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Abstract

Zinc (Zn) is an important trace element in the human body, and Zn deficiency affects the Zn content of major tissues. Marginal
Zn deficiency is more common than severe Zn deficiency in humans. The objective of the present study was to compare the
content and distribution of Zn and the change in the copper (Cu)-Zn superoxide dismutase (SOD) and metallothionein (MT)
levels of soft tissues. Mice were fed with 30 mg/kg (control) or 10 mg/kg (marginally Zn-deficient, MZD) Zn diet for 35 days.
We observed that only the Zn contents of serum, bones, and muscles in the control group were higher than those in the MZD
group. Autometallography (AMG) was used as a method for staining Zn ions, and the semi-quantitative result indicated
that the AMG products of the liver, duodenum, heart, lung, testes, and epididymis in the control group were higher than
those in the MZD group. Furthermore, the contents of MT and the activities of Cu—Zn SOD in the testes, brain, duodenum,
and liver were higher in the control group than those in the MZD group. However, the AMG products and the activities of
Cu—Zn SOD of the kidney in the MZD group were more/higher than those in the control group. These results indicated that
a change in the total Zn content of soft tissues may be not obvious and insensitive, and thus, more attention should be given
to the distribution and localization of Zn ions. The functional indicators, MT and Cu—Zn SOD, are suitable biomarkers for
evaluating zinc nutritional status. The brain, testes, duodenum, and liver are susceptive organs to Zn deficiency.
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Introduction

Zinc (Zn) is the second most common trace element in the
human body [1]; it plays important role in growth, immu-
nity, eyesight, brain development, and male reproductive
capacity [2-5]. Studies have shown that Zn deficiency can
affect various functions. In organisms, Zn is mostly obtained
from food. In many animal experiments, the Zn content of
standard diets ranged from 25 to 35 mg Zn/kg [6-8]. In
mice, a diet of 2 mg Zn/kg resulted in renal and myocar-
dial fibrosis [9, 10] and promoted testicular cell apoptosis
[5]. Meanwhile, a diet of 3 mg Zn/kg changed behavior,
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with the procedure being similar to the pathophysiology of
depression in rats[11]. Some studies have shown that Zn
deficiency is related to preneoplastic lesions in chemically
induced hepatocarcinogenesis by establishing a 3.5 mg Zn/
kg diet Zn-deficient model [12].

Different indicators have been used to measure the nutri-
tional status of Zn in the body. The Zn contents of organs
have been detected in some studies [13, 14]; serum Zn has
also been used in considerable research to evaluate the nutri-
tional status of Zn [15]. However, the insensitivity of serum/
plasma Zn should be considered [16]. Copper (Cu)-Zn
superoxide dismutase (SOD) is a metalloenzyme that is
responsible for scavenging harmful reactive oxygen species
[17]. When cells are treated with elevated Zn levels, their
Cu—Zn SOD activities are markedly increased [18]. Cu—Zn
SOD activity is typically used to evaluate oxidative stress in
a variety of studies, such as oxidative stress in ischemic brain
damage [19]. Cu—Zn SOD is a key biological parameter of
Zn status in the body [20]. Huang et al. evaluated body Zn
levels by using Cu—Zn SOD activity to explore the effects
of Zn supplements [21]. Metallothionein (MT) is a small
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protein that participates in metal ion-related events, such
as metal detoxification, homeostasis, storage, and delivery
[22]. Calvo demonstrated that MT expression can be affected
by Cu and Zn levels. Moreover, MT tends to bind with cad-
mium (Cd); hence, it is frequently used as an antidote to
Cd poisoning [23]. Previous studies have reported that MT
expression decreases with the reduction of Zn level and vice
versa [24, 25]. Therefore, Mocchegiani inferred that MT is a
useful tool for evaluating Zn supplements [26].

The localization and distribution of Zn in tissues have
recently received increasing attention. The common detec-
tion method used is autometallography (AMG), a silver
amplification technique that is frequently used to detect
the distribution of Zn ion. Research has demonstrated that
the brown-black band of AMG particles is distributed near
the edge area of the nucleus layer in the retina [27]. Wang
explored the function of Zn transporter (ZnT)-3 in nerves
by detecting the distribution of Zn [28]. The distribution of
Zn in mouse ovarian follicles and corpus luteum was also
a concern [29]. By using ImageJ software developed at the
National Institutes of Health (NIH) in gray scale analysis,
the semi-quantitative analysis of Zn content is realized.
Therefore, the localization distribution and relative amount
of Zn can be determined [30].

However, most studies on Zn deficiency have explored
the effects of severe Zn deficiency in animal experiments.
Nevertheless, population survey results have shown that the
proportions of Zn deficiency and marginal Zn deficiency
among the Japanese were 0.4% and 46.0% in men and 0.6%
and 38.4% in women. Therefore, increased attention should
be given to marginal Zn deficiency [31]. Comprehensive
studies on Zn nutritional status in tissues remain lacking.
Hence, we designed a study that established a mouse model
by feeding mice with marginal Zn concentration to compare
the content and distribution of Zn and the change in the
Cu—Zn SOD and MT levels of soft tissues, providing a sci-
entific basis for the rational selection evaluation biomarker
of Zn nutritional status.

Materials and Methods
Animals

First, 30 SPF ICR male mice aged 4 weeks were purchased
from the Experimental Animal Tech Co. of Vital River (Bei-
jing, China) (ID#:110,011,201,107,028,047, Beijing, China).
All animal experiments performed in this study followed the
ethical standards of the NIH’s Guide for the Care and Use
of Laboratory Animals, and the animal study protocol was
approved by the Institutional Animal Care and Use Commit-
tee of the Animal Experiment Center of Wuhan University
(permit no.: WP2020-08,053).

The mice were maintained with a controlled light
schedule (12-h light:12-h dark) at animal room tempera-
ture (21 +2 °C) with constant humidity (30-70%). All
the mice had free access to standard commercial food and
distilled water (use of laboratory animals’ license no.:
SYXK(HB)2019-0013).

Experimental Design

After a normal adaptation period of 7 days, the mice were
divided into two groups: the control group and the margin-
ally Zn-deficient (MZD) group, with 15 mice per group. In
accordance with the literature [32-34], the control group
was fed with a standard diet that contained 30 mg/kg Zn,
while the MZD group was fed with a low-Zn diet that con-
tained 10 mg/kg Zn for 35 days. Feeds were purchased from
Trophic Animal Feed High-Tech Co. (Nantong, China).
Body weight was recorded two times a week, and food and
water intake were recorded once a week.

Sample Collection

Before 12 h, the mice were sacrificed and dissected, and the
feeds of all the animals were removed. Then, 10 mice from
each group were anesthetized, weighed, and necropsied.
Blood samples were collected from the heart and kept at
room temperature for 2 h. After centrifugation for 15 min at
3000 rpm (835 g), the separated serum was stored at —80 °C.
The hearts, livers, spleens, lungs, kidneys, brains, testes,
epididymides, bones, muscles, and duodena were removed.
After weighing, these organs were washed several times with
deionized water and then placed in ion-free plastic centri-
fuge tubes at —80 °C.

Zn Content in Serum and Tissues

Zn concentrations in the serum and tissues were determined
via atomic absorption spectrophotometry. First, 150 pL of
serum was diluted into 3 mL of 1% nitric acid. For the diges-
tive solution of the tissues, 8 mL of 65% H,0, and 2 mL
of HNO; were mixed. Then, 100 mg of each tissue was
weighted into 10 mL of the mixture. Subsequently, the sam-
ples were placed on a thermostatic electric heating plate and
heated at 150 °C until the liquid became clear. After cooling,
the liquid was placed into the cavity of a microwave oven
and heated for 0.5 h at 200 °C. After performing this pro-
cedure, clear and transparent solutions were obtained, and
the volume of the resulting solution was adjusted to 5 mL
by adding 1% HNO;. Blanks were prepared with the same
reagents undergoing a similar treatment. Readings were
made via flame atomic absorption spectroscopy (FAAS)
(AA240FS-GTA120, Varian Inc., Palo Alto, CA, USA).
A Zn hollow cathode lamp 213.9 nm (slit at 0.5 nm and
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current at 10 mA), automatic samplers (for introducing 20
pL of samples or standards), and deuterium lamps were used
for background correction. Quality control was ensured by
analyzing the reference materials provided by the National
Institute of Metrology, China (GBW08620 for Zn measure-
ment) before and after the measurements of routine samples.
The values of these reference samples were consistent with
the provided ranges.

Distribution of Zn in Tissues

In the experiment, AMG, a technology for detecting Zn ions
characteristically, was used to determine the distribution of
Zn. Five mice were anesthetized and perfused transcardi-
ally with 100 mL of isotonic saline, followed by 100 mL of
2.5% glutaraldehyde in 0.1 M PB. Tissues were removed and
immediately immersed into the same fixative at 4 °C for 4 h,
and then the samples were transferred to NTS (0.1% sodium
sulfide and 3% glutaraldehyde in 0.1 M Sgrensen phosphate
buffer) for 3 days. All the samples were immersed in 30%
sucrose at 4 °C overnight. After freezing, 10-pm-thick sec-
tions were cut and placed on glass slides pretreated with
Farmer solution and immersed into AMG developer at 26
°C without light. After 1 h, AMG development was stopped
by using 5% sodium thiosulfate solution for 10 min. Then,
the tissue slices were counterstained with 1% toluidine blue.
Finally, the slices were sealed with neutral gum and then
analyzed and photographed using light microscope.

Determination of Cu-Zn SOD Activities

Cu—Zn SOD activities in the plasma, hearts, livers, spleens,
lungs, kidneys, brains, testes, muscles, and duodenum were
measured using a commercially available kit (Nanjing
Jiancheng Bioengineering Institute). The tissues were pre-
pared into tissue homogenates, and protein concentrations
were determined using a bicinchoninic acid (BCA) protein
assay kit (Beyotime, Jiangsu, China). Plasma Cu-Zn SOD
activities were expressed as units per milliliter (U/mL), and
testicular Cu—Zn SOD activities were expressed as units per
milligram (U/mg) of protein.

Determination of MT Contents

The MT contents of the heart, liver, spleen, lung, kidney,
brain, testis, muscle, and duodenum were measured using a
mouse MT enzyme-linked immunosorbent assay (ELISA)
kit (Shanghai Jining Industrial Co., Ltd., China) in accord-
ance with the manufacturer’s instructions. The tissues were
prepared into tissue homogenates, and the protein concentra-
tions in these tissues were measured using a BCA protein
assay kit (Beyotime, Jiangsu, China). Finally, MT contents
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were measured with the MT ELISA kit. MT contents were
expressed as nanograms per gram (ng/g) of protein.

Statistical Analysis

SPSS version 26.0 (Chicago, IL, USA) was used for data
analysis, and Student’s ¢ test was used for between-group
comparisons. If without special instructions, then all the
values represent the mean + standard deviation (SD), and
p <0.05 was considered statistically significant. Image anal-
ysis software (ImageJ) was used to analyze the percentage
of AMG products in AMG staining silvers.

Results
General Conditions of Mice

The overall conditions of mice in the control and MZD
groups were good. No visible abnormal signs of damage
were observed throughout the experiment. No significant
differences in body weights and food and water intake were
noted between the groups (p > 0.05) (Fig. 1A—C). These
results suggested that the general conditions of the ani-
mals were good, and the animals were unaffected by Zn
deficiency.

Analysis of Zn Content Detected via FAAS

As shown in Fig. 2A, the Zn concentration in the serum of
the control mice was 1.06+0.07 pg/mL. It was significantly
decreased to 0.76 +0.04 pg/mL in the mice that were fed
with MZD diet for 35 days (p <0.01).

In the standard Zn diet control group, Zn concentration
in the bones was the highest, reaching up to 106.03 pg/g
(Fig. 2B). In the major soft tissues, Zn concentration ordered
from high to low was as follows: the liver, duodenum, testis,
kidney, spleen, heart, lung, brain, muscle, and epididymis.
With regard to per gram of muscles consisting of 9.52 pg Zn,
Zn concentration was lower than in the liver, duodenum, and
the testis by 3.25, 2.48, and 2.21 times, respectively. The Zn
contents of the duodenum, testis, kidney, spleen, heart, lung,
and brain were nearly the same, and the difference was not
statistically significant.

With an MZD diet for 35 days, the Zn level in bones
decreased most evidently by 16.71% compared with that of
the control group (p <0.05). Moreover, the Zn level in mus-
cles decreased significantly by 26.15% (p <0.01 versus con-
trol). However, no significant change was detected in the Zn
levels of the duodenum, testis, kidney, and other soft tissues.



Characteristics of Zn Content and Localization, Cu—Zn SOD, and MT Levels in the Tissues of...

265

Fig. 1 General information of
mice during the experiment
period: A body weight, B food
intake, and C water intake
(n=15)
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Fig.2 Zn concentration in the
mouse serum (A) and major tis-
sues (B) after xx days of feeding
detected via FAAS. The results
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Localization of Zn lons by Using AMG Staining

As shown in Fig. 3, the AMG reaction products of Zn
appeared as brown-black particles. In accordance with the
distribution, number, and size of these particles, the location
and concentration of Zn can be estimated approximately.

In control mice, the AMG reaction products accumulated
along the hepatic cords toward the central veins in the liver
(A1); mostly concentrated on the villi of the small intestine
in the duodenum (B2); appeared in the sustentacular cells
of the testis (C1); distributed around the kidney spheres in
the kidney (D1); accumulated along the myocardium in the
heart (F1); and distributed in the upper cortex of the output
tubules and the epididymal canals in the epididymis (J1).
The staining particles of the lung, muscle, and brain were
less than those in the liver and other tissue, and the reaction
products of the control were more than the MZD.

The percentage of AMG semi-quantity was computed by
the area of the AMG products divided by the area of the total
AMBG staining silver. The result is presented in Fig. 3K. The
AMG products of control mice was significantly higher than
that of MZD mice in the liver, duodenum, heart, lung, testis,
and epididymis, and no significant reduction was detected in
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the spleen, brain and muscle, p <0.05. However, the result in
the kidney tissue was the opposite, with more AMG products
in the MZD group.

MT Contents of Organs

Figure 4 shows that the MT content of the heart was the
highest in mice with standard diet, i.e., up to 1462.78 ng/
gprot, followed by those of the muscle, spleen, lung, brain,
testis, duodenum, liver, and kidney. The lowest MT content
of these tissues was recorded in the kidney, i.e., as low as
253.44 ng/gprot. The MT content of the heart was 5.77 times
that of the kidney.

With an MZD diet for 35 days, significant differences can
be observed in the heart, liver, spleen, testis, brain, and duo-
denum. The MT contents of these organs in the MZD group
were lower than those in the control group (p <0.05). Com-
pared with those in the control group, the MT contents of the
duodenum, heart, spleen, liver, brain, and testis decreased
by 36.93%, 33.08%, 32.61%, 32.14%, 24.16%, and 17.62%,
respectively, in the MZD group.

Although statistically significant differences were not
observed in the muscle, lung, and kidney between the two
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Fig.3 Zn localization distribu- Control Control
tion stained using the AMG

protocol described in this paper
(A-)). A1/A2, liver; B1/B2,
duodenum; C1/C2, testis; D1/
D2, kidney; E1/E2, spleen; F1/
F2, heart; G1/G2, lung; H1/H2,
brain; 11/12, muscle; and J1/J2,
epididymis. Arrows indicate
AMG staining particles. K
denotes a semi-quantity of
AMG, the area of AMG prod-
ucts/the area of AMG staining
silver. * represents significance
at p<0.05

groups, the mean value of the MT content of the MZD group ~ Cu-Zn SOD Activities in Organs

was lower than that of the control group. The MT content

decreased by 11.08%, 8.55%, and 7.60%, respectively, com-  As shown in Fig. 5, the activity of Cu-Zn SOD in the testis
pared with those in the control group. was the highest in the control mice, reaching up to 263.24
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Fig.3 (continued)
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U/mgprot, followed by those in the muscle, brain, duo- With an MZD diet for 35 days, significant changes were

denum, spleen, heart, liver, lung, and kidney. The lowest noted in the testis, brain, duodenum, liver, and kidney
activity of Cu—Zn SOD was observed in the kidney, i.e.,  (p <0.05). Among these changes, the Cu—Zn SOD activity
43.94 U/mgprot. Cu—Zn SOD activity in the testis was six ~ of the duodenum was the most significantly decreased by
times higher than that in the kidney. 46.13%, followed by those of the brain by 43.55%, liver by
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Fig.4 MT contents in the major soft tissues after xx days of feeding.
The results are expressed as mean=+SD, n=5. * represents signifi-
cance at p <0.05
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Fig.5 Cu—Zn SOD activity in the major soft tissues after xx days of
feeding. The results are expressed as mean+SD, n=5. * represents
significance at p <0.05

35.75%, lung by 22.15%, and testis by 13.31%. Although
the differences in the Cu-Zn SOD activities between the
MZD and control groups were insignificant in the muscle,
spleen, heart, and kidney, the mean values of the Cu-Zn
SOD activities of these organs in the control group was
higher than those in the MZD group. Compared with those
in the control group, Cu—Zn SOD activities decreased by
15.72% (muscle), 16.37% (spleen), and 20.67% (heart) in
the MZD group. Interestingly, the Cu—Zn SOD activities of
the kidney in the MZD group were higher than those in the
control group, p <0.05.

Discussion

Research has indicated that Zn deficiency remains severe
and affects human health worldwide [35-37], with approxi-
mately 20% of the world’s population estimated to have mar-
ginal Zn intake [31]. Zn is an important element that affects
essential physiological functions. Puberty is a key period for
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growth and development; hence, focus should be placed on
marginal Zn deficiency during puberty. In our study, puber-
tal mice were selected by feeding with a 10 mg/kg Zn diet
to establish a marginal Zn deficiency model. After 35 days
of feeding, the mice were dealt with to explore Zn concen-
tration and distribution in tissues and compare the levels of
Cu-Zn SOD and MT with the control (standard feed) group.

Zn concentration has been used to reflect Zn status in
many studies. As shown by our results, the Zn concentra-
tions of the serum, muscles, and bones of the MZD group
were lower than those of the control group. Bones and mus-
cles are Zn storage organs. Zn is carried into the blood after
being digested and absorbed, and serum Zn is typically used
as an indicator of Zn content in clinical applications [31].
Hence, serum can be considered the starting point after Zn
circulates through the body, with bones and muscles as the
destinations. In our study, the concentrations of Zn in serum,
bones, and muscles decreased conspicuously, but no sig-
nificant reducibility was observed in the other soft tissues.
The results were similar to those in other studies [10, 38].
On this basis, we speculated that the body can mobilize a
compensation function with a marginal Zn-deficient diet to
ensure the Zn level in the major soft tissues and maintain
the function of Zn.

In our study, Zn distribution was detected via AMG
staining. The staining particles of the liver had the high-
est amount, and they accumulated along the hepatic cords
toward the central veins. This result may be explained by
the manner in which Zn is transported. Zn is transported by
the blood; hence, staining particles are distributed densely
in the central veins and sparsely in the capillaries. AMG
products in the duodenum are largely distributed in the intes-
tinal villi. This situation may be explained by the absorption
mechanism of Zn, which was adjusted by ZnT and ZIP [39].
In this study, the mice obtained Zn through ingestion. Zn
is an important element for maintaining the function and
structure of the heart and testis. Jing suggested that Zn defi-
ciency promotes fibrosis in the myocardium of mice, leading
to histopathological changes in testicular tissue and exert-
ing harmful effects on sperm quality [10, 40]. The AMG
results indicated that the staining particles of the heart in
the MZD group were less than that in the control group;
hence, the heart is sensitive to Zn deficiency. The staining
results of the epididymis showed that AMG particles were
mostly distributed in the upper cortex of the output tubules.
The primary function of the epididymis is promoting the
maturation and storage of sperms. Dawid suggested that
Zn supplements may protect the male reproductive system
from oxidative damage and may have a beneficial effect on
sperm viability, which is contacted with the epididymis [41].
The AMG products of the liver, duodenum, heart, testis,
and epididymis in the MZD group were less than those in
the control group. Two Zn pools are found in a cell: (1)
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slow-acting (structural Zn), which is associated with protein
synthesis or cell membrane; and (2) fast-acting (free Zn),
which works as a signal transmit and catalyst [42]. Total
Zn concentration in human cells is 200-300 pM, and Zn
ion concentrations are within the picomolar range in the
cytosol. In accordance with these data, the concentration of
structural Zn is considerably higher than that of free Zn [43].
The AMG reaction product is free or loosely bound zinc ions
[44]. Hence, the change in the total Zn content of tissues is
not obvious and insensitive. More attention should be given
to the distribution and localization of Zn ion, which can be
presented by AMG.

MT is also an important indicator that reflects Zn status.
It is a type of binding protein that can combine with Zn,
Cu, and Cd. MT expression is related to Zn accumulation in
certain organs [45]. Zn deficiency and toxicity can be against
protectively by MT I and MT II [46], and MT expression
decreased with a decrease in dietary Zn content in previ-
ous studies [25]. Hence, MT can be used as an indicator
to reflect the Zn level of a body. In addition, Zn deficiency
leads to lower serum Zn content and causes higher inci-
dences of heart malformations. MT1 expression decreases in
the placenta [47]. A previous study showed that an increase
in heart Zn affects MT expression, inhibiting dietary Cu
restriction-induced cardiac hypertrophy [24]. MT has been
verified to have functions in Zn homeostasis, and dietary Zn
affects organ MT content. Elzbieta’s study suggested that
MT concentration is responsive to Zn status in the intestine
and liver [48]. Magnesium deficiency enhances Zn uptake
to increase hepatic Zn concentration, leading to enhanced
MT expression [22]. Zn deficiency decreases kidney MT1
and MT2 expressions in the Zn-deficient mouse mode [9].
Our MT expression analysis showed that the MT contents
of the heart, liver, spleen, testes, brain, and duodenum were
significantly lower in the MZD group than that in the control
group (p <0.05). Furthermore, the means of MT contents in
the other organs were also lower in the MZD group. These
results are consistent with those of previous studies. There-
fore, as an indicator that reflects Zn content, MT content
may be more sensitive than the Zn contents of tissues. In
accordance with the result, MT content in the heart was the
most sensitive to Zn deficiency and exhibited the highest MT
content change among these organs.

Zn plays an important role in the function of Cu—Zn SOD
[49]. A previous study showed that maintaining an appropriate
Zn level protects Cu—Zn SOD activity [50]; Zn supplement
was benefit for improving Cu—Zn SOD [51]. Hence, Zn level
is closely related to Cu—Zn SOD activity. Only a few studies
have been conducted to explore the relationship between Zn
concentration and Cu—Zn SOD activities in different organs.
However, some studies have confirmed that Zn supplements

increase Zn concentration and Cu—Zn SOD activities in serum
[21, 52, 53]. In our study, we found that the Cu—Zn SOD
activities of the testis, brain, duodenum, and liver decreased
significantly with a reduction in dietary Zn. The means of
Cu-Zn SOD activities in the other organs were lower in the
MZD group than in the control group. Such result is similar
to those of previous studies. However, Gowanlock found that
Zn concentration is not related to Cu—Zn SOD activity in Zn-
deficient pigs [54]. In our study, the Cu—Zn SOD activities of
the kidney increased remarkably in the MZD group compared
with that in the control group. This finding is consistent with
the consequence of AMG semi-quantity in the kidney. Cu—Zn
SOD activities are reflected by Zn ions, and AMG stains Zn
ions in the tissues. Therefore, the similar trend of the two indi-
cators in the kidney is rational. This finding may be attributed
to the dose of diet Zn content being in the margin of Zn defi-
ciency, leading to no kidney damage and activating Cu—Zn
SOD activities.

The above results showed that brain, testis, duodenum, and
liver were susceptive organs to Zn deficiency. The potential
mechanisms may be as follows. The brain is a is a fine regu-
latory organ. Zinc ions are required to participate in neural
development and regulate intra- and intercellular signals as
signal molecules [55]. As to testis, Zn is a crucial element for
male reproduction. Zinc ions participate in the synthesis and
secretion of sex hormones and affect sperm quality [56]. The
duodenum is the main organ to maintain Zn homeostasis by
regulating Zn uptake and efflux; when dietary zinc is deficient,
the content of zinc in duodenum may be the first affected [57].
And the liver is one of “storage” of Zn. when zinc is defi-
cient, the body will mobilize Zn stored in the liver to maintain
important functions of other organs and Zn homeostasis [58].

In conclusion, our study indicates the following: (1) the
detection of total Zn content is suitable for detecting Zn status
in the serum, muscles, and bones. (2) MT and Cu—Zn SOD are
suitable biomarkers for evaluating zinc nutritional status. (3)
The brain, testis, duodenum, and liver are susceptive organs
to Zn deficiency.
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