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Abstract

Zinc deficiency negatively affects muscle function, but there are limited biochemical data identifying the cause of this reduction in
function. The objective of the present study was to identify soluble proteins in rat soleus muscle that were responsive to different levels of
dietary zinc. Rats (n=21) were fed diets containing three concentrations of zinc: 5, 30 and 200 ppm for 42 days. There was no difference in
body weights of the rats consuming the 5-ppm zinc diet compared to the rats consuming the 30- or 200-ppm zinc diets; however, bone zinc
levels were significantly decreased in the 5-ppm dietary zinc group. Individual soluble protein fractions were isolated from these muscles and
the samples were prepared for two-dimensional polyacrylamide gel electrophoresis. The expression levels of four proteins were significantly
depressed by dietary Zn depletion and supplementation, S-glutathiolated carbonic anhydrase, myosin light polypeptide 3, heat shock protein
20 and heart fatty acid binding protein. This is the first report that indicates that both Zn depletion and supplementation result in protein
expression profiles that may negatively affect skeletal muscle function. These results indicate that there are specific signaling pathways that
require proper Zn nutriture for maintaining optimal muscle function and suggest that the consumption of pharmacologic doses of Zn may be

detrimental to muscle function.
Published by Elsevier Inc.
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1. Introduction

Skeletal muscle contains over half of the whole-body Zn,
with estimates of approximately 57%. The next largest pool
of Zn within the whole body is the bone, which contains
approximately 29% [1]. Although the muscles contain most
of the whole-body Zn, muscle Zn levels remain relatively
constant during Zn deficiency. Consumption of a diet
containing 0.7 mg Zn/kg body weight for 35 days caused
a reduction in slow-twitch oxidative fibers and an increase
in fast-twitch glycolytic fibers in rat soleus muscle [2]. A
separate study in which rats consumed a diet containing
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1.1 mg Zn/kg body weight for 28 days also caused a
decrease in the size of fibers containing fast ATPase [3].
Consequently, the reduction in body weight observed during
Zn depletion could be partly due to this decrease in muscle
fiber number and size.

Early studies found a relationship between Zn and
muscle function. The Zn concentration of the muscle
correlated with the functional activity and color of the
muscle. With the use of porcine muscle, the serratus
ventralis (dark in color and highly active) contained 72%
more Zn on a dry, fat-free basis compared to the lighter
colored and less active longissimus dorsi. The higher Zn
content was associated with the myofibril and nuclear
fraction [4]. Zn simply added to the buffer containing a
sartorius muscle preparation resulted in the potentiation of
its twitch tension and the prolonging of twitch parameters,
with no effect on tetanus tension. Thus, the addition of Zn
effectively prolonged the active state of the muscle [5]. In a
study which used female subjects, it was found that Zn
supplementation (135 mg Zn/24 h for 14 days) resulted in a
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significant increase in both isokinetic strength and isometric
endurance as measured using knee extension exercises [6].
A more recent study involving male subjects found that
consumption of a Zn-depleted diet (0.3 mg Zn/day) for 33 to
41 days resulted in a significant reduction in the total work
capacity of the knee extensor and shoulder extensor and
flexor muscles [7].

The available data indicate that Zn deficiency affects
muscle function. However, there are only limited biochem-
ical data identifying potential causes for the reduction in
work capacity, etc., discussed above. In this report, data are
presented indicating that the expression of several soluble
proteins from the rat soleus muscle is affected by dietary Zn
depletion and supplementation. These proteins, separated by
two-dimensional gel electrophoresis and identified by
MALDI TOF mass spectrometry, are involved in the
composition of muscle fibers, in energy metabolism, and
in protection against oxidative stress.

2. Materials and methods

2.1. Animals and diets

Male, Sprague-Dawley weanling rats (n=21; Charles
River Laboratories, Wilmington, MA, USA) were housed
individually in stainless steel wire-bottom cages in a
temperature-controlled room (22+£2°C) with controlled
lighting (0700 to 1900 h). All experiments were approved
by the Institutional Animal Care and Use Committee at the
United States Army Research Institute for Environmental
Medicine. In conducting the research described in this
report, the investigators adhered to the “Guide for Care and
Use of Laboratory Animals” as prepared by the Committee
on Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, National Research Council.
The initial body weight of the rats was 125 to 149 g. The
rats were fed a stock diet (LM-485, Harlan Teklad,
Indianapolis, IN, USA) for 14 days, then divided into three
groups consisting of seven rats each based on equal average
body weight for each group. Post hoc power analysis of
previous data measuring the effect of changes in dietary Zn
on femur Zn levels indicated that five to seven rats per
dietary group would be sufficient for detecting significant
treatment differences (effect size=0.95; power=0.79) [8].
The rats were then fed test diets containing fixed protein
(12% from sprayed dried egg whites) and incremental
amounts of Zn carbonate (5, 30, 200 ppm).

The diet was formulated to approximate that of soldier
rations (MREs). The protein content of MREs has decreased
from 14% to 12% of total calories [9]. For marines, the
reported protein intake (4317 g/day) is about 75% of the
RDA of ~60 g/day for males fed to energy balance [10].
Energy balance has a direct influence on apparent protein
needs, with the amount of dietary protein needed to
maintain nitrogen balance increasing as energy intake
decreases. The % fat in MREs averages between 34%

(MRE version VIII, IX, X, X1 and XII) and 38% (MRE
version XV) of daily calories [9]. Thus, MREs already
exceed the RDA recommendation of 30% total fat.
Attempting to further increase caloric content of MREs by
increasing the % fat is not desirable, since not only is it
atherogenic, but also it would increase MRE weight and
package size, both of which are undesirable in the field.
Increasing the protein content of the rations would decrease
the shelf-life and increase the weight/cube of the package —
once deployed, soldiers would choose to take smaller/lighter
packages. We use a 12% protein diet to mimic the soldier
rations in our animal studies. This permits us to ask soldier-
relevant questions, e.g., would supplemental dietary zinc
increase/improve translation initiation in muscle tissues?

The diets were prepared according to the LM-485
formulation (80 g cellulose per kilogram of diet) by
Research Diets, Inc. (New Brunswick, NJ, USA) [I1].
The rats were allowed free access to the test diets and
deionized water for 42 days. Body weights were measured
daily. Twenty-four-hour food intakes were determined
weekly. Spilled food was collected, weighed, and food
intakes were corrected accordingly. At Day 43, the rats
were sacrificed under CO,. Blood was extracted from the
right ventricle. The soleus skeletal muscle was dissected
from both legs, cleaned of adherent tissue, wrapped with
gauze soaked in saline and stored at —20°C. The tissue was
subsequently stored at —80°C prior to protein extraction.
Unused muscles were stored at —80°C for future use in the
development of protein extraction methods of different
membrane compartments.

2.2. Zinc analysis

Zn concentration was assessed in bone, serum and feed
using flame atomic absorption spectroscopy (AAS, Perkin
Elmer 2380, Norwalk, CT, USA). For the preparation of
serum, the blood was collected via intrathoracic cardiac
puncture from anesthetized rats into either Kendall or B-D
vacutainer blue-top, trace element-free tubes (>20 ppb Zn
by analysis). The whole blood was stored on ice for 30 min
to develop the clot, and then it was centrifuged at 1500 rpm
for 15 min. The samples were free from hemolysis. The
serum sample was stored at —20°C until it was analyzed for
Zn by AAS. The serum samples were diluted eightfold with
5% nitric acid prior to AAS analysis.

To isolate the tibia/fibula and femur bones, the intact
animals were stored at 4°C overnight, and then the muscle
around the bone was removed. The stripped bones were then
wrapped in saline-soaked gauze and frozen at —20°C until
they were prepared for nitric acid digestion. The bones were
thawed to room temperature, and their end-pieces removed
by scalpel to obtain the shaft weighing approximately 1.0 g.
It was decided to use the shaft, but not the proximal or distal
ends that would contain unwanted trabecular bone pieces;
with femurs, typically both end-pieces were removed to
obtain 1.0 g of the shaft. However, to obtain 1.0 g of tibia/
fibula bones some part of the proximal joint was included.
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The weights were recorded, and the pieces of bone were
then immersed in 5% nitric acid. Digestion was allowed to
proceed overnight prior to running the Kjeldhal procedure
on a Labconco Micro Digestor (Labconco Corporation,
Kansas City, MO, USA) [12]. Both tissues and feed (~1.0 g
of each diet) samples were diluted eightfold with 5% nitric
acid (trace metal grade, Fisher Scientific, Pittsburgh, PA,
USA). Zn AAS was performed by the New Jersey Feed
Laboratory (Trenton, NJ, USA). Zn standards, prepared
from a reference solution (Fisher Scientific) in 5% nitric
acid, were used as an internal control. All analyses were
conducted in acid-washed glassware. Recovery tests were
performed to confirm the accuracy of above-mentioned
method, and the recovery of Zn was 108+1.1% (n=5,
CV=2.3%).

2.3. Sample preparation

Individual soleus muscles from individual rats within
each diet group were processed separately, rather than being
pooled from each leg of a single rat. Each muscle was
weighed and then pulverized after freezing in liquid
nitrogen. The Soluble/Insoluble Protein Extraction Kit
(Bio-Rad Laboratories, Hercules, CA, USA) was used to
prepare the soluble protein fraction from a subset of rats
(four to five). The number of individual soleus muscles
analyzed from each dietary group was five for the 5- and
30-ppm Zn groups, and four for the 200-ppm Zn group. The
tissue powder (<200 mg) was placed in 1-ml lysis buffer
containing 0.5 ml protease cocktail (Sigma-Aldrich Corpo-
ration, St. Louis, MO, USA) per gram tissue. Following
sonication, samples were centrifuged at 15,000xg for
30 min at 4°C. The supernatant was removed and stored
at —80°C until isoelectric focusing. The pellet was re-
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Fig. 1. Twenty-four-hour food intake measurements determined once a
week during the 6 weeks of food consumption. Each data point represents
the mean+S.E.M. (n=7) of the weight of the diet consumed for that day.
The lowercase letter above the data points at Week 5 indicates that the rats
consuming the 5-ppm Zn diet exhibited significantly increased intake
compared to those consuming the 30-ppm Zn diet ( P=.042) and the 200-
ppm Zn diet (P=.017).
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Fig. 2. The body weights of the rats consuming the purified diets containing
different Zn concentrations were measured for 42 days. The data points and
error bars represent the mean+S.E.M. for each day (n=7). There were no
significant differences between the growth of the control rats and those
consuming any of the purified diets containing different Zn concentrations.
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Fig. 3. Two-dimensional 10% to 20% gradient polyacrylamide gel
representative image of soleus soluble protein separation from a rat in the
30-ppm Zn dietary group. The molecular weight markers (in kilodalton)
migrated as indicated by the numbers to the left of the gel image. The pH is
indicated at the top of the gel image, with the acidic end of the IPG strip
(pH 3) oriented to the left and the basic end of the IPG strip (pH 10)
oriented to the right. The arrows labeled with the accession numbers
indicate the proteins that were subsequently identified by MALDI TOF
mass spectrometry and which were significantly reduced in the rats
consuming the 5- or 200-ppm Zn diets.
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extracted, the supernatant discarded and the pellet also
stored at —80°C. The protein content of the soluble fractions
was measured using the RC/DC protein assay (Bio-Rad
Laboratories) [13].

2.4. Two-dimensional gel electrophoresis

Isoelectric focusing, and the second dimension separa-
tion of the isoelectic focused proteins, was performed as
previously described [14,15]. The gels were fixed in 40%
methanol, 10% acetic acid. The separated proteins were
stained with Bio-Safe Coomassie Blue G250 protein stain
(Bio-Rad Laboratories). The images of the stained gels were
digitized and the densities determined using Phoretix 2D
software (Nonlinear Dynamics, Newcastle upon Tyne, UK).

2.5. Data analysis

Data were analyzed using one-way ANOVA (StatCrunch
4.0, Integrated Analytics LLC). Post hoc analysis was
performed using the multiple comparisons #-test (P <.05;
Statmost 1.01, Dataxiom Software, Los Angeles, CA, USA).

2.6. Mass spectrometry

MALDI TOF mass spectrometry was performed at the
University of Georgia Proteomic Resource Facility. Differ-
entially expressed protein spots were manually excised from
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the gels, digested with trypsin, and the peptide masses
obtained by MALDI TOF mass spectrometry, as reported
previously [14,15].

3. Results

The pattern of food intake of the rats during the course of
the 42-day feeding period was similar among the three
dietary Zn groups (Fig. 1). The 24-h food intake of the rats
consuming the 5-ppm Zn diet exhibited a slight, but
significant, increase at Week 5. However, that difference
was not evident during the preceding week, nor was it
sustained for the following week.

The dietary treatments did not affect the growth of the
rats (Fig. 2). At the time of sacrifice, no rats in the 5-ppm Zn
group exhibited growth retardation, anorexia or dermal
lesions on the extremities, tail or around the eyes. Despite
the lower protein content of the experimental diets (12%),
the growth rates of these rats were not different from a group
of rats receiving LM-485 diets containing approximately
20% protein (n=7, data not shown).

Rats fed the 5-ppm Zn diet exhibited significantly lower
(P<.05) bone Zn concentrations (expressed as ug Zn/g wet
wt tissue) than rats fed the 30-ppm Zn diet [tibia/fibula:
101.1£3.2 (S.E.M.) vs. 67.4+2.8 (S.E.M.); femur:
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Fig. 4. Bar charts of the normalized volumes of proteins that exhibited Zn-dependent differential protein expression (mean+S.E.M.). The sample size for each
Zn diet group is follows: 5 ppm Zn: n=5; 30 ppm Zn: n=5; 200 ppm Zn: n =4. The bars that are significantly different ( P <.05) from each other have different
lowercase letters above the error bars.
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131.6£6.6 (S.E.M.) vs. 83.9+2.5 (S.E.M.), respectively].
Consumption of the 200-ppm diet did not result in any
further significant increase in bone Zn content [tibia/fibula:
115.8£4.3 (S.E.M.); femur: 149.9+£5.4].

Serum Zn concentrations (expressed as pug Zn/ml serum)
of rats fed the 5- and 30-ppm Zn diets were not significantly
different (0.83£0.06 vs. 1.03£0.04, respectively; P>.05).
Consumption of the 200-ppm Zn diet, however, caused a
significant increase in serum Zn levels [1.28+0.06
(S.E.M.); P<.05].

Two-dimensional polyacrylamide gel electrophoresis was
used to separate soluble proteins from the soleus muscle.
Over 100 soluble proteins were separated by this proteomic
method. Fig. 3 shows the representative protein separation
pattern from a single 30-ppm soleus muscle preparation. The
arrows in Fig. 3 point to protein spots whose identities were
determined by MALDI TOF mass spectrometry, including
the spots that were differentially expressed as a function of
dietary Zn intake. Fig. 4 shows the mean normalized
volumexS.E.M. of the spots whose expression was sensi-
tive to dietary Zn and whose identities were determined by
MALDI TOF mass spectrometry (5 ppm Zn: n=5; 30 ppm
Zn: n=5; 200 ppm Zn: n=4). A significant treatment effect
was observed for four proteins. Post hoc analysis determined
that the expression of S-glutathiolated carbonic anhydrase
III, myosin light polypeptide 3, heat shock protein 20 and
heart fatty acid binding protein was significantly reduced in
rats consuming the 5-ppm Zn diet compared to the 30-ppm
Zn diet. Rats consuming the 200-ppm Zn diet exhibited
significantly reduced expression of three of these proteins
compared to the 30-ppm Zn diet group: myosin light
polypeptide 3, heat shock protein 20 and heart fatty acid
binding protein. Expression of S-glutathiolated carbonic
anhydrase III was reduced in the 200-ppm Zn diet group
compared to the 30-ppm Zn diet group, but the difference
did not reach significance (P=.073).

4. Discussion

This study investigated the effects of dietary Zn on
protein expression in rat skeletal muscle. The two-dimen-
sional expression profile of the soleus muscle soluble
subproteome indicates the appearance of four proteins
(myosin light polypeptide 3, heat shock protein 20, S-
glutathiolated carbonic anhydrase III and heart fatty acid
binding protein) that were significantly reduced in rats
consuming either the moderate-Zn depletion or supplemen-
tation diets. The decrease in these proteins may adversely
affect skeletal muscle function in vivo, resulting in
biochemical changes such as myofibril protein degradation
that leads to muscle atrophy, or by altering energy
metabolism via decreased fatty acid binding protein
expression [16] or antioxidant tone via decreased expression
of glutathiolated carbonic anhydrase III.

Results from recent in vitro and in situ studies indicate
that high levels of Zn induce the formation of reactive

oxygen species and increase lipid peroxidation [17,18]. The
mechanism may involve the Zn translocating to the
mitochondria and the activation of p53 [18]. The decrease
in the expression of the proteins discussed in the current
study may be associated with the formation of Zn-induced
reactive oxygen species in the rat solei, or in the nerves
innervating the solei, of the Zn supplemented animals.
However, the hypothesis that dietary supplementation with
200 ppm Zn causes increased formation of reactive oxygen
species in muscle tissue or at the neuromuscular junction
was not tested in this study.

Much of the research examining the role of Zn status in
animal health has focused on frank Zn deficiency. The
literature is replete with short-term feeding studies in rats
following Zn-deficient (typically 0-2 ppm) or Zn-adequate
(20-50 ppm) diets [19-22]. However, the effects of dietary
Zn on protein expression in growing rats have not
previously been investigated in a dose-response study
design, using both a moderately Zn-deficient diet (5 ppm)
and a supplemental-Zn diet (200 ppm), for an extended
duration (6 weeks). Very few studies have documented the
effects of moderate Zn deficiency, which may not be
diagnosed clinically because of the lack of reliable Zn
status indicators and overt symptoms of deficiency.
Moderate Zn deficiency may occur even in developed
nations, as classical studies have demonstrated increased
growth of Zn-supplemented children from middle to upper
socioeconomic classes in the United States and Canada
[23,24].

The data show that nutritional status of the rats was
affected by the different Zn diets without changing their
growth or food consumption. Consequently, the changes
observed in the muscle protein expression are occurring due
to the differences in Zn in the diet and not growth
impairment or differences in caloric intake. Proteomic
analyses of skeletal muscle have been used to identify
protein expression occurring as a function of muscle type
and disease state [25], but this is the first study that has used
differential proteomic analysis to identify muscle proteins
affected by dietary Zn deficiency and supplementation.

There have been a limited number of studies investigat-
ing the effects of Zn deficiency on muscle function.
Functional analysis indicates that dietary Zn depletion in
humans (0.3 mg Zn/day) caused a significant reduction in
the total work capacity, though not affecting the peak force
generated by the muscle [7]. Following depletion for 12 to
14 days, the work capacity of the knee extensor was reduced
by almost 30%, and that of the shoulder extensor and flexor
was reduced by almost 25%. Zn depletion was continued for
an additional 21 to 27 days, then the subjects were repleted
for an additional 22 to 24 days. Importantly, muscle function
was not restored at this time, indicating that the effects of Zn
deficiency persisted. One hypothesis is that Zn depletion
causes reduced muscle lactate dehydrogenase activity,
thereby reducing the clearance of lactic acid during exercise
and negatively affecting muscle endurance [7].
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Other effects of Zn deficiency that would affect muscle
function include the effects of Zn deficiency on the
composition of the cellular membranes, including nerve
and muscle. In chicks, dietary Zn deficiency caused
peripheral neuropathy and a reduction in the sciatic nerve
conduction velocity. Nerve conduction velocity was not
restored to normal after a week of repletion following
3 weeks of depletion [26]. Similar results were observed in
guinea pigs. In addition, the activity of Na,K-ATPase was
reduced in Zn-deficient animals [27]. The effects of Zn
deficiency on nerve conduction may further affect the
response of the muscle to stimulation due to exercise and
affect the fiber composition of the muscle and its ability to
adapt [3].

The glutathiolation of proteins protects them from
modification by oxidation and occurs almost immediately
following the initiation of cellular oxidation. Glutathione,
besides becoming oxidized and protecting the cell against
damage, binds to sulthydryls on proteins and protects them
from oxidation as well [28]. The presence of S-glutathio-
lated carbonic anyhdrase III suggests that under normal
conditions muscle may be under oxidative stress. Since the
amount of S-glutathiolated carbonic anyhdrase I1I is reduced
in the Zn-depleted rats, then the muscle may be more
susceptible to damage due to oxidative stress compared to
rats consuming normal dietary Zn levels. A recent study in
humans found that, in red blood cells, total carbonic
anhydrase activity, carbonic anhydrase I and II activities
were significantly lower in men consuming a diet low in Zn
[29]. The reduced activity of red blood cell carbonic
anhydrase correlated reduced physiologic responses to peak
and submaximal exercise, including oxygen uptake, carbon
dioxide output and the respiratory exchange ratio. The
biochemical changes in muscle protein expression that were
observed in the rats consuming the 5-ppm Zn diet used in
the current study are in line with the changes observed in the
study of red blood cells from human males consuming the
low-Zn diet by Lukaski [29], as both would result in
impaired responses to exercise.

The composition of the muscle fiber type is dependent on
the metabolic nature of the muscle, slow twitch vs. fast
twitch, oxidative vs. glycolytic. Myosin light polypeptide 3
expression is decreased in cardiomyocytes following hyp-
oxia preconditioning [30]. The decrease in the expression of
this protein in soleus skeletal muscle following Zn
deficiency and supplementation may be an adaptive
response as the muscle fibers change from an oxidative to
a glycolytic configuration.

Heat shock protein 20 is also named a-crystalline-
related, heat shock protein B6. These small heat shock
proteins form larger, mixed oligomeric complexes [31-33]
and are actin-binding proteins [34,35]; their association with
actin being phosphorylation dependent via cGMP protein
kinase [36]. These proteins are highly expressed in soleus,
and other skeletal muscles, containing primarily fibers
consisting of slow type 1 myosin heavy chain [37]. The

expression of these small heat shock proteins occurs in
response to changes in the stimulus. For example, the
amount of heat shock protein 20 decreases following limb
immobilization or inactivation by denervation [37-41].
Neural activity-independent factors such as neurotrophic
factors are not involved [28], indicating that it is the loading
of the muscle that affects expression of heat shock protein
20. This protein has been proposed as a marker for muscle
atrophy [40]. However, since the rats consuming the 5- or
200-ppm Zn diet did not exhibit a reduction in their growth
rate and body weight, muscle atrophy is not suspected in
these rats. Atrophy of the soleus muscles in these rats,
however, was not measured.

Heart fatty acid binding protein is involved in shuttling
long chain fatty acids within the cytosol of heart and skeletal
muscle. Studies using heart fatty acid binding protein null
mice found that the solei from these rodents hydrolyzed and
esterified less triacylglycerol and oxidized less palmitate
[16]. Although the muscles from these mice exhibited an
increase in fatty acid oxidation during contraction, their
metabolism remained significantly lower than solei from
wild-type mice [16].

The mechanism for the Zn-dependent reduction in the
amounts of the proteins discussed above may be related to
their ubiquitination and subsequent proteosomal degrada-
tion via the MURF family of ubiquitin ligases [42]. Future
experiments will need to be designed to determine the
specific role these changes in the soluble protein fraction of
skeletal muscle play in the physiological effects of Zn
depletion on contractility and metabolism.
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