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ABSTRACT

Essential trace metal status in obese (ob/ob) mice and their
lean (+/+ and +/7) littermates was assessed by measuring the concen-
trations and total levels of Zn, Fe, Cu and Mn in several tissues.
Data indicated that the concentrations of these metals were signifi-
cantly lower in several tissues from obese mice at 22 weeks of age
when compared to age-matched lean mice. In contrast, tissue concen-
trations and total levels of these micronutrients in obese and lean
mice at 5 weeks of age were similar, indicating that altered trace
metal status was a result of chronic obesity. These effects were
independent of sex of the animal. Various characteristics of zinc
metabolism in lean (+/?) and obese male mice at 10 weeks of age were
also investigated. ©5Zn absorption was significantly higher in
obese mice than in lean controls. This difference between pheno-
types was not due to differential isotope dilution in either lumen
or intestinal mucosa, response to overnight fasting, GI tranmsit
time, or hypertrophy of the GI tract. The turnover rate of subcu-
taneously administered 657Zn was similar for obese and lean mice.
Obese mice had significantly lower percentages of carcass ®5Zn and
endogenous zinc present in skin, muscle, bone, spleen and testes,
and higher amounts present in liver, small intestine and adipose
tissue compared with lean mice. Constitutive levels of metallo-
thionein were significantly different in several tissues of lean and
obese mice. Together, these results demonstrate that chronic
obesity alters tissué status of several micronutrients and zinc

metabolism in ob/ob mice.
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CHAPTER I

INTRODUCTION



Obesity is one of the major health problems in modern industrial-
ized societies. The second National Health and Nutrition Examination
Survey (1) found that 26% of U.S. adults aged 20-75 years are obese
(>20% ideal body weight), and 9% of the total population are severely
obese (340% IBW). Although the prevalence of obesity increases with
advancing age, recent evidence suggests than an increasing number of
children and adolescents are overweight (2). The mortality rate of
young obese adults is markedly higher than in older individuals of
comparable weight (3). Mortality on average is 50% greater among
overweight than among age-matched men and women of normal weight.
More specifically, mortality increases linearly with increasing
weight until approximately 50% above ideal body weight. Thereafter
the incidence of mortality per 100,000 individuals increases from
1.5 fold to 12 fold above the normal level in morbidly obese indi-
viduals (2). Similarly, risk factors associated with obesity
increase dramatically with increasing weight (4). Obese individuals
are at higher risk of developing hypertension, hypercholesterolemia,
cardiovascular and renal diseases, type II diabetes, digestive
diseases (particularly gallbladder disease), certain types of cancer,
and several other complications, including hepatic cirrhosis, pulmo-
nary function impairmént, endocrine abnormalities, obstetric compli-
cations, gout, and possibly immunologic impairment (3,5,6). Because
of the prevalence and health risks associated with this syndrome,
obesity has been quoted by several experts as 'the number one nutri-

tional problem in American (5)."



Apparently obesity can be caused by genetic, endocrine, environ-
mental, cultural, and socioeconomic factors, or any combination of
these. It is well established that obesity "runs in families."
Several studies have found that on average half the offspring of
obese x average parents are obese, as are two-thirds of the offspring
of obese x obese parents (5). More_cogent evidence for a genetic
component in human obesity is provided from studies of twins.

Newman et al (7) found the correlation between identical twins for
weight and height were 0.97 and 0.98, respectively. Similar observa-
tions have been noted by others (5,8). In addition, the lack of any
relationship between the body-mass indexes of adoptees and their
adoptive parents, and the clear relationship between the body mass
indexes of the adoptees and their biological parents were recently
documented (9).

Such factors as culture, diet,Aand activity all exert at least
a permissive effect on the development of obesity. The primary
environmental factors associated with human obesity include early
overfeeding, exposure to highly palatable foods, physical inactivity,
and more indirectly, social and/or economic factors. Dietary-induced
obesity in rats has been demonstrated using high fat diets, concen-
trated sugar solutions, and a mixture of highly palatable "super-
market" food items (10). Moreover, permanent increases in body
weight and adipocyte number were observed. Caloric intake has also
been correlated with human obesity (11). 1In this study obese women

who were gaining weight consumed 480 kcal more food than nonobese



individuals. In another study, the normal daily food intake of
obese men was found to be 20% greater than for lean men during a
four week period in a metabolic unit (12). Consistent exercise has
been shown to result in reduced number of adipocytes in developing
genetically obese rats, and reduced the rate of body weight gain in
dietary obese rats. Reduction in the intensity or discontinuation
of the exercise program reversed the beneficial effects, and a
paradoxical increase in food intake relative to energy expenditure
was observed (10). Epidemiologic studies have shown a strong corre-
lation between obesity and inactivity in humans (13). Other surveys
also indicate that the prevalence of obesity in human populations is
related to social and/or economic factors (3). For example, obesity
is more common in women with incomes below the "poverty" level than
in women with incomes that exceed the poverty level.

Endocrine abnormalities have also been associated with the
obese condition. Several reports have noted hyperinsulinemia and
insulin resistance in obese subjects (5,14). Elevated concentrations
of glucocorticoids (14), and reduced plasma levels of growth hormone
(14,15) and catecholamines (14) have also been observed in plasma
samples from obese patients. James et al. (14) suggested that lower
catecholamine levels may be associated with altered responses to
thermogenic stimuli (caffeine) and dietary-induced thermogenesis in
obese women.

Clearly the etiology of obesity is complex, and specific

biochemical lesions that cause the condition remain unknown. Conse-



quently, diversified therapeutic protocols for obesity have been
largely ineffective. Numerous dietary manipulations have been
attempted, including hypocaloric diets, variation in the proportions
of macronutrients, and starvation (8,10). However, the success of
diet therapy in maintaining long-term weight loss for obese indi-
viduals has been limited, usually ranging from 5-20% (16). Hypo-
caloric therapy in conjunction with exercise has proven to be a more
successful approach to increasing the ratio of lean body mass to
adipose tissue (16). In morbidly obese patients, jejunal and jejunal-
ileal bypass, and gastroplasty have been used as surgical options
for inducing weight loss. Although the success rate has been rela-
tively high, post-surgical complications are frequent with the
exception of gastroplasty (15,16).

Currently, the initial treatment of obese individuals usually
involves the use of hypocaloric dietary regimen and increased energy
expenditure. Nutritional studies to date have primarily focused on
the macronutrient requirements of obese patients. Several reports
have demonstrated the need for adequate protein intake during epi=-
sodes of weight reduction, and general guidelines have been proposed
(10). A general formula currently employed includes the intake of
high quality protein (at least 55g), adequate supplementation with
potassium, and a reduced intake of sodium (10).

Information regarding micronutrient requirements of obese indi-
viduals is extremely limited. In light of the severity of the

problem of obesitv in developed countries, the need for a systematic



study of the influences and possible consequences of the obese
condition on essential trace metal metabolism has become apparent.
The essential trace metals are known to function in a variety of
metabolic processes (17,18). Zinc serves as a cofactor for a large
number of enzymes, including DNA polymerase and RNA polymerase,
carbonic anhydrase, carboxypeptidase and several dehydrogenases.
Iron is an essential element in heme structure and, therefore,
electron transport and oxygen metabolism. Copper is a cofactor for
several oxidative enzymes and is essential for normal development of
bone, the central nervous system, and connective tissue. Manganese
is an essential.cofactor for mitochondrial superoxide dismutase,
pyruvate carboxylase, phosphoenolpyruvate carboxylase, and arginase,
aé well as participation in the synthesis of polysaccharides, choles-
terol and glycoproteins.

A second reason for studying trace metal metabolism in obesity
is apparent from data regarding essential trace element depletion
during weight loss therapy. Kramer et al. (19) have reported that
zinc and iron contents of several commonly used hypocaloric diets
were well below the recommended dietary allowances. Serfass and
associates (20) reported that Mn and Cu intake by obese college
women on self-selected or hypocaloric diets were inadequate to
compensate for daily loss and several obese women were in negative
zinc balance. Lowy et al. (21) reported higher urinary losses of
zinc in patients on hypocaloric diets deficient in zinc. After 40

days of restricted caloric intake, 6 of 10 subjects were in negative



zinc balance. Drenik et al. (22) also reported the development of
anemia in 4 of 11 obese patients being starved for weight reduction.
Depressed serum levels of zinc and copper have also been noted in
obese individuals prior to and following intestinal bypass surgery
(23).

Recent evidence supports the hypothesis that obese individuals
may have altered trace metal status. Chandra and Kutty (24) found
significantly reduced plasma levels of zinc, iron, percent iron
saturation of transferrin and serum ferritin in 38% of the obese
children and adolescents in their study when compared with lean
controls. Seltzer and Mayer (25) reported normal hemoglobin and
hematocrit levels, but lower serum iron levels and percent iron
saturation of transferrin in obese male and female adolescents when
compared to lean controls. Altered levels of plasma zinc (21,23,24)
and elevated levels of plasma copper (26) have been reported in
obese adults. Trace metal status has also been found to be altered
in obese laboratory animals. Levine et al. (27) have reported
hyperzincuria and lower concentrations of zinc in serum and femur in
genetically diabetic (db/db) mice when compared with lean controls.
Begin-Heick and associates found that ob/ob mice had lower levels pf
zinc in pancreas and bone (28), and manganese in liver and brown
adipose tissue (29). The addition of excess zinc and manganese to

diets of obese mice failed to normalize the concentrations of the



Although limited in number, the observations described above
indicated chronic obesity is associated with several alterations in
essential trace metal status. Moreover, they served as the impetus
for a series of questions. Why are the concentrations of essential
trace metals altered in several tissues of obese animals and humans?
How does the obese condition specifically affect the metabolism of
these micronutrients? What, if any, is fhe impact of reduced levels
of one or more essential trace metals in tissues of obese animals?
bo such changes contribute to the development of secondary complica-
tions that are frequently associated with obesity or might they
reflect biochemical adaptation to the obese/overfed state?

A detailed search of the literature revealed that information
pertinent to such questiors was becoming available. Levine et al.
(27) reported that urinary excretion of zinc was elevated in obese
db/db mice. More importantly, it has been shown that altered trace
metal status in chronic obesity may adversely affect certain bio-
logical functions. For, example, Chandra and Kutty (24) found that
38% of obese children in their study had impaired immunocompetence;
oral supplementation with zinc and/or iron for one month restored
immunological functions. Collipp (31) noted that zinc supplementa-
tion facilitated weight loss and maintenance of reduced weight in
some obese children. Begin-Heick et al. (28) reported that zinc
supplementation reduced plasma glucose and insulin levels, increased
insulin content of the pancreas, and attenuated hypersecretiontof

insulin in response to glucose loading. Lower levels and concentra-



tions of manganese and manganese-dependent superoxide dismutase
(Mn-SOD) were found in brown adipose tissue (BAT) of ob/ob mice
(29). Since supplementation of diets with excess manganese elevated
the concentration of the metal and the activity of Mn-SOD in BAT
towards those present in lean mice (29), it was suggested that
abnormal manganese metabolism might contribute to the impaired
mitochondrial function in BAT of obese rodents.

When presented with the opportunity to develop a research
project related to the effect of obesity on trace metal metabolism,
the need to carefully choose an animal model was readily evident.
Critical analysis of the literature revealed that many investigators
have successfully employed genetically obese rodents for research
related to the nutritional, biochemical and pathological aspects of
obesity (32). Although the biochemical characteristics of obese
humans and genetically obese rodents are not identical in all cases,
there are many similarities. These include hyperinsulinemia with
insulin resistance and glucose intolerance, increases in adrenal
cortical activity, increased lipogenesis, hyperlipidemia, and hyper-
glycemia (14,15).

I selected the C57BL/6J ob/ob mouse as the model for my studies
for several reasons. First, the model has been extensively character-
ized, thereby providing a detailed literature to facilitate interpre-
tations of results collected from our studies. Second, the animal
model is commercially available from a reliable and reputable supplier,
viz., The Jackson Laboratory, thus eliminating the need for establish-

ing our own breeding colony.
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Characteristics of the ob/ob mouse have been summarized in
several recent reviews (14,32). Briefly, ob/ob mice exhibit several
metabolic and endocrine abnormalities. Decreased thermogenesis is
apparent at 10-18 days of age and represents one of the earliest
alterations in the genetically obese mouse. Shortly thereafter, an
increase in fat cell éize and body weight is observed. Serum insulin
levels increase rapidly, and insulin resistance, hyperglycemia and
glucose intolerance develops. Hyperphagia is present by 4-5 weeks
of age; daily intake is elevated 20-60% above lean littermates. An
increase in fat deposition is accompanied by a decrease in protein
deposition and some stunting of skeletal growth. At 10 weeks of
age, the body weight of obese mice is approximately 2-fold higher
than in age-matched lean mice; serum insulin and corticosterone are
e}evated 10 and 4-fold, respectively, over levels in lean mice. By
6 months of age, body weight gain slows or stops.

My specific objective in the initial series of studies with the
ob/ob mouse and its lean (C57BL/6J +/+ and C57BL/6J +/?) littermate
was- to determine concentration and/or total level, of zinc, copper,
manganese and iron in a variety of tissues from obese and lean mice
fed diets containing adequate levels of these trace metals. I also
evaluated the influences of age and sex on tissue trace metal status
in both phenotypes. The results of these studies are summarized in
Chapter 2 of the dissertation. I then proceeded to compare the
absorption, tissue distribution and turnover of 65Zn in lean and

ob/ob mice. Constitutive levels of metallothionein, an ubiquitous
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heavy metal-binding protein that participates in the storage and,
possibly, intracellular transport of zinc and copper, were also
measured in several tissues of lean and obese mice. These studies
are outlined in Chapter 3. A parallel series of studies were also
performed to compare the absorption and tissue distribution of 5°Fe
in lean and obese C57BL/6J mice. These studies revealed altered
iron mefabolism in obese mice. The results of these studies have
not been included in this dissertation, but will be submitted for

publication in a nutrition journal.
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INTRODUCTION

A survey of the literature indicates that little is known
concerning the influence of the obese condition on the tissue status
and metabolism of essential trace metals. However, available data
suggest that trace metal status of obese humans and animals is
altered. Seltzer and Mayer (1) reported that serum iron levels and
the percentage iron saturation of transferrin were éignificantly
lower in obese male and female adolescents than in lean individuals.
Since lean and obese individuals had similar hemoglobin and hematocrit
levels, it was concluded that the obese adolescents had depleted
body stores of iron and were symptomatic of early iron deficiency
anemia. More recent studies have also shown that obese infants (2)
and children (3) are more prone to iron deficiency, but not anemia,
than lean individuals of similar age. Chandra and Kutty (4) reported
significantly reduced plasma levels of zinc, iron, percent iron
saturation of transferrin and serum ferritin in 38% of the obese
children and adolescents in their study. Many of the individuals
with subnormal zinc and iron status also exhibited impaired immuno-
responsiveness. Daily oral supplementation of obese patients with
iron and/or zinc for 4 weeks elevated the plasma levels of zinc and
iron to normal and markedly improved immunocompetence. Consequently,
the authors suggested that some of the obese children were marginally
deficient in zinc and/or iron. Reduéed levels of plasma zinc and
elevated levels of piasma copper (5,6) have also been reported in

obese adults.
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There are only four previous reports concerning the trace metal
status of obese laboratory animals. Levine and associates (7) found
that the concentrations of zinc in the serum and femur of obese
db/db mice were significantly lower than in lean mice. Obese mice
also excreted greater amounts of zinc in urine. Begin-Heick and
associates have recently found significantly lower levels of zinc in
bone and pancreas (8) and manganese in liver and brown adipose
tissue (9) from ob/ob mice than from lean controls. We also
presented preliminary data demonstrating that tissue concentrations
of zinc, copper, manganese, and iron, were significantly reduced in
tissues of a genetically obese strain of rat (SHR/N-corpulent)
compared to its lean littermate control (10).

Because of the above reports, the importance of essential trace
metals in numerous biochemical and cellular processes, and the
increasingly high occurrence of obesity in the Western world, a
detailed investigation of the effect of obesity on various asﬁects
of trace metal metabolism seemed warranted. Sufficient numbers of
the SHR/N-corpulent strain of rat are not yet available to facilitate
such studies. The purpose of the present study was to compare the
concentrations of zinc, copper, manganese, and iron in tissues from
genetically obese (C57BL/6J ob/ob) mice and their lean littermates
(C57BL/6J +/+ and +/?). The results demonstrate that chronic obesity
is associated with marked depressions in the concentrations, but not
necessarily the total quantity, of these metals in several tissues

and that such alterations are independent of sex of the animal.
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Thus, the commercially available strain of genetically obese mice is
a useful animal model to elucidate the mechanism respohsible for the

effects, if any, of altered trace metal metabolism in obesity.
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MATERIALS AND METHODS

Animals: Four week old male and female mice of the C57BL/6J strains
with the following genotypes were purchased from the Jackson Labora-
tories (Bar Harbor, ME): (+/+), (+/?) and (ob/ob). Mice were
housed (n=3 per cage) in hanging stainless steel cages in a tempera-
ture and light controlled room. The animals were given free access
to commercial diet (Prolab Rat, Mouse, Hamster 3000 Formula; Agway
Inc., Syracuse, NY) and deionized water. The concentrati§ns of the
trace elements of interest in this diet were determined as outlined
below for tissues. The zinc, copper, manganese, and iron concentra-
tions were 111, 13, 61, and 223 pg per g dry weight, respectively.

Trace Metal Analysis: Mice were killed by cervical dislocation at

either 5-6 or 22 weeks of age. There were 5-6 mice of each genotype
and sex at both ages. Blood . was obtainea from a éeparate group of
anesthetized mice by severing the brgchial artery (11). Hemoglobin
levels were measured with Drabkin's reagent (Sigma Chemical Co. Kit
525). Plasma was prepared by centrifugation of heparinized blood at
1000 x g for 15 min.

Liver, kidney, small intestine, femur, abdominal muscle, testes
and spleen were collected and, when present, gross deposits of fat
attached to the tissue were removed. Endogenous contents were
flushed from lumen of small intestine with saline. After rinsing in
isotonic saline (150 mM), tissues were stored frozen (-20°C) until

analysis. Tissues were weighed and heated at 105°C in porcelain
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crucibles for 24 hours to determine dry weight. Dried samples were
placed in a muffle furnace and the temperature was increased at a
rate of 50°C per hour to 440°C. Samples were maintained at this
temperature for 24 hours. Ash was solubilized with 0.12N ultrapure
HC1 (Ultrex, J. T. Baker) except for bone which was solubilized with
1.2N HCl. Appropriately diluted samples were analyzed by atomic
absorption spectrophotometry (AAS; Perkin-Elmer Model 560) with an
air-acetylene flame. Samples of bovine liver 1577a (National Bureau
of Standards) were also dried, ashed, and analyzed in an identical
manner to assess recovery of the minerals. Recoveries of zinc,
copper, manganese, and iron in ashed standards exceeded 95%.

Pooled samples of plasma (prepared from 2-4 mice) were treated
with 4 volumes 10% (w/v) trichloroacetic acid and the soluble
materials were collected by centrifugation at 3000 x g for 15 min
(12). Blanks were prepared by adding 1 part distilled water and 4
parts 10% trichloroacetic acid. Acid soluble material was analyzed
directly by AAS.

Miscellaneous: To estimate the neutral lipid content of livers,

0.2-0.4g samples were homogenized ("tissumizer," TEKMAR, Cincinnati,
OH) in 3 ml ice-cold diethyl ether. Ether soluble materials were
collected by centrifugation and transferred to a preweighed crucible.
The pellet was homogenized a second time with ether and the soluble
material was added to the crucible. Following volatilization of
ether, the weight of crucible was determined. The material remain-

ing in the crucible is reported as neutral lipid. The oxidase
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activity of plasma ceruloplasmin was determined by a modification of
the method of Schosinsky et al.‘(13). The rate of o-dianisidine
oxidation was optimal for aliquots of mouse plasma at 37C and pH
5.5.

Data Analysis: Results from various groups (genotype and sex) at

each age were analyzed for significant differences at p<0.05 by
analysis of variance and Duncan's multiple range test (14). When
indicated, results from male and female ﬁice‘of identical age and
phenotype were combined and similarly analyzed for significant
differences. The given values represent means * S.E. for each

group.
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RESULTS

Male mice were 10-20% heavier than age-matched female mice of
the same genotype. Obese mice were approximately 25% heavier than
lean mice at 5-6 weeks of age, e.g., mean weights of male ob/ob, +/?
and +/+ were 23.1, 18.3 and 17.4g, respectively. At 22 weeks of
age, the mean weight of obese mice (56.8g; males) was twice as great
as lean mice (25.6g for +/+ and 28.1g for +/7; males).

No significant differences were found in the concentrations (jg
per g dry wt) of zinc, copper, manganese, and iron in corresponding
tissues from age- and sex-matched strains of lean mice, i.e., +/+
"~ and +/?. With the exception of iron concentrations in several
tissues and zinc in muscle, trace metal concentrations in tissues
from male and female mice of identical genotype and age were also
similar. Therefore, tissue concentrations of zinc, copper and
manganese in age-matched male and female mice of the same strain
were combined to simplify presentation of the data.

Zinc concentrations in tissues from lean (+/?) and obese
(ob/ob) mice at 5-6 and 22 weeks of age are shown in Table 1. The
concentrations of the metal in kidney, small intestine, and testes
at 5 weeks of age were slightly (8-14%), although significantly,
lower than those in tissues from lean mice. Phenotype-related
differences in zinc concentrations were not found in liver, bone,
and spleen from young mice. Liver, small intestine, and bone from
adult obese mice had zinc concentrations that were 42, 86 and 85%

respectively, as great as that present in the same tissues from lean



Table 1. Zinc concentrations

sexes at 5-6 and 22 weeks of aget

pg zinc/g dry weight

in tissues from lean (+/?) and obese (ob/ob) C57BL/6J mice of both

5-6 weeks 22 weeks
Tissue lean obese lean obese
Liver 91.3 + 1.8 89.8 £ 1.8 106.1 * 44.5 * 1.2%
Kidney 73.7 £ 1.5 67.6 * 1.3% 82.1 # 80.9 £ 4.3
Small Intestine 89.8 1.9 83.0 * 4.1% 93.4 % 80.5 % 2.2%
Bone 151.7 * 1.9 143.7 £ 5.9 203.8 * 172.5 * 4.2%
Testes 109.7 +* 3.8 93.0 * 6.4% 131.0 * 133.2 £ 5.2
Spleen 97.2 * 2.9 89.2 + 6.7 83.3 % 82.3 2.2
tData are mean + S.E.; N = 11-12 tissues for each group, except for testes for which N = 6 per group.

*Values are significantly different from age-matched lean control at p<0.05.

1Y
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mice. Zinc concentrations in abdominal muscle from adult obese mice
(40.2+3.3 for males and 36.6+3.2 for females) were significantly
lower than the levels found in adult lean mice (55.7%2.9 for males
and 68.7%13.3 for females). The concentrations of zinc in spleens
from age-matched lean and obese mice were similar.

With the exception of a slightly lower (18%) concentration in
the small intestine of obese mice, concentrations of copper in
tissues from lean and obese mice were similar at 5 weeks of age
(Table 2). In adult mice, copper concentrations in liver, small
intestine, bone, testes, and muscle from obese mice were only 38,
83, 82, 71 and 64%, respectively, that present in the same tissues
from lean mice.

Tissue manganese concentrations are given in Table 3. The
concentrations of manganese in tissues of lean and obese mice at 5
weeks of age were not significantly different. However, by 22 weeks -
of agé manganese concentrations in liver, small intestine and bone
from obese mice were 36, 77 and 87% respectively, that found in
these tissues from lean mice. Renal manganese concentrations were
not affected by phenotype.

With the exception of muscle, the concentrations of iron ih
tissues from female mice at 5-6 and 22 weeks of age were 15-25% and
40-60% higher, respectively, than those found in male mice of the
same age and genotype. Sex-related differences in tissue iron
concentrations are well recognized (15). Muscle iron concentrations

were independent of sex. Iron concentrations in tissues from lean



Table 2. Copper concentrations in tissues from lean (+/?) and obese (ob/ob) C57BL/6J mice of both

sexes at 5-6 and 22 weeks of aget

ug copper/g dry weight

5-6 weeks 22 weeks

Tissue lean ' obese lean obese
Liver 12.7 £ 0.3 12.5 £ 0.3 13.9 £ 0.7 5.3 £ 0.3%
Kidney 17.4 £ 0.6 17.2 £ 0.5 15.0 £ 0.6 16.0 £ 0.7
Small Intestine 13.4 * 0.4 11.0 * 0.5% 8.8 + 0.3 7.3 £ 0.3%
Bone N.D. N.D. 6.6 £ 0.4 5.4 + 0.2%
Testes 9.8 £ 0.6 8.5 1.0 6.5 0.3 4.6 * 0.4%
Muscle - - 4.7 £ 0.3 3.0 £ 0.2%

14

t+Data are mean + S.E.; N = 11-12 tissues analyzed for each group except for testes for which N = 6
per group.
“Values are significantly different from age-matched lean control at p<0.05.

N.D. = not detected. - = not determined.



Table 3. Manganese concentrations in tissues from iean (+/?) and obese (ob/ob) C57BL/6J mice of both
sexes at 5-6 and 22 weeks of age+

pg manganese/g dry weight

5-6 weeks 22 weeks
Tissue lean obese lean obese
Liver 5.310.1 5.5% 0.4 4.5 £ 0.1 1.6 £ 0.1%
Kidney 5.4 0.2 4.8 £ 0.4 5.4 0.1 5.3+ 1.0
Small Intestine 16.1 = 1.1 17.2 + 1.3 8.5 0.7 6.5 * 0.5%
Bone N.D. N.D. 5.2 £ 0.1 4.5 £ 0.2%

tData are mean + S.E.; N = 11-12 tissue analyzed for each group except for testes for which N = 6
per group.
*Values are significantly different from age-matched lean control at p<0.05.

N.D. = not detected.

9¢
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and obese male mice are listed in Table 4. The concentrations of
the metal in liver, small intestine and spleen from 5-6 week old
obese mice were 70-80% as high as that in tissues from lean males.
Liver, bone, and muscle iron concentrations in adult obese males
were 58, 44 and 76% respectively, as high as the concentrations
present in the respective tissues from lean males. In contrast with
the general trend tow;rds depressed tissue iron concentrations, the
concentration of iron in kidney from young obese mice was 23% higher
than that in kidney from lean mice. The influence of the obese
condition on tissue iron concentrations in female mice at both ages
was identical to that observed in males (data not shown).

The livers of obese mice contain much greater levels of tri-
glycerides than livers of lean mice (16). To determine whether
lower concentrations of metals in livers of obese mice merely repre-
sented dilution due to the presence of high concentrations of neutral
lipids,.trace metal concentrations in livers were calculated after
extraction bf neutral lipids (Table 5). The results showed no
significant differences in neutral lipid and trace metal concentra-
tions in livers of lean and obese mice at 5 weeks of age. However,
at 22 weeks of age zinc, copper, and manganese concentrations in
ether extracted livers of obese mice were 75, 66 and 62%, respectively,
as high as that in extracted livers from lean mice. Hepatic iron
concentrations were slightly higher in ether extracted livers from
adult obese compared to livers from adult lean mice. The significance
of this observation is unknown, since residual blood was not perfused

from livers prior to trace metal analysis.



Table 4. Iron concentrations in tissues from lean (+/7) and obese (ob/ob) C57BL/6J male mice at
5-6 and 22 weeks of aget

Mg iron/g dry weight

5-6 weeks 22 weeks -
Tissue lean obese lean . obese
Liver 356.0 * 33.4 273.8 * 10.0% 268.5 * 18.1 155.6 * 3.2%
Kidney 192.0 * 16.3 236.5 * 20.2% 311.2 + 12.9 293.0 £ 7.9
Small Intestine 206.3 * 12.6 146.5 * 12.6% 136.2 £ 9.4 120.6 * 14.7
Bone 116.8 * 5.0 130.1 * 8.8 336.2 + 26.4 148.2 * 6.3%
Testes 68.8 + 4.5 75.6 * 3.1 157.8 £ 7.1 172.2 * 6.8
Spleen 685 + 24 - 552 % 22% 672 * 50 919 .t 57
Muscle - - 65.5 £ 5.0 49.8 * 3.0%

+tData are mean + S.E.; N = 5-6 tissues analyzed for each group.
“Values are significantly different from age-matched lean control at p<0.05.

- = not determined.

8¢



Table 5. Trace metal concentrations in livers of lean (+/?) and obese (ob/ob) C57BL/6J mice at 5-6 and

22 weeks of age following removal of neutral lipid.

5-6 weeks 22 weeks
Parameter lean obese lean obese
Neutral lipid content
%/g dry wt. 12.0 £ 0.9 13.4 £ 1.0 10.0 * 0.5 48.1 t 2.5%
%/ g wet wt. 3.0+ 0.2 3.4 +£0.3 2.6 0.1 19.8 £ 1.0%
Trace metal concentrations
(pg/g extracted dry wt)
Zinc ©103.5 £ 1.3 106.9 = 2.5 118.0 * 1.5 88.3 * 3.4%
Copper 14.4 + 0.3 14.5 £ 0.4 15.4 £ 0.7 10.5 £ 0.7%
Manganese 6.0 0.2 6.4 0.4 5.0 £ 0.1 3.1 £ 0.1*%
Iron 356 + 33 273 £ 10 295 + 18 337 £ 15%

+Data are mean + S.E.; N = 11-12 livers (5-6 each from male and female mice) extracted for each
group for determination of zinc, copper and manganese concentration. N = 5-6 livers from male
mice for each group for determination of iron concentration.

Values are significantly different from age-matched lean control at p<0.05.

62
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Mean wet and dry weights of livers from adult obese mice were
3.5 and 5.5 times greater, respectively, than in age and sex-matched
lean mice. The greater relative difference for dry weight reflects
the markedly increased level of neutral lipids in obese liver (Table
5). Despite lower concentrations (Mg per unit weight) of the
essential trace metals in adult obese mouse liver (TabLés 1-5), the
total amounts of zinc, copper and manganese were approximately
two-fold greater than those present in lean livers. For example,
livers from adult male obese mice had a mean wet weight of 4.8 + 0.1
g and contained 83.4 + 2.0 pg zinc, 10.2 + 0.3 pg copper, and 2.9 +
0.1 yg manganese. In contrast, livers from adult lean mice had a
mean wet weight of 1.4 + 0.1 g and contained 37.7 + 2.4 pg zinc, 5.7
+ 0.3 pg copper, and 1.6 + 0.2 ug manganese. The total iron content
in livers from adult male obese and.lean mice was 90 + 4 pg and 313
+ 20 pg, respectively. The wet and dry weights of kidneys and small
intestine from adult obese mice were approximately 20% greater than
in lean mice. Thus, the total amounts of zinc, copper, manganese,
and iron in these tissues from obese mice were slightly (5-20%)
higher compared to the lean mice. Finally, obese mice had signifi-
cantly smaller spleens and testes (reduced in weight by 40%) than
lean mice. Consequently, the total levels of trace metals in these
organs of obese mice were lower than in lean mice.

Blood values for lean and obese male mice at 5-6 and 22 weeks
of age are compared in Table 6. Hematocrit, plasma zinc, and plasma

copper were 10, 25 and 268% higher, respectively, in chronically



.Table 6. Blood parameters for lean (+/?) and obese (ob/ob) C57BL/6J male mice at 5-6 and
22 weeks of aget

5-6 weeks 22 weeks

Parameter lean obese lean obese
Hemoglobin 13.8 £ 0.1 13.6 £ 0.1 14.9 + 0.1 15.5 £ 0.1
(g/100 ml)
Hematocrit 41.7 + 0.2 42.3 £ 0.2 41.6 £ 0.2 45.6 * 0.4%
(% packed cells)
Plasma trace metals
(/100 m1)
Zinc ' 103 + 1 94 + 2 88 + 1 110 £ 3%
Copper 53 ¢t 1 64 t 2 47 £ 1 126 + 1%
Iron 92 + 2 116 * 12 7 %1 61 t 2%
Ceruloplasmin -- - 42.6 £ 6 79 + g+

(pmoles min-ll-l)

+Hemoglobin and hematocrit and ceruloplasmin values represent means * SE for 6-9 male mice in

each group. Plasma samples from 2-4 male mice of identical age and phenotype were pooled

.

and treated as described in MATERIALS AND METHODS for analysis of trace metal concentrations.

The given values represent means * SE for 4-7 samples of pooled plasma per group.

*Values are significantly different from age-matched lean group at p<0.01.

1€
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obese mice. Ceruloplasmin oxidase activity was approximately two-
fold higher in plasma of adult obese mice than in adult lean mice.
Plasma.iron levels in chronically obese mice were 21% lower than in

adult lean mice. The blood parameters were similar in young lean

and obese mice.
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DISCUSSION

The results from this study show that the concentrations of
four essential trace metals are significantly reduced in several
tissues of adult C57/6J ob/ob mice. Minimal differences in the
concentrations of these micronutrients were found in tissues from
lean (+/?) and obese (ob/ob) mice at 5-6 weeks of age. Also, obesity-
related alterations in trace metal concentrations in tissues were
independent of the sex of the animal. - Thus, thé observed changes
are associated with the chronically obese condition in this animal
model.

The influence of genetic obesity on tissue trace metal status
exhibited specificity in regards to which, if any, micronutrients
were altered in a tissue. For example, the concentrations of zinc,
copper, ménganese and iron in the livers and femurs were all lower
in adult obese mice than in the respective tissues of lean mice.
Likewise, the concentrations of copper in testes and zinc, copper
and manganese in small intestine were significantly reduced as a
result of the obese state. Begin-Heick and associates have also
recently reported thaﬁ the concentrations of zinc (8) and manganese
(9) in several tissues from ob/ob mice at 2-3 months of age differ
significantly from that in the respective tissues of age-matched
lean (+/?) controls. Obese mice had lower concentrations of zinc in
bone and pancreas, and manganese in liver and brown adipose tissue.
In contrast with our findings, they reported higher concentrations

of zinc in fat-free liver and triceps muscle from ob/ob mice than in
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lean controls (8). The reasons for the discrepancies between our
groups are unknown, but may be due in part to differences in the age
of the mice at the time of analysis, the method of lipid extraction
from liver and the type of muscle analyzed (i.e., abdominal vs.
triceps). Two additional reports indicate that abnormalities in the
concentrations of trace metals in tissues of ob/ob mice are not
limited to this animal model. Levine et al. (7) found significantly
lower concentrations of zinc in serum and bone,.but not in liver and
kidney, of obese db/db mice. Failla and Michaelis (10) reported
lower concentrations of zinc, copper and manganese in various tissues
from adult male SHR/N-corpulent rats. Together, the findings to
date support the hypothesis that altered tissue trace metal status
is a general phenomenon ir congenitally obese rodents.

Chronic obesity in the ob/ob mouse is associated with changes
in thg morphology and coméosition of several tissues (16). For the
organs we analyzed, such changes are of greatest significance in the
liver. The mass and the triglyceride content of the liver are
markedly increased in the ob/ob mice. Because of the central role
this organ has in short-term homeostasis of trace metals (17), the
levels of these essential micronutrients in th%s tissue are of
particular interest. Since we normally express trace metal levels
as quantity per unit mass (Mg/g), it was important to determine
whether the reduced "concentration' of the trace metals in the organ
from obése animals merely reflected the presence of increased amounts

of triglyceride. Neutral lipids were extracted and the concentrations
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of the trace metals recélculated. The results indicated that the
concentrations of zinc, copper and manganese associated with hydro-
philic components of the liver from adult obese mice were indeed
lower than in lean mice (Table 5). However, the total quantity (ug)
of these trace metals in livers of adult obese mice was twice that
in livers from lean mice because of the greater mass of the organ in
the former.

Adult ob/ob micé-consume as much as 75% more diet per day than
lean controls when the animals are given free access to food (18).
Despite the increased intake of dietary trace minerals that results
from hyperphagia, the concentrations and/or total amounts of these
éssential elements were lower in several tissues of ob/ob mice than
in lean mice. Our finding that the concentrations of the trace
metals in small intestine of obese and lean mice were similar suggests
that alterations in the tissue levels of adulﬁ obese mice are not
merely due to impaired transfer of the micronutrients from intestinal
mucosa to the plasma. This conclusion is further supported by the
observation that the addition of supplemental zinc to the drinking
water and diet of db/db (7) and ob/ob (8) mice, respectively, failed
to elevate plasma and bone zinc to normal levels. Thus, changes in
tissue concentrations of trace metals in congenitally obese laboratory
rodents seem to be due to alterations in the tissue distribution and
metabolism of endogenous micronutrients. Studies aimed at elucidating
the specific effects of the obese condition on various aspects of

trace metal metabolism are presently being conducted in our laboratory.
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The potential significance, if any, of reduced concentrations
of the trace metals in several tissues from genetically obese rodents
(this study; 7-10) and in the plasma from obese humans (1-5) merits
consideration. Several investigatofs have reported a higher incidence
of "iron deficiency,'" but not anemia, in obese children than in
children with normal weights. Adult ob/ob mice also had lower than
normal concentrations of iron in plasma without any evidence of
anemia (Tables 4 and 6). Redﬁced levels of plasma zinc have also
been reported for obese db/db mice (7), corpulent rats (10) and
obese humans (4,5). In contrast, adult ob/ob mice have normal (8)
or slightly elevated levels of plasma zinc (Table 6). It is well
established that numerous physiological, endocrine and pathological,
as well as dietary, conditions affect plasma iron and zinc levels
(17,19). Thus, plasma levels of iron and zinc are often not appro-
priate indicators of the nutritional status of individuals and
animals. In contrast, the concentration of zinc in bone is considered
to be a useful indicator of zinc nutriture over an extended period
(17). Markedly decreased concentrations of zinc in femur from ob/ob
(Table 1 and ref. 8) and db/db (7) mice than in their lean controls
suggest that chronic obesity is associated with sub-optimal zinc
status. Whether the decreases in tissue trace metal concentrations
associated with chronic obesity are indicative of marginal defi;iency
can be assessed by evaluating the ability of additional amounts of
the micronutrient in the diet to partially or completely restore a

previously impaired process that is dependent on the presence of
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adequate levels of element in question. Recent information supports
the possibility that obesity-associated alterations in trace element
levels in tissues reflect suboptimal micronutrient status. Supplemen-
tation of some obese children with zinc improved immunocompetence
(4) and facilitated weight loss and maintenance of reduced weight
(20); iron supplementation was also associated with improved immuno-
responsiveness (4). In the genetically obese mouse, zinc supplemen-
tation attenuated insulin hypersecretion (8), while increased intake
of manganese elevated the activity of mitochondrial superoxide
dismutase in brown adipose tissue towards that in lean mice’(g).
Although the concentrations of copper in several tissues from.
adult obese mice were lower than in lean controls (Table 2), plasma
copper was markedly increased in obese animals (Table 6). Elevated
plasma copper has been previously reported in corpulent rats (10)
and obese pregnant women (6). We also found that ceruloplasmin
activity was increased two-fold in the plasma of obese mice, con-
firming the recent observation of Capel and Dorrell (21). Various
physiological conditions (e.g., inflammation) and endocrine factors
(e.g., estrogen) influence the levels of these two parameters in
plasma, thereby compromising their usefulness in assessing copper
status (19). Capel and Dorrell (21) reported that in addition to
ceruloplasmin other components of the antioxidant defense system,
e.g., selenium-dependent glutathione peroxidase and vitamin A, were

also higher in plasma of ob/ob mice than in lean mice. They
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suggested that such changés may be necessary to minimize peroxida-
tion of the increased complement of unsaturated fatty acids in
plasma and liver of the obesé animal.

In conclusion, it is possible that the trend towards lower
concentrations of trace metals in tissues of chronically obese
rodents and, perhaps, humans is indicative of reduced body stores
for these elements. Consequently, obese animals may be at a higher
risk for developing marginal deficiencies during episodes in which
the utilization and/or excretion of these elements is increased.
Obese individuals are encouraged to decrease their weight by reduced
caloric intake and increased exercise. Data suggesting that indi-
viduals in such programs risk depletion of one or more trace metal
stores are available. Enhanced catabolism of lean body mass of
stresses such as starvation and prolonged exercise greatly increase
urinary losses of zinc (22,23). Anemia developed in 4 of 11 obese
patients using starvation to lose weight (24), while obese women
consuming moderately restricted caloric diéts were in negative zinc
balance (25). Finally, Kramer et al. (26) have reported that the
zinc and iron contents of several commonly used hypocaloric diets
were well below the Recommended Dietary Allowances. Critical evalua-
tion of the optimal dietary levels of zinc, copper, manganese and
iron for obese humans and animals, especially‘during periods of

weight reduction, is needed.
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INTRODUCTION

Recent studies have shown that the concentrations of several
essential trace elements are altered in a variety of tissues from
genetically obese rodents (1-5) and obese children (6,7). Evidence
supporting the bossibility that the observed changes are associated
with an impairment of one or more biochemical processes dependent on
these micronutrients is now available. The administration of supple-
mental zinc to some obese children improved their immunocompetence
(6), facilitated weight loss (8), and was beneficial in the mainte-
nance of the reduced weight (8). Supplemental iron also increased
the immunoresponsiveness of ;bese children (6). Likewise, the
addition of excess zinc and manganese to the diets of genetically
obese ob/ob mice attenuated insulin hypersecretion (3) and elevated
the activity of MnSOD in brown adipose tissue towards that in lean
mice (4), respectively. Since information regarding the effects of
obesity on the metabolism of the essential trace metals is not
available, we have initiated a systematic investigation of chronic
obesity on the absorption, tissue distribution and levels, and
excretion of several micronutrients. The genetically obese C57BL/6J
ob/ob mouse has been selected as the animal model in these studies.
Results of studies comparing selected characteristics of zinc metabo-

lism in ob/ob mice and lean (+/?) mice are summarized below.
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MATERIALS AND METHODS
Animals: Weanling male C57BL/6J mice (+/? and ob/ob genotypes) were
purchased from Jackson Laboratories (Bar Harbor, ME). With the
exception of Experiment 1, mice were separately housed in hanging
stainless steel cages containing hanging feeders, in a temperature
(22-24 C) and light (on at 0600 and off at 1800 h)-controlled room.
There were 3 animals per'cage in experiment 1. Animals were fed
pelléted diet (Prolab Rat, Mouse, Hamster 1000 Formula; Agway Inc.,
Syracuse, NY) which contained 111 ppm zinc and were given free
access to deionized water.

Experiment 1. Apparent absorption of 65Zinc: The procedure was

essentially the same as that outlined by Flannagan et al. (9).
Briefly, lean (+/?) and obese (ob/ob) mice at 5, 10 and 22 weeks of
age were fasted overnight. After light anesthetization with diethyl
ether, mice were administered 0.2 ml of a solution containing either
0.12 pmole or 1.2 pmole zinc as ZnCl, and 1 pCi 65Zn (New England
Nuclear, Boston, MA) by stomach tube. The mice were immediately
placed in a restraining cylinder and cpm €5Zn determined with a
whole body gammé counter. The amount of ®5Zn detected was assigned
a value of 100%. All values of ©®5Zn represent the means of 3 succes-
.sive measurements that were corrected for background and any minor
deviations in counting efficiency. After 4 hours, animals were
killed by cervical dislocation and the entire GI tract was removed.
Apparent absorption was calculated as the percentage of the original

dose of %5Zn present in the carcass after removal of the GI tract.
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Luminal contents were flushed from the small intestine with 20 ml
ice-cold saline (150 mM) before measuring the amount of radio-
activity present in the small intestine. Measurement of ©5Zn in the
animal immediately before sacrifice indicated that greater than 98%
of the original dose was retained during the 4 hour period.

Experiment 2. Influence of obesity and age on 96 hour retention

of orally administered ®5Zn: Lean and obese mice were fed ad libitum

from‘weaning until they reached 5, 10 and 22 weeks of age. Food was
removed from the cages between 0800-0900 h on the day of the experi-
ment. Four hours later, animals were lightly anesthetized with
diethyl ether and 1 pmole Zn2+ containing 1 pCi ®5Zn was administered
by stomach tube. Mice were immediately placed in é whole-body gamma
counter and cpm determined. Animals were given free access to food
and water four hours after dosing. The amount of ©%Zn remaining in
the carcass was measured at 24 h intervals for 4 days.

Experiment 3. Absorption, turnover and tissue distribution of ©5Zn in

lean and obese mice at 10 weeks of age. Weaned obese mice were

randomly separated into two groups. One group (N=12) was given free
access to food and water and is subsequently referred to as the AL
(ad libitum) obese group. During the 6 week feeding period these
mice at 7-9 g per day. The amount of food given to the second group
of obese mice (N=12) each day was restricted to the mean level of
food consumed per day by age-matched lean mice (N=23). This group

ate 5-6 daily and is subsequently referred to as the PF obese group.
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.When the animals reached 10 weeks of age, one-half of the lean
and and obese mice were administered 1 pmole‘Zn2+ containing 1 pCi
657Zn by stomach tube as outlined in Experiment 2. The remaining
mice were injected (ac) with 1 pmole Zn2+ plus 1 pCi ®5Zn in 0.1 ml
150 mM NaCl, 5 mM glycine, pH 4. Radioactivity (cpm ®5Zn) in all
mice was measured immediately after treatment and the level was
assigned a value of 100%. Mice were maintained on their dietary
regimen and the amount of radioisotope retained by the animal was
measured daily. Results were plotted as log10 (% retained dose)
versus time after administration of ©5Zn. '"True" absorption was
calculated according to Heth and Hoekstra (10). Lines of best fit
for the amounts of administered ©5Zn retained between 2 and 6 days
were generated by linear regression analysis and the y-intercept
determined by extrapolation. "True" absorption was calculated by
dividing zero time values for groups of animals that had been adminis-
tered %5Zn by stomach tube by that for respective groups that were
injectéd (sc) with the radioisotope. Biological half-life (t%) was
calculated from the rate of loss of injected 65Zn from carcasses
between 2 and 6‘days after treatment. The rate of elimination of
65Zn from 2 days post-treatment on&ard was similar for each treat-
ment group regardless of the route of zinc administration. There-
fore, rates of elimination for all animals in each group were com-
bined to determine the mean value.

To assess the distribution of administered ®°Zn in tissues of

animals, mice were anesthetized with Metofane (Pitman-Moore, Inc.,
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Washington Crossing, NJ) and exsanguinated by severing the brachial
artery and vein either 4 days (per os groups) or 6 days (sc groups)
after treatment. Blood was transferred into heparinized tubes. The
following tissues were removed, weighed and placed in the whole body
counter to measure ®5Zn: blood, liver, kidney, spleen, pancreas,
testes, heart, brain, fat (sﬁbcutaneous, epididymal and perirenal
fat pads), skin, stomach, and large intestine (cecum plus colon).
Luminal contents were flushed from small intestine with saline prior
to weighing and counting. The remaining portion of the carcass is
referred to as muscle plus bone and was also counted. The percentage
of retained ®5Zn in each tissue was determined by dividing cpm ®5Zn
in the specific tissue by the sum of ®5Zn in all tissues. The
approach was necessary because total cpm 657Zn in isolated tissues
exceeded cpm ®5Zn in intact carcass by 15-20%, probably as a result
of sample geometry. The ratio of the sum of cpm 65Zn in tissues to
cpm 5Zn in intact carcass was similar for obese and lean mice.

Experiment 4. Zinc status of tissues in lean and obese mice at 10

weeks of age. Groups of lean, PF obese and AL obese mice were
maintained as described in Experiment 3. At 10 weeks of age, approxi-
mately one-half of the mice from each group were killed by exsanguina-
tion and tissues collected and analyzed for zinc as described in
detail elsewhere (5). Livers, kidney and small intestinal mucosa

were obtained from the second group of mice to measure constitutive
levels of metallothionein. Metallothionein was assayed by the

109¢d-hemoglobin assay as outlined by Eaton and Toal (11). Livers
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from rats that had been injected twice with either saline or 10 mg
Zn2+/kg or 2.5 mg Cu2+/kg or 1.5 mg Cd2+/kg were used as controls in
the assay. Because of differences in liver concentrations of metallo-
thionein in tissues from mice compared with control rat liver, the
quantity of cadmium added to the reaction mix was one-fourth that
suggested by Eaton and Toal. The concentration of protein in tissue
homogenates was determined by a modified Lowry procedure (12) using
bovine serum albumin as the standard.

Data analysis. All data were analyzed by analysis of variance

(ANOVA); when ANOVA indicated significant F-values, mean comparisons
were performed using contrast statements of GLM (13)} From that

significance was noted at p<0.05.
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RESULTS

Experiment 1: The mean weights of léan mice (N=11-12 per group) at
5, 10 and 22 weeks of age were 16+1, 23+1 and 25+1g, respectively.
Obese mice given free access to food weighed 18+1, 44+2 and 56+1g at
5, 10 and 22 weeks of age. |

Apparent absorption of 95Zn was significantly greater in ob/ob
mice than in age-matched lean mice at 4 h after administration of
either 0.12 or 1.2 umole zinc (Figure 1). Total cpm ®5Zn . and cpm
657Zn per gram were also higher in small intestine (mucosa plus
supporting tissue) of obese mice than age-matched lean mice after
dosing either the lower or higher amounts of zinc. The specific
activities of ®5Zn (cpm 65Zn/pg zinc) in small intestine were similar
in age-matched groups of lean and obese mice. Together, these
results suggest that increased transfer of orally administered 657n
from the lumen of the GI tract to the plasma compartment in obese
mice was not merely due to decreased dilution of the radioisotope in
Aeither the lumen or the intestinal mucosa of the animals. Moreover,
the difference in apparent absorption of 657n by obese and lean mice
was not correlated with body weight since the two groups had similar
masses at 5 weeks of age.

Apparent absorption of ©%Zn by lean mice receiving 1.2 pmoles
zinc was inversely proportional to age (Figure 1). In contrast,
obese mice transferred 25-30% of the higher dose to the carcass

regardless of age.



40

— »
X ! T
3
e 30r I . "
= _ I
o
i
o 201 | -
-D b
< T
101 T
r T

0
Age (weeks) 5 22 - 5 10 22
Zinc (umoles) 0.12 1.12

Figure 1. Apparent absorption of zinc by lean and obese mice at 5, 10 and 22 weeks
of age. Each bar represents the percentage of administered dose present in the
carcass of 5-6 mice after removal of the GI tract. Values (meansiSEM) were
obtained 4 hours after administration of indicated dose. The presence of an
asterisk (*) above the bar of the obese group indicates that the value differs
significantly (p<0.05) from the age-matched lean control. [:], lean;

X1, obese.
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Experiment 2: To determiﬁe whether the enhanced apparent absorption
of 85Zn by obese mice in the initial study resulted from possible
differences in the rate of gastric emptying, transit time through
the small intestine or, possibly, the response to overnight fasting
by lean and obese mice, we next investigated the retention of ©5Zn
after oral administration of 1 pmole zinc to groups of fed mice.
Obese mice retained 4.7 times more ©5Zn at 96 h after treatment than
lean mice at 5 weeks 6f age (Fig. 2). Although lean mice retained
approximately two-fold more ©5Zn at 10 and 22 weeks of age than at 5
weeks of age, 10 and 22 week old obese mice had 2-2.3 times more
65Zn in their carcass than lean controls after 96 h. Because the
apparent absorption.(Fig. 1) and 96 h retention (Fig. 2) of 65Zn
from a dose of 1 pmole zinc by obese mice at 10 and 22 weeks of age
were similar, 10 week old lean and obese animals were utilized in
subsequent studies. At this age (9-13 weeks), blasma levels of
insulin and glucose attain maximal values in the hyperinsulinemic
and hyperglycemic ob/ob mouse (14).

Experiment 3: Average body weights of mice at {O weeks of age were
as follows: lean (n=23), 25+1g; pair-fed (PF) obese (n=11); 28+1g;
ad libitum fed (AL) obese (n=11), 41+1g. The weights of small
intestines from lean, PF obese and AL obese mice were 0.64+0.02g,
0.69+0.03g and 0.80+0.02g, respectively. The length of small intes-
tines in PF obese mice was also significantly reduced, i.e., mean
lengths of the small intestine was 25+1 cm and 29+1 cm for PF obese
-and AL obese mice, respectively. The mean length of the small

intestine in lean mice was 24+1 cm.
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A greater percentage of the orally administered dose of ©5Zn
was present in the carcass of both groups of obese mice than in lean
mice at all times (Fig. 3A). ©%Zn retention was similar in PF obese
and AL obese mice. The majority of ©5Zn excreted by all groups of
mice was eliminated during the first day. Moreover, differences in
65Zn retention between lean and obese mice were evident by 12 h
after treatment, suggesting that obese mice absorbed substantially
more ®5Zn than their lean éounterparts. Markedly higher amounts of
65Zn were retained by all 3 groups of animals when 1 pmole zinc was
administered subcutaneously instead of orally (Figure 3B). Lean 'and
AL obese mice retained approximately 50% of the injected dose after
6 days. PF obese mice retained a slightly, but significantly,
higher percentage of the injected zinc than lean mice. When data
were analyzed to determine "true" absorption (10), both groups of
obese‘mice absorbed approximately twice as much zinc as lean mice
(Table 1). PF obese mice absorbed significantly less zinc than AL
obese mice. In contrast, the calculated half-life of ®5Zn present
in carcass from 2 days affer oral or sc administration of 1 pmole Zn
was 7-8 days for the three groups of mice.

Tissue distribution of ©%Zn in mice 6 days after sc injection
is shown in Figure 4. Obese mice had a higher percentage of carcass
657n present in liver, small intestine and fat compared to lean
controls. Liver from AL obese mice contained 1.8 times higher
percentage of carcass °%Zn than those in lean mice. Livers from PF

obese mice also contained a significantly greater percentage of
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Table 1. Calculated values for "true'" absorption and subsequent
half-life of zinc in lean and obese mice receiving 1

pmole zinc¥®

Group Actual absorption Biological half-life
(% dose) . (days)
Lean 17.9 + 0.4° 7.2 +0.1°
Obese 32.9 + 0.1° 7.5 + 0.2°
Pair-fed
Obese 38.7 + 0.2° 7.1 + 0.4°
Ad libitum

*Data are means + SEM for tissues from 23 lean mice and 6 obese
mice in each treatment group. The presence of different letters
as superscripts within a column indicateslthat the groups differ
significantly at p<0.05. Values were calculated as described

in Materials and Methods.
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carcass ®5Zn than livers from lean controls. Similarly, the relative
levels of ®5Zn in small intestine from PF obese and AL obese were 64
and 45% higher, respectively, than that in lean mice. ©5Zn in total
body fat depots was approximately 5-fold higher in obese mice than
in lean mice. In contrast with the above results, relative levels
of ®5Zn in pancreas, muscle plus bone and skin were significantly
lpwer in AL obese mice compared to those in lean mice. Restricting
food intake of obese mice reduced the differences in relative *levels
of ®5Zn in these tissues from lean and obese mice. The percentage
of carcass ©5Zn in heart, lung, brain and blood was less than 2% for
each tissue and was not affected by phenotype or dietary regimen
(data not shown). Although the relative levels of ®%Zn in spleen
and testes of obese mice were significantly lower than in lean mice,
these differences were solely due to smaller mass of these tissues
in obese mice. Differences similar to those described above were
also found in the distribution of carcass ®5Zn among various tissues
in groups of mice 4 days after oral administration of the micro-
nutrient (data not shown).

Experiment 4. The mass of several tissues differed markedly in lean’
and AL obese mice. Thus, both the concentrations (ug/g dry wt) and
the total quantities (pg) of the metal in tissues are given in Table
2. AL obese mice had significantly lower concentrations of zinc in
liver, small intestine, pancreas, testes, femur and smooth muscle
than in the respective tissues from 1éan mice. Similarly, the total

amounts of zinc in kidney, pancreas, testes, femur and spleen were



Table 2. Levels of

zinc in tissues from lean and obese mice at 10 weeks of age®

Tissue Lean Obese Obese Lean Obese Obese
pair-fed ad libitum pair-fed ad libitum
----- Hg Zn/é dry wt.------ -==------ug zinc--------
Liver 102+1° 97+1" 38+1° 36.1+1.4° 45.3+1. 56.6+3.1°
Kidney 81+1% 70+1° 77+1% 6.6+0.1° 5.0+0. 5.6+0.1°
Small intestine 103+3” 100+3% P 90+5” 18.5+0.4° 24.040. 20.8+1.3%P
Pancreas 113+3° 90+6” 75+5° 7.7+0.8° 5.740. 3.4+0.5°
Testes 144+4° 126+3° 132+2° 4.3+0.2° 2.4+0. 3.6+0.1°
Femur 186+4° 160+3P 169+2° 6.7+0.2° 5.0+0. 5.8+0.2°
Muscle 68+2° 84+1° 49+4° --- --- ---
Heart 71+1 72+2 73+1 2.1+0.1 1.8+40. 2.0+0.1
Spleen 88+1° 9g+2" 82+2° 1.240.1% 0.6+0. 1.0+0.1°
Brain 68+1 69+1 7041 5.6+0.1° 5.3+0.3%P

1 5.140.

*Data are means + SEM for tissues from 10-12 lean mice and 5-6 obese
of different letters as superscripts within a row for each parameter

significantly at p<0.05.

mice in each group.

The presence

indicates that the groups differ

86
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lower in AL obese mice than in lean animals. Although the hepatic
concentration of zinc in the AL obese group was only 37% as high as
in lean mice, the mean weight of this organ in obese mice was 2.6
times greater mass and contained 20 pg more zinc in obese mice than
in lean mice. The concentrations of zinc in liver, muscle and
spleen from obese mice were significantly increased by restricting
food intake to the level consumed by lean mice. The total amounts
of zinc in liver, kidney, testes, femur and-spleen in PF obese mice
were significantly lower than in AL obese mice. Total levels of
zinc in liver and small intestine was higher in PF obese mice than
in lean mice.

Constitutive levels of metallothionein in the liver, kidney and
small intestinal mucosa of AL obese mice were 50, 67 and 166%,
respectively those in lean animals. The hepatic concentration of
metallothionein was 3.3 fold higher in liver of PF obese mice than
in AL obese mice. Restricted food intake did not significantly
alter the levels of this protein in the kidney or small intestinal

mucosa of obese mice.
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DISCUSSION

The results outlined above demonstrated that several character-
istics of zinc metabolism are altered in genetically obeée (ob/ob)
mice. Data from our initial experiment suggested that genetically
obese mice transferred a greater quantity of orally administered
zinc into and across the intestinal mucosa than age-matched lean
mice (Figure 1). Because of the numerous anatomical and physio-
1ogical characteristics that distinguish obese and lean C57BL/6J
mice (14), we evaluated several factors that might be responsible
for the apparent difference in the absorption of zinc by the two
genotypes after treatment with a small quantity (<10 pg) of the
metal. More specifically, we considered the possibilities of geno-
type-specific differences in (a) dilution of the radioisotope in the
lumen of the gut, (b) response to overnight fasting, and (c) the
absorptive area of the small intestine. A variety of reports in the
literature have shown that such factors may affect zinc absorption.
For example, the mucosal content and apparent absorption of ®3Zn at
4 h after oral administration of a solution containing 0.1 umole
zinc were higher in zinc-deficient mice than in mice fed diets
containing adequate levels of zinc (9). However, similar quantities
of ©5Zn were absorbed by zinc-deficient and zinc-adequate groups of
mice when the quantity of zinc introduced into the GI tract was
elevated 10-fold. This and additional studies revealed that the
greater absorption of ®%Zn by zinc-deficient mice administered the

lower dose of zinc was due to increased dilution of ©%Zn within the
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intestinal lumen of zinc-adequate mice. In the present study,
genetically obése mice also transferred greater amounts of ®°Zn into
the intestinal wall and carcass than lean mice during a 4 hour
period after the administration of 1 pmole zinc (Figure 1), thereby
demonstrating that the differential uptake was not merely due to
decreased dilution of the radioisotope in the GI tract.

We next considered the impact of fasting on ©5Zn absorption by
lean and obese mice. Quarterman and Morrison (15) noted enhanced
absorption of zinc by adult rats following overnight fasting.
Different metabolic and endocrine responses to fasting have been
reported for obese and lean rodents (16-18). Consequently, retention
of ©5zn by lean and obese mice that had been given free access to
food the night before administration of 1 pmole zinc was followed
for several days. Obese mice retained significantly greater quanti-
ties Qf 65Zn after 96 h (Figure 2). Moroever, a significantly
greater percentage of ®5Zn was present in obese mice when compared
to lean mice 12 h after dosing. Since the transit time of solutions
through the GI tract of obese and lean mice is similar (19), the
results of this study further suggested that increased retention of
65Zn reflected greater absorption of the metal by obese mice.

Previous studies have also shown that increased absorption of
zinc by pregnant and lactating rats (20) and streptozotocin-diabetic
rats (21) was due in part to the enlarged small intestine that
characterizes each of these conditions. Genetically obese rodents

given free access to food exhibit hyperphagia and have a hypertro-



63

phied GI tract. When daily intake of food by obese mice was
restricted to the same level as age-matched lean mice, the mass of
the small intestine was similar in the two groups. Nevertheless,
pair-fed obese mice still absorbed two-fold more ®5Zn than lean mice
after gnimals received 1 umole zinc (Table 1). This revealed that
increased absorption of ®5Zn by obese mice was not due to hypertrophy
of the small intestine.

The studies summarized above demonstrate that ob/ob mice have a
greater potential than their lean littermates to absorb ©5Zn from a
simple solution. Several other investigators have reported that
chronic obesity also alters macronutrient absorption. Mayer and
Yannoni (19) reported that adult ob/ob mice absorbed 60% more glucose
than lean mice within 30 minutes after oral administration of the
monosaccharide. The rate of gastric emptying was similar for both
groups of mice. Bihler and Freund (16) also found that the rate of
sugar uptake by intestinal segments from ob/ob mice wés significantly
greater than that by segments from lean mice. Intestinal sugar
uptake was not normalized by chronic restriction of food intake by
ob/ob mice. Enhanced uptake and altered kinetic parameters were
reported for valine uptake by biopsies of jejunal mucosa obtained
from adult obese humans compared with samples from lean adults (22).
In contrast with these observations, leucine absorption by perfused
intestines from lean and ob/ob mice was similar (23); the character-
istics of monosaccharide transport were also similar in lean and

db/db mice (24).
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The possibility that the elevated plasma level of corticosterone
in obese mice is responsible in part for enhanced absorption of ©%Zn
merits consideration. Sas and Bremner (25) noted that treatment of
chicks with hydrocortisone increased ©5Zn absorption by 30-55%.
Increased ©5Zn absorption has also been observed after injection of
rats with endotoxin (26) and leukocytic endogenous mediator (27),
factors known to elevate plasma levels of corticosterone. Bonewitz
et al. (28) found that treatment of adrenalectomized rats with
dexamethasone (2 mg/kg) increased the rate of uptake of ©5Zn from
the lumen into the intestinal mucosa by 75%. However, the rate of
657Zn absorption was decreased in dexamethasone-treated rats. The
influence of chronically elevated plasma levels of corticosterone
and insulin on zinc absorption warrants further investigation.

Several reports from the literature have noted altered concentra-
tions of zinc in tissues of obese rodents. Begin-Heick et al. (3)
reported higher concentrations of zinc in fat-free liver, skeletal
muscle and brown adipose tissue, and reduced concentrations of the
metal in pancreas of ob/ob mice at 10 weeks of age when compared
with lean counterparts. We have also found that concentrations and
total levels of zinc differ in various tissues of 10 (Table 2) and
22 (5) week old ob/ob mice than in age-matched lean mice; in contrast,
tissue zinc status was similar in recently weaned obese and lean
mice (5). Such differences are not limited to this strain, since
depressed concentrations of zinc have also been reported in other

genetically obese rodents, viz., db/db mice (1) and SHR/N-corpulent
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rats (2). In the present study we also found that profiles of
tissues ©5Zn distribution differed markedly between lean and obese
mice 6 days after sc injection with 1 pmole zinc (Figure 4). This
observation is pertinent in regards to reports that supplementation
of diets fed to ob/ob (3) and db/db (1) mice with excessive zinc
failed to elevate concentrations of this metal in several tissues to
that normally present in tissues from lean mice. Our fesults
indicate that the transport of endogenous zinc among tissues is
altered by the obese condition in ob/ob mice.

The effect of chronic obesity on constitutive levels of metallo-
thionein (MT) in several tissues was also assessed. Although the
concentrations 6f MT in intestinal mucosa of obese mice were higher
than in lean mice, ®5Zn absorption was enhanced in obese mice. This
finding does not support the general hypothesis that zinc absorption
is inversely correlated with intestinal levels of MT (29). However,
our findings are similar to recent studies with mice (9,30) which
suggest that constitutive levels of MT do not influence zinc absorp-
tion in mice. Hoadley and Cousins (31) also recently reported that
cadmium absorption was similar in zinc-deficient and zinc-adequate
rats, despite the presence of higher levels of MT in the intestinal
mucosa of the latter group. The lower concentration of MT in liver
of unrestricted obese mice compared to lean mice was also interest-
ing, since plasma levels of corticosterone are markedly elevated in
genetically obese rodents (14,32). Glucocorticoid-mediated induction
of hepatic MT synthesis is well established in lean animals (29).
Perhaps the lower concentrations of hepatic MT in the livers of

hyperglucocortisoidemic obese mice are due to reduced concentrations
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of zinc in the liver of this animal (Table 2; ref. 5). Such a
‘'possibility is supported by the finding that the concentration of
hepatic zinc and MT were significantly elevated in liver of pair-fed
obese mice, despite the fact that restricted intake of food does not
further increase the level of corticosterone in the plasma of ob/ob
mice (32). It is also possible that the elevated concentration of
hepétic MT in PF obese resulted from either increased sensitivity of
liver to adrenal hormones or changes in plasma levels of other
factors in response to the stress of restricted caloric intake
and/or altered feeding behavior.

The rate of elimination (turnover rate) of subcutaneously
injected ®5Zn was similar in lean and obese mice (Table 1).
Increased urinary losses of zinc have been reported in hyper-
insulinemic db/db mice (1), obese humans on weight reduction programs
(33) and hyperinsulinemic humans (34). While no attempt was made to
separately monitor fecal and urinary excretion of ©5Zn in lean and
obese mice, urinary losses generally account for 1-49% of zinc
excreted per day (35). Therefore, the increased urinary loss of
zinc in db/db mice and hyperinsulinemic humans may have minimal
impact on the total amount of this metal excreted.

In summary, the present studies have shown that the absorption
and tissue distribution of ©3%Zn, as well as tissue concentrations
and total amounts of zinc, are different in lean and obese C57BL/6J
mice. Constitutive levels of metallothionein in liver, kidney and

intestinal mucosa also differ in the genotypes. The rate of elimina-



67

tion of injected ®°Zn was similar for lean and obese mice. Although
obese mice absorbed greater quantities of ®5Zn from a simple solution
than did lean mice, additional studies are required to assess the
absorption of dietary zinc i.e., absorption of zinc in the presence

of natural ligands that affect bioavailability.
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SUMMARY

Results from the presented studies have shown that essential
trace metal status and zinc metabolism are altered in genetically
obese (ob/ob) mice. In the first study, the concentrations (Hg/g
dry wt) and total amounts (ug) of zinc, copper, manganese and iron
in various tissues from C57BL/6J lean (+/?) and obese (ob/ob) mice
were determined. Lower concentrations of zinc were found in liver,
femur, small intestine, and muscle from obese mice than in those
from mice at 22 weeks of age. The concentrations of copper in
liver, femur, small intestine, muscle, and testes, iron in liver,
femur, muscle and plasma, and manganese in liver, femur and small
intestine from adult obese mice were also significantly below the
concentrations present in tissues from age-matched lean mice.
Hepatic concentrations of zinc, copper, and manganese in obese mice
were also lower than those in lean mice when the different amounts
of neutral lipid present in livers from obese and lean mice were
considered. Despite lower concentrations of the essential trace
metals in adult obese mouse liver, total amounts were 2-3 fold
greater than those present in lean livérs; total levels in small
intestines and kidneys from obese mice were elevated approximately
20% over levels in lean mice. In contrast with the trend towards
lower concentrations of trace metals in tissues from adult obese
mice, plasma zinc and copper levels and ceruloplasmin activity were
higher in adult obese mice than in lean controls. The effects of

genetic obesity on tissue trace metal concentrations was similar in
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male and female mice. Although several tissues from young (5-6
weeks of age) obese mice also had slightly lower concentrations of
the trace metals than age-matched lean mice, the differences were
not as marked as in chronically obese and lean adult mice. These
data demonstrate that chronic obesity in the genetically obese
(ob/ob) mouse is associated with lower concentrations, but not
necessaril§ lower total quantities, of several inorganic micro-
nutrients in tissues.

In the second study, the absorption, retention and tissue
distribution of zinc and constitutive levels of metallothionein in
selected tissues were compared in obese (ob/ob) and lean (+/?)
C57BL/6J mice. When 5, 10 and 22 week old mice were administered
1.3 pmole ®5Zn by stomach tube, the apparent absorption of ®5Zn by
obese mice was 1.5, 2.2 and 3.9 times higher, respectively, than
that in age-matched lean mice. Retention of orally administered
65Zn after 96 h was also substantially higher in obese mice than in
lean mice. To assess the possible influences of hyperphagia and
intestinal hypertrophy on the enhanced absorption of €5Zn by obese
mice, food intake by an additional group of obese mice was restricted
to that of age-matched lean controls. When "true" zinc absorption
and excretion was determined according to the method of Heth and
Hoekstra (J. Nutr. 85, 367), groups of unrestricted obese, pair-fed
obese and lean mice absorbed 38, 32, and 189% of the dose, respectively.
In contrast, the rate of ®5Zn excretion from 2 to 6 days after oral

or sc administration of the metal was similar for obese and lean
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mice. Unrestricted.and pair-fed obese mice had significantly lower
percentages of carcass ®°Zn present in skin, muscle plus bone,
spleen and testes, and higher percentages present in liver, small
intestine and adipose tissue compared with respective tissues from
lean mice. Similar differences between lean and obese mice were
observed when total levels of zinc in tissues were determined.
Constitutive levels of metallothionein were significantly higher in
small intestine, but lower in kidney and liver, of unrestricted
obese mice than in lean mice. Pair-fed obese mice had significantly
elevated concentrations of hepatic MT. The results from this second
series of experiments have shown that several éharacteristics of
zinc metabolism are altered in ob/ob mice and that these differences

are not merely due to hyperphagia and intestinal hypertrophy.
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