blood-brain barrier.
Catabolism

The metabolic fate of ascorbic acid and its derivatives
in animals depends on a number of factors including species,
age, route of administration, quantity of material and
nutritional status (129). Urinary ascorbate excretion

increased in older compared to younger guinea pigs (130),
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and animals fed lower ascorbic acid had a higher retention
of a radioactive dose (130).

The major pathway of catabolism of ascorbic acid in the
guinea pig is the oxidation of its lactone carbonyl carbon
to carbon dioxide with subseqﬁént oxidation of the entire
carbon chain to carbon dioxide (131). A biphasic pattern of
expired l4c_carbon dioxide evolution has been noted in
guinea pigs; the flrst peak occurred at two hours and the
second peak at five hours after admlnlstratlon of the dose
(132). The in vivo catabolism of 1-14C—asqorbate to carbon
dioxide was related to the route of administration (132).

Dehydroascorbic acid is a major intermediate in the
breakdown of ascorbéte, and L;xylose and oxalate are formed
as subsequent products (133). A 14c-1abelled excretory
product, ascorbic acid-2-sulfate, has been identified in
excreted bile (134), but Kipp and Rivers found less than 1%
14c_ascorbate dose in the feces (135). Incorporation

of l4c in expired carbon d10x1de, urinary oxalate and liver
glycogen was via dehydroascorblc acid and diketogulonic acid
(136).

In the guinga pig, 66% of the 14c from a dose of 1-14c-
ascorbic acid was excreted as. carbon dioxide, 10% was in the
urine and less than 1% of the administered radioactivity
appeared in the feces during the ten days following
injection of the isotope. Approximately 5 to 24% of the
dose was catabolized to carbon dioxide during the first 6 h;

30-40% at 24 hr (137). Burns et al (137) noted no
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difference in total excretion (formation of carbon dioxide
and urinary metabolites) in scorbutic guihea pigs and in
those fed 2, 15, and 50 mg ascorbate daily. However,
Schuching and co-workers (138) found that guinea pigs fed
the highest level of ascorbic acid exhaled the most labelled
carbon dioxide. The amount of 14c-carbon dioxide exhaled
after administration of,l-14c-ascorbic acid was dependent on
the previous dietary intakes of Qitamin C. The lower the
ascorbic -acid intake, the lower the 14c_carbon dioxide
excretion (138).

Guinea pigs metabolized 14c-ascorbic acid much faster to
14c_carbon dioxide (peak exhalation at 30 min) than rats
{(peak exhalation at 2 to 3 h) following a single oral dose
(139). Urinary e#cretion of 14c in rats and guinea pigs was
approximately 5-10% of the édministered 14c_ascorbate dose
during the first 24 h ahd 21-22% after 48 h (140).

Unchanged 1-14C—ascorbate, dehydroascorbic, 2,3~
diketogqulonic acids (2-3% of tﬁe dose), and l4c_oxalate (7%

of the dose) were isolated (140).
Hormones and Vitamin C Metabolism

In humans, ascorbic acid needs of individuals vary
widely due to changes of metabolism, hormonal activities,
and stages of development (141). In guinea pigs deprived of
food to produce a mean weight loss of 246 g in 16 days,
vitamin C retention of adrenals, spleen, liver, but not

brain decreased (142). Older animals had lower tissue



ascorbate concentrations than young ones (143). Davies et
al (143) suggested that the difference in ascorbate
saturation was a reflection of a reduced capacity of "aged"
tissue to abstract or retain ascorbate.

Compounds dependent on the pituitary gland may influence
ascorbate uptake by various tissues in the rat; a lower
uptake of a single orally administered dose of 1-14¢c-
ascorbate was observed. in hypophysectomized.réts, but
concentration in cifculating‘blood was higher (144).

Horning et al (144) suggestéd participation of pituitary
hormones in reéulating the ﬁranqurt, tissue binding or
catabolism of vitamin c.

Scorbutic guinea pigs had}decreased pancreatic insulin.
Insulin administration corrected the abnormal glucose
tolerance in the scorbutic animals (145). In scorbutic
animals, blood ketone bodies ﬁere elevated (146). Urinary
excretion of vitamin C deéreaéed in rats injected
intraperitoneally with ketone bodies, and the ketone bodies
brought about a significantly high destruction of vitamin C
(147) .

Inéreaéing qonceptratioﬁs of insulin increasea transport
of radiocactive vitamin C into fetal bovine heart endothelial
cells. A linear relafionéhip was foﬁnd between the log of
the insulin concentration and the uptake of vitamin C. 1In
media containing 180 mg/dl glucose, there was approximately

a five-fold decrease in vitamin C uptake which Verlangieri



and Sestito (126) attributed to the competition for insulin
receptor sites.

Acute vitamin C depletion in guinea-pigs was accompanied
by increased uptake of 131y by the thyroid in vivo (148).
However, as vitamin C deficiency progressed, there was
subsequenf inanition énd weight loss. Under these
conditions the uptake‘éf 1311 in vitro was decreased (149).

Increased peripheral de-iodination of thyroxine (T4) and
triiodothyronine (T3) has been reported in guinea pigs fed a
low vitamin C aiet (rabbit ration) (150) . Added ascorbate
strongly inhibited thyfbxiné (T4) deiodinase of rat liver
microsomal homogenate and thus protected T, from excessive
degradation (151). Ascorbic acid and dehydroascorbic acid
in liver and kidneonf thyroidectomized rats decreased and
total vitamin C in urine incréased (152). 1In
hyperthyroidism, plasma ascorbic acid content was reduced as
well as urinary excfetibn of ascorbic acid (153).

Stress may affect tissue and plasma levels of vitamin C.
Chronic immobilization stress decreased vitamin C in serum,
liver, adrenal glands, and urine of rats (;54). Other
researchers reporfed increased serum ascorbate in rats
\subjected to acute immobilization stress (155) . Adrenal
vitamin C decreased gra&ually with a marked accumulation of
corticosterone in the rat tissues (155).h The physical
stress of swimming resulted in decreased vitamin C
concentrations in the adrenal glands, spleen and brain of-

guinea pigs (156).
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Higher plasma corticosteroids were found in vitamin C
deficient guinea pigs (157). Odumosu and Wilson (158)
reported that as vitamin C concentrations in adrenals
increased in surviving guinea pigs deprived of vitamin C,
plasma cortisol conbentrations diminished. Adrenal vitamin
C may modulate production of adfenal steroids during stress
in guinea pigs (159). Adrenal vitamin C falls as cortisol
secretion into the plaéma ihcreases.

Adrenalectomy affects the:- degradation of ascorbate and
its concentration in selected tissues (160).
Adrenalectomized rats excretgd‘significantly less
radioactivity from 14C-ascori:>éte resulting in a longer
estimated half-life of ascorbate than in the sham-operated
controls. The concentrgtion'of ascorbate was significantly
higher in the heart andllower in the liver of
adrenalectomized animéls.

Elevated adrenal corfiquteroids were found in guinea
pigs fasted for 3 days (161). Elevated plasma corticoids
were also found in non-fasted animals ingesting massive
amounts of ascorbate; ascprbic acid may competively inhibit

catecholamine)inactivation (162) .

Interactive Effects of Vitamin C and Minerals

The role of several metal ions in alterations of tissue
levels and urinary excretion of vitamin C in rats has been
studied (4). Chromium or tungsten at 5 ug/g diet increased

the concentration of vitamin C in liver and adrenals of rats
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(4), and chromium at 10 ug/g diet increased concentration of
vitamin C in the spleen and adrenals of rats and the spleens
of chicks (163). Lower brain vitamin C was reported in
brindled mice, which exhibit signs of copper deficiency.
Injection.of cupric chloride into ﬁups deficient in copper
raised brain ascorbate and returned catecholamine levels to
normal (164). Zinc supplementation decreased the urinary
excretion of ascorbate k165) and administration of
molybdenum, cadmium, or mercury decreased hepatic vitamin C
of rats (4).

The effects of vitamin C on the abéorption and retention
of several minerals have been reported. Solomons and co-
workers (166) fbund vitamin C over a range of dosages
commonly consumed by man had no demonstrable effect on the
absorption of zinc sulfate. In male guinea pigs
supplemented daily with éxceés vitamin C (25 mg/100 g bw per
day), two-to-three-fold decreases in liver copper compared
to controls were noted (167). Serum and hepatic iron levels
also increased as the vitamin dose increased. Smith and
Bidlack (49) reported similar results in female guinea pigs.
Very high dietary vitamin C (225 mg/animal) increased tissue
‘vitamin C levels, increased hepatic iron stores, and
produced a reciprocal decrease in hepatic copper. Finley
and Cerklewski (168) confirmed that vitamin C intake of 500
mg/day is antagonistic to copper status of adult men as had

been demonstrated in laboratory animals.



In guinea pigs, administration of vitamin C (5 mg/100 g
bw) along with 5 mg of iron sulfate not only counteracted
the toxic effect of decreased growth and mortality of the
iron supplement, but also led to a greater utilization of
iron as revealed by incre;sed hemoglobin and serum iron
levels (50). Iron administration increased vitamin C
destruction as revealed by lower urinary, blood, and tissue
levels of the vitamin (50). Tissué'ascorbate tends to be
low in iron overloaded human patients (169).

In suﬁmaryf vitamin C functions to donate electrons
while itself undergoing reversible oxidation to
dehydroascorbic acid (96). 1In guinea pigs, the major
pathway of catabolism of ascorbic acid is oxidation to
carbon dioxide (151). Active uptake of ascorbate was’
demonstrated in brain and oQaries but not in liver, spleen,
testes, pancreas, and\diaphram (120). Uptake of vitamin C
into tissues was compromised by decreased insulin and/or
increased extracellular glucose levels (27). Stress
decreased tissue and‘plasha ascorbate levels of guinea pigs

which illustrated the orchestration of hormonal control on

ascorbate metabolism (156). The effects of ascorbic'acid on

absorption of most minerals have not been thoroughly
investigated; the experiments thus far have used extremely
high ascorbate doses. The effects of smaller ascorbate
doses on mineral status also need evaluation. Due to the

frequency of ascorbate supplementation by humans,
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ascorbate/mineral interactions are an ongoing concern in

human nutrition.
Vitamin C and Cholesterol

In guiﬁea pigs with chronic ascorbic acid deficiency the
catabolism of cholesterol to“bile acids was significantly
decreased (30). Cholesterol accumulated‘in serum and in
liver of guinea pigs with chronic latent vitamin c
deficiency. Hepatic ascorbic acid concentration was
negatively correlated (p<0.001l) with cholesterol of liver
and serum (170). Elevated chplesterol in ascorbate-
deficient animals was reported to be due to the decreased
rate of transformation of cholesterol to bile acids (171).
Supporting this suggestion, acutely scorbutic guinea pigs
injected with 14C-éholeste‘rol labelled in the 26 position of“
the side chain exhaled subnﬁfmal amounts of 14002 (171).

Shefer and co-Qorkers (172) were the first to report
that regulation of bile acid biosynthesis was exerted in
vivo via cholesterol 7 alpha-hydroxylase. ngrkhem and
Kallner (173) assayed cholesterol 7 a}pha—hydroxylase
activity in liver microsomes from guinea pigs supplemented
with ascorbate and from ascorbate-deficient guinea pigs
(173). The 7 alpha—hydro%ylation was markedly reduced in
the ascorbate-deficient animals. Chronic ascorbate
deficiency was associated with a decline of hepatic ascorbic

acid concentration; the rate of cholesterol transformation
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to bile acids was reduced resulting in cholesterol
accumulation in plasma and liver of deficient animals (174).

Holloway and Rivers (175) and Petersonland co-workers
(176) demonstfated the susceptibility of cholesterol 7
alpha-hydroxylase activity in guinea pigs to both inadequate
and excessive dietary’extreﬁes of ascorbate. Both deficient
and excess groups exhibited loWer cholesterol 7 alpha-
hydroxylase activity, lower bile acid turn&ver rate and
increased plasma and liver cholesterol;

Male guinea  pigs fed a scorbutogenic diet supplemented
with 1 mg ascorbafe per animal per day responded with high
blood cholesterél. Those animals fed 500 mg ascorbate/kg
diet or 5000 mg ascorbate/kg diet displayed decreased blood
cholesterol, but\guinea_pigs fed excess ascorbate (20,000
mg/kg diet) demonstrated blood cholesterol not significantly
different from the ascorbate deficient group (177).

Hornig and Weiser (178) reported that cholesterol
oxidation was dependent on the ascorbic acid status in
debleted animals, but could not be further stimulated by
ascorbic acid in animals fed adequate amounts of the
vitamin. These data suggested that ascorbate has a
cholesterol lowering. effect only over a limited range of
ascorbic acid intakeé.

Human studies of ascorbate supplementation have produced
conflicting results which appear to be related to ascorbic
acid status. Young female volunteers (21-28 yr), all

meeting the Recommended Dietary Allowance for ascorbate,



37

were given 1 g ascorbate/day for 4 wk (179). No effect was
found on piasma lipids or lipoprotein cholesterol. 1In a
long term experiment in 82 older adults, 1 g ascorbic
acid/day reduced blood cholesterol values and these effects
persisted 6 wk after termination of‘the experiment (180).
The average intake of ascorbate per day“for these elderly
subjects was 20 mg. A similar decline in serum cholesterol
was found in patients with non-insulin dependent diabetes
mellitus who were suppleme<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>