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The impact of zinc deficiency on systemic mineral homeostasis remains unclear. This study investigated the
effects of zinc deficiency on mineral homeostasis by quantifying sixteen minerals across nineteen tissues,
along with their intake, excretion, and distribution. Principal component analysis revealed distinct differences in
the mineral composition profiles of serum, whole blood, heart, spleen, testis, urine, and feces between the
low-zinc and normal-zinc diet groups. Specifically, zinc deficiency enhanced intestinal absorption of Ca, Co,
V, Ni, and Mo, and decreased their excretion, leading to elevated concentrations in the blood, heart, kidneys,
testes, and cecal contents. Conversely, zinc deficiency increased the excretion of As, Mg, Se, and K, resulting
in reduced concentrations of these minerals in the kidneys, testes, spleen, and femur. Additionally, zinc
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deficiency directly influenced the distribution of Mn, Cr, Cu, Na, and Pb, causing significant alterations in their
concentrations across multiple tissues. Correlation analysis revealed that changes in mineral concentrations
may contribute to a spectrum of adverse health outcomes. Our findings revealed that zinc deficiency disrupts
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1. Introduction

Zinc is an essential trace mineral required by the human body.
Approximately 10% of proteins rely on zinc as a structural
component or enzymatic cofactor." Zinc deficiency can result
in a spectrum of health issues, including growth retardation,
impaired taste and smell, skin lesions, and compromised
immune and reproductive functions.>* An estimated 15% of
the global population is affected by zinc deficiency, particu-
larly in low- and middle-income countries, due to inadequate
dietary zinc intake or poor absorption.*”

Studies have demonstrated that zinc deficiency alters the
concentrations of zinc, calcium, copper, iron, magnesium, sel-
enium, and potassium in various tissues, including serum,
kidney, testis, intestine, and
671 This mineral homeostasis imbalance can lead to

liver, stomach, pancreas,

prostate.
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systemic mineral homeostasis through four key pathways: intake, absorption, distribution, and excretion.

multi-level physiological and metabolic disorders, contributing
to the development of various complex diseases.'>"®
Therefore, understanding the effects of zinc deficiency on the
body’s mineral homeostasis is critical.

The concentrations of minerals in the body are regulated by
multiple factors, including dietary intake, absorption, excretion,
and tissue distribution. Research indicates that zinc deficiency
reduces food intake,"”'® impairs copper and iron
absorption,">?® and alters the excretion of calcium, sodium,
and magnesium.”>" In our previous study, rats subjected to a
low-zinc diet for 4 weeks exhibited reduced bone mineral
density, decreased calcium excretion, and lower liver calcium
concentration; however, serum and skeletal muscle calcium
concentrations were elevated."*?* These findings suggest that
zinc deficiency may induce calcium redistribution within the
body. Overall, zinc deficiency likely affects mineral concen-
trations in tissues by influencing multiple pathways such as
intake, absorption, excretion, and distribution. Therefore, iden-
tifying the causes of changes in mineral concentrations is chal-
lenging when studying only a single pathway. Current research
primarily focuses on alterations in the concentrations of specific
minerals (such as zinc, copper, and iron) in selected tissues®™**
but lacks comprehensive investigations that assess all tissues
and organs while simultaneously considering multiple path-
ways, including intake, absorption, excretion, and distribution.
Consequently, the overall effects of zinc deficiency on systemic
mineral homeostasis remain incompletely understood.

This journal is © The Royal Society of Chemistry 2026
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In this study, we measured the concentrations of sixteen min-
erals in nineteen different tissues and biological samples from
zinc-deficient rats, including serum, urine, feces, and a compre-
hensive range of tissues and organs. We also quantified the intake
and excretion of these minerals. Using these data, we investigated
the effects of zinc deficiency on mineral homeostasis through mul-
tiple pathways, including intake, absorption, excretion, and distri-
bution. Additionally, we analyzed the correlations between altered
mineral levels and serum biochemical markers.

2. Materials and methods

2.1. Animal experiments

Forty-eight male Sprague-Dawley rats (4 weeks old) were ran-
domly assigned to one of three groups: a low-zinc diet group
(LZG; 10 mg kg™ " zinc, n = 16), a normal-zinc diet group (NZG;
30 mg kg™! zinc, n = 16), and a pair-fed group (PZG; 30 mg
kg™ zinc, n = 16). The animal diets were commercial AIN-93M-
based formulations (Beijing Keao Co., Ltd). To reduce zinc
content, casein was replaced with egg white protein as the
primary protein source. While lower in zinc than casein, egg
white, together with other components (corn starch, soybean
oil, fiber), still contributed trace amounts of zinc."* The com-
position profiles and content of each dietary mineral are
detailed in Table S1. The low-zinc diet was formulated without
zinc supplementation and had a measured zinc content of
10.4 mg kg~'. By adding zinc carbonate to this base diet, a
normal-zinc diet targeting 30 mg kg™" was prepared; the experi-
mentally measured value was confirmed to be 30.4 mg kg™"
(Table S2). The LZG was fed a low-zinc diet, while the NZG
received a normal-zinc diet. The daily food consumption of the
LZG was recorded, and an equivalent amount was subsequently
provided to the PZG the following day. Any remaining or wasted
food was measured and accounted for on a daily basis, thereby
maintaining consistent intake between the two groups under
pair-fed conditions. All rats were housed individually in stain-
less steel cages with free access to deionized water under con-
trolled environmental conditions (24 + 1 °C, 50% =+ 5% relative
humidity, and a 12-hour light/dark cycle). The experiment was
terminated when 50% of the rats in any group had died natu-
rally. All procedures adhered to the Guide for the Care and Use
of Laboratory Animals of Harbin Medical University (Harbin,
China) and were approved by the Animal Ethics Committee of
Harbin Medical University (HMUIRB2019007PRE).

2.2. Sample collection and measurement of serum
biochemical indices

Before the end of the animal experiment, 48-hour urine and
fecal samples were collected. The rats were fasted for 12 hours
prior to euthanasia, and body weight was recorded. Blood was
collected using two types of tubes: plain tubes (Labtub, China)
for serum preparation and EDTA-K2 anticoagulant tubes
(Labtub, China) for whole blood analysis. For serum separ-
ation, samples in plain tubes were allowed to clot at room
temperature for 30 minutes, followed by centrifugation at
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3000g for 15 minutes. The supernatant serum was then ali-
quoted and stored at —80 °C until further analysis. For whole
blood samples collected in EDTA-K2 tubes, the tubes were
gently inverted several times to ensure proper mixing.
Aliquoting was completed within 2 hours of collection, and
samples were stored at —80 °C until analysis. To exclude poten-
tial interference from EDTA-K2 in mineral analysis, we set up a
matrix blank control: ultrapure water (18.2 MQ c¢m) was added
to the EDTA-containing anticoagulant blood collection tubes
and processed alongside the samples. The measurement
results of all whole blood samples were corrected by subtract-
ing the background values from the blank control, confirming
that the anticoagulant did not introduce any contamination.
During tissue collection, all tissues were thoroughly rinsed
with physiological saline, and the heart was perfused prior to
sampling to minimize residual blood and its potential impact
on mineral concentration measurements.

Serum concentrations of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), total cholesterol (TC), trigly-
cerides (TG), high-density lipoprotein cholesterol (HDL-C), and
low-density lipoprotein cholesterol (LDL-C) were measured
using an automatic biochemical analyzer (Hitachi 7100, Japan).

2.3. Sample pretreatment

All samples were pretreated using a microwave digestion system
(LabTech, Italy). For each sample, 100 mg of tissue (or 100 pL
for serum, blood, and urine) was accurately weighed into a
microwave digestion vessel. Six milliliters of concentrated nitric
acid (>65%, GR grade, Merck, Germany) were added, and diges-
tion was performed according to the instrument’s standard pro-
tocol: 150 °C for 20 minutes after a 5-minute warm-up, followed
by 190 °C for 20 minutes after a 10-minute warm-up. After diges-
tion, samples were deacidified at 160 °C, diluted to a fixed
volume with deionized water (Milli-Q system, 18.2 MQ cm), vor-
texed, and filtered for further analysis. The measured concen-
trations were normalized to tissue weight.

2.4. Quantification of twenty-one minerals by ICP-MS

The concentrations of twenty-one minerals in nineteen types of rat
samples were determined using a Thermo Scientific iCAP-Q induc-
tively coupled plasma mass spectrometer (ICP-MS) at the
Heilongjiang Provincial Center for Disease Control and
Prevention. Prior to formal analysis, tuning solutions containing
Li, Y, Ce, and Tl were used to optimize the ICP-MS detection con-
ditions. During analysis, an internal standard mixture (100 pg
L), including Sc**, Ge”%, Rh'®, Tb"®°, Lu'’?, and Bi**, was intro-
duced to correct for matrix interference. Mineral concentrations
were quantified using the external calibration method, with cali-
bration standards (Catalog No. 5183-4688) purchased from Agilent
Technologies. The calibration range for each mineral was deter-
mined based on its concentration in the samples.

2.5. Method validation

The accuracy, recovery, and precision of the method were vali-
dated according to the aforementioned pretreatment and
quantification procedures. Accuracy evaluation: the certified
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reference material Seronorm Serum L-1 RUO was used for
measurement, and the obtained values were compared with
the certified values. Recovery evaluation: blank samples were
spiked with mixed standard solutions at different concen-
trations. Specifically, 5% nitric acid was divided into four por-
tions, and three portions were spiked with low, medium, and
high concentrations of the target elements. The spiking con-
centrations for K, Ca, Na, Mg, and Fe were 1, 5, and 20 mg L™,
while those for V, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Mo, and Pb
were 10, 50, and 200 pg L. Six replicates were prepared for
each concentration level. Additionally, six replicates of
unspiked blank samples were measured to determine the base-
line concentration. The recovery rate was calculated using the
following formula: Recovery (%) = [(concentration after spiking
— unspiked concentration)/spiked concentration] x 100%.
Precision evaluation: three concentration levels within the
standard curve range were selected. Each level was analyzed in
six replicates, and the relative standard deviation (RSD) was
calculated.

2.6. ICP-MS stability evaluation

The mixed test solution was used as a quality control (QC)
sample, and one QC sample was inserted after every 30 test
samples. After the experiment, principal component analysis
(PCA) was performed on the measurement results to assess the
stability of the instrument throughout the analytical process.

2.7. Data processing and analysis

Data analysis was conducted using GraphPad Prism (version 9,
CA, USA) and MetaboAnalyst 6.0(https:/www.metaboanalyst.ca).
Results are expressed as mean + standard deviation (SD). One-
way ANOVA with the LSD post hoc test was used to analyze stat-
istical differences among groups, while comparisons between
two groups were performed using the t-test. The Ward method,
with Euclidean distance as the distance metric, was applied for
sample clustering. Principal component analysis (PCA), com-
bined with multivariate analysis of variance (MANOVA), was
employed to assess differences in mineral composition profiles
across tissue groups. The Spearman rank correlation coefficient
was used to evaluate correlations between mineral concen-
trations in each organ and serum biochemical markers. The
24-hour in vitro excretion of each mineral was calculated as
follows: Mineral excretion = (mineral concentration in urine x
urine volume) + (mineral concentration in feces x fecal
excretion). The apparent absorption rate for each mineral was
calculated as follows: (Mineral intake — total mineral excretion)/
mineral intake x 100%. All statistical tests were two-tailed, and a
P-value < 0.05 was considered statistically significant.

3. Results

3.1. Food intake, body weight, serum zinc concentration, and
biochemical indices of rats

At the end of the experiment, the median survival time—
defined as the age at which half of the animals in a group had
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died—was 23 months for the NZG, and approximately
25 months for both the LZG and PZG. The average food intake
during the final month showed no significant differences
among the groups (Table 1 and Fig. S1). Compared to the NZG
and PZG, serum zinc concentration was significantly lower in
the LZG (P < 0.05). Notably, the body weight of LZG rats did
not decrease but rather demonstrated an increasing trend, a
finding that warrants further investigation. Serum levels of
ALT, AST, and LDL-C were significantly higher in the LZG com-
pared to the NZG and PZG. Urine volume and fecal output
showed no significant differences among the three groups
(Fig. S2). No significant differences were observed between the
PZG and NZG (Table 1).

3.2. Method validation and instrument stability evaluation

Mineral concentrations were measured in a total of 707
samples, including feces, urine, cecal contents, femur, serum,
and fourteen types of in vivo rat tissues. Five minerals (Al, Ag,
Cd, Sb, and Ba) were omitted from further analysis due to their
concentration levels being insufficient for reliable quantifi-
cation, falling below the instrument’s detection limit. All
remaining minerals exhibited excellent linearity over their
respective concentration ranges, with R*> values consistently
exceeding 0.9984 (Table S3). The analytical method demon-
strated robust performance characteristics, including high accu-
racy, recovery rates ranging from 78.4% to 110.8%, and pre-
cision with relative standard deviations (RSD) below 7.74%
(Tables S4-S6). Additionally, quality control (QC) samples
exhibited tight clustering in the principal component analysis
(PCA) score plot (Fig. S3), reflecting consistent instrumental per-
formance and stability throughout the experimental procedure.
These results collectively validate the reliability and reproduci-
bility of the methodological approach employed in this study.

3.3. Characteristics of mineral composition profiles in rat
tissues and samples

The mineral composition profiles of feces, urine, cecal contents,
femur, serum, and 14 in vivo tissues exhibited distinct separ-
ation (Fig. 1A). Except for the duodenum and cecum, samples
from the same tissue clustered together in the PCA plot (Fig. 1B)

Table 1 Food intake, body weight, serum zinc concentration, and
serum biochemical indicators of rats

LZG NZG PZG
Food intake (g day™) 22.29 +5.14 22.19 + 4.69
Body weight (g) A827.17 +219.33  753.63 +166.60 773.08 + 79.89
Serum zinc (ug ml™") 1.29 +0.28* 1.65 £ 0.30 1.56 +0.22
ALT (UL 109.40 + 44.75*  65.56 £37.40  68.20 + 35.86
AST(UL™) 308.33 + 115.55* 216.22 +73.72  223.4 +103.06
TCHO (mmol L™) 2.28 +0.62 1.97 +£0.30 2.04 +0.66
TG (mmol L™) 0.35+0.13 0.27 £ 0.10 0.46 + 0.28
HDL-C (mmol L) 0.93 +0.32 0.84 +0.20 0.85 +0.27
LDL-C (mmol L™) 1.06 + 0.40% 0.6 £0.14 0.73 +0.32

LZG: low-zinc group; NZG: normal-zinc diet group; PZG: pair-fed group.
The food intake of the PZG was matched to that of the LZG. *: P < 0.05
(One-way ANOVA, LZG vs. NZG and PZG).

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Mineral composition profiles across nineteen distinct tissues and biological samples. The results shown in (A—C) were derived from the com-
bined data of all three groups (NZG, LZG, and PZG). (A) PCA score plot of feces, cecal contents, femur, serum, urine, and fourteen in vivo tissues. (B)
PCA score plot of fourteen in vivo tissue samples. SC-Fat: subcutaneous fat; SK-muscle: skeletal muscle. (C) Heatmap showing hierarchical cluster-
ing of minerals in fourteen in vivo tissues. Each row corresponds to a mineral, and each column corresponds to a biological sample, with color
coding consistent with (B). Hierarchical clustering was performed using the Pearson correlation coefficient as the distance measure and the Ward
method as the clustering algorithm. The values shown in the heatmap range approximately from —3 to 3 and represent normalized mineral concen-

tration data.

and were grouped into the same category in the heatmap ana-
lysis (Fig. 1C). The concentrations of 16 minerals demonstrated
marked variability across the 14 in vivo tissues (Fig. 1C). These
findings collectively underscore the complexity of mineral
metabolism and its tissue-specific regulation, emphasizing the
need for a comprehensive, multi-tissue approach to understand-
ing mineral homeostasis in physiological systems.

3.4. Analysis of inter-group differences in sixteen minerals
among nineteen distinct tissues or samples

As shown in Fig. 24, the mineral composition profiles of seven
tissues (feces, urine, serum, whole blood, heart, spleen, and
testis) in the LZG demonstrated clear separation from those of
the NZG and PZG, while no significant differences were
observed between the NZG and PZG. These findings suggest
that zinc deficiency selectively altered the mineral composition
profiles of these seven tissues, indicating their heightened sen-
sitivity to zinc deficiency. Specifically, the concentrations of
fifteen minerals (excluding Fe) were significantly altered in
these tissues (Fig. 3, Tables S7-S13).

As shown in Fig. 2B, no significant inter-group variations in
mineral composition profiles were detected across ten tissues
(cecal contents, kidney, femur, liver, lung, skeletal muscle,

This journal is © The Royal Society of Chemistry 2026

subcutaneous fat, prostate, pancreas, and brain) among the
three groups. However, significant changes in the concen-
trations of one or more of these eleven minerals (Zn, Ca, Co, V,
Ni, As, Mg, Se, K, Mn, and Cu) were observed in specific
tissues (Fig. 3, Tables S14-523).

As shown in Fig. 2C, no significant differences were
observed in the mineral composition profiles of the duode-
num and colon, nor in the concentrations of the sixteen min-
erals in these tissues (Fig. 3, Tables S24 and S25).

3.5. Correlation analysis between mineral levels and serum
biochemical results

As shown in Fig. 4, significant correlations were observed
between one or more of the minerals (Na, Mg, K, Ca, V, Fe, Co,
Zn, Se, and Mo) in tissues such as the liver, colon, heart, and
spleen and the levels of ALT and AST. In the cecal contents,
serum, lung, heart, liver, spleen, and other tissues, one or
more of the sixteen minerals showed significant correlations
with TCHO, TG, HDL-C, and LDL-C. Of particular interest, zinc
deficiency markedly altered the concentrations of Na, Mg, K,
Ca, V, Co, Ni, Zn, and Mo in the heart, liver, feces, urine, and
other tissues (Fig. 3). These changes were significantly associ-
ated with increased ALT, AST, and LDL-C levels.

Food Funct., 2026,17,1758-1767 | 1761
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These findings collectively highlight the intricate relation-
ships between tissue-specific mineral homeostasis and key bio-
chemical parameters, underscoring the physiological signifi-
cance of zinc sufficiency in maintaining metabolic balance.

4. Discussion

Despite the well-documented roles of zinc in growth, immune
function, and metabolic regulation, the systemic impact of
zinc deficiency on mineral homeostasis in the body remains
poorly understood. This study addresses this gap by employing

1762 | Food Funct., 2026, 17,1758-1767

a multi-organ ionomics approach to comprehensively investi-
gate the impact of zinc deficiency on mineral homeostasis
across multiple tissues and pathways. Our findings reveal that
the disruption of mineral homeostasis in zinc-deficient rats
occurs through four pathways: intake, absorption, distribution,
and excretion. This integrated analysis provides novel insights
into the complex physiological and metabolic consequences of
zinc deficiency.

4.1. Organ-specific variations in mineral profiles

Previous studies have documented variations in mineral com-
position profiles across different organs, such as the brain,

This journal is © The Royal Society of Chemistry 2026
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heart, kidneys, liver, and muscles.>*** Consistent with these

findings, our study extends this observation to include urine,
feces, cecal contents, serum, femur, and fourteen additional
organs (Fig. 1). The distinct separation in mineral compo-
sition profiles across these matrices underscores the signifi-
cant heterogeneity in mineral distribution, which is likely
attributable to the specific physiological functions of each
organ.”®

This journal is © The Royal Society of Chemistry 2026

4.2. Differential effects of zinc deficiency on organ-specific
mineral composition profiles

Previous studies have primarily focused on changes in a
limited number of mineral concentrations (usually fewer than
% In contrast, our study is the
first to comprehensively analyze alterations in mineral compo-
sition profiles across multiple tissues and biological samples

six) induced by zinc deficiency.
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(Fig. 2). We observed a significant difference in lifespan
between the zinc-deficient and control groups. Since lifespan
could also influence mineral concentrations, we performed a
comparative analysis of mineral levels between deceased and
surviving rats. Although some variations were observed, the
overall distribution patterns of minerals in key biological
samples—such as feces, urine, and serum—remained consist-
ent across groups. The observed similarities in mineral profiles
between dead and living animals suggest that the changes are
likely due to zinc deficiency and not a consequence of death
itself. To maintain statistical power and sample size integrity,
we included data from all animals, including those that died
prematurely, in the inter-group analysis. Our results demon-
strate that zinc deficiency significantly alters the mineral com-
position of feces, urine, serum, whole blood, heart, spleen,
and testis (Fig. 2A), indicating that these organs and samples
are particularly sensitive to disturbances in zinc homeostasis.
Conversely, mineral concentrations in the brain and intestine
were minimally affected by zinc deficiency, and their mineral
composition remained relatively stable. We have previously
shown that mild zinc deficiency markedly alters the cardiac
proteome,”® whereas the brain proteome is largely
unaffected.'® These consistent ionomic and proteomic find-
ings underscore tissue-specific responses to zinc deficiency
and highlight the need for integrated mechanistic studies to
elucidate how zinc deficiency disrupts mineral homeostasis
across tissues.

4.3. Four pathways of mineral homeostasis disruption

Zinc deficiency disrupts mineral homeostasis through four key
pathways: reduced zinc intake, disruption of mineral absorp-
tion and excretion, and direct redistribution of certain
minerals.

4.3.1 Reduced in zinc intake. Our results indicate no sig-
nificant differences in food intake among the three rat groups
at the end of the experiment (Fig. S1). However, the zinc
content in the diet of the LZG was one-third that of the normal
diet, the LZG received markedly less dietary zinc than the NZG
and PZG (Table S26); this reduction was imposed by the diet
itself. Zinc excretion in the urine and feces of these rats was
also decreased, suggesting that LZG rats maintained zinc
homeostasis by reducing zinc excretion. Despite this
reduction, the body’s zinc requirements were not met, ulti-
mately leading to decreased zinc concentrations in serum and
nine tissues (Fig. 3). Thus, low zinc intake is the primary factor
contributing to reduced zinc levels in the body.

Previous studies have demonstrated that low zinc intake
reduces zinc concentrations in serum, urine, feces, and several
tissues, including the liver, kidneys, pancreas, prostate, testis,
and intestine.”®'"32728 Thig study extends previous findings
by reporting reduced zinc levels in the spleen, skeletal muscle,
lung, subcutaneous fat, and cecal contents. However, in our
study, zinc deficiency did not affect Fe concentrations in all
tissues. In our previous study, we observed that a 4-week low-
zinc diet led to increased iron excretion in rats."> Although the
zinc content of the diets was identical in both experiments,
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the key variables were the duration of the dietary intervention
and the life stage of the rats—one group consisted of mature
adults, while the other was elderly. Based on these obser-
vations, we hypothesize that both the duration of zinc restric-
tion and the life stage of the animals may influence iron
metabolism. Other Previous studies have shown that severe
zine deficiency (1 or 3.8 mg kg~ zinc in the diet) can increase
Fe concentrations in the liver and intestines while decreasing
serum Fe levels.®” This discrepancy may be attributed to the
fact that our study employed a marginal zinc-deficiency model
(10 mg kg ™" zinc), rather than a severe deficiency.

4.3.2 Disruption of mineral absorption and excretion.
Under conditions of constant mineral intake, systemic mineral
homeostasis depends primarily on the balance between
absorption and excretion. Previous studies have shown that
zinc deficiency affects the excretion of Ca, Se, K, and
Mg.>'*142% In this study, we further demonstrated that zinc
deficiency modulates the excretion of Co, V, Ni, Mo, and As
(Fig. 3 and Table S27). Specifically, zinc deficiency reduces
fecal excretion of Ca, Co, V, and Ni and urinary excretion of
Mo, leading to elevated tissue concentrations in blood, heart,
kidneys, testis, liver, and spleen. Conversely, it increases fecal
excretion of As, Mg, and Se and urinary excretion of K, result-
ing in reduced tissue concentrations in kidneys, testis, spleen,
femur, and liver. As shown in Fig. 5 and Table S28, the appar-
ent absorption rates of nine minerals were differentially
altered in zinc-deficient rats. Specifically, the absorption of Ca,
V, Co, Ni, and Mo was elevated, whereas that of Zn, K, Mg, and
Se was reduced.

Based on the above results, it can be inferred that zinc
deficiency not only affects mineral excretion but also disrupts
systemic mineral homeostasis by modifying absorption. It
should be emphasized, however, that the observed changes in
absorption were inferred based on mineral excretion levels and
the apparent absorption rates. Further studies using isotope
labeling techniques are needed to validate these findings. In
summary, our study indicates that zinc deficiency significantly

m LZG
B NZG
® PZG

40

204

Apparent absorption rate (%)

Zn K Mg Se Ca Co V Ni
Minerals

Mo Na Mn Fe Cu Cr

Fig. 5 Apparent absorption rates of fourteen minerals in rats. Apparent
absorption rate (%) = (mineral intake — total mineral excretion)/mineral
intake X 100. LZG: low-zinc diet group; NZG: normal-zinc diet group;
PZG: pair-fed group. *: P < 0.05 (LZG vs. NZG); #: P < 0.05 (LZG vs.
PZG).
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influences both the absorption and excretion of minerals in
the body.

These changes in mineral concentrations are associated
with adverse health outcomes (Fig. 4). For example, alterations
in the homeostasis of seven minerals (Zn, Ca, V, Ni, Mg, K and
Na) in the liver, serum, kidney, heart, spleen, testis, and urine
were significantly correlated with elevated serum ALT and AST
levels, indicating potential liver dysfunction. Moreover, signifi-
cant correlations were observed between LDL-C levels and the
concentrations of six minerals (Ca, Co, V, Ni, Mo, and Mg) in
the heart, liver, spleen, feces, and urine. These findings
suggest that mineral imbalances induced by zinc deficiency
may collectively contribute to altered lipid metabolism and
metabolic dysfunction.

Notably, among all tissues examined, testicular Ca
increased nearly tenfold in LZG (Table S13). Our previous work
showed that zinc deficiency reduces calmodulin, elevates PTH,
and subsequently alters systemic calcium distribution.*
Therefore, we propose that this systemic dysregulation offers a
mechanistic basis for our new finding of ectopic calcium depo-
sition in the testes. Such changes may reduce sperm concen-
tration and impair testicular function.*'

4.3.3 Direct redistribution of specific minerals. Despite no
observed changes in intake, absorption, or total excretion of
these minerals (Mn, Cr, Cu, Na, and Pb), their tissue concen-
trations exhibited significant variations (Fig. 3). This suggests
that zinc deficiency may primarily affect their systemic distri-
bution, leading to tissue-specific mineral imbalances.

Exposure to Pb and Cr is associated with an increased risk
of cardiovascular disease.*** In this study, zinc-deficient rats
showed elevated concentrations of Pb, Ca, V, and Ni in the
heart, along with increased heart weight. Notably, cardiac Pb
levels were positively correlated with heart weight (Fig. S4). In
contrast, zinc supplementation has been shown to reduce the
accumulation of these heavy metals and mitigate associated
cardiovascular risks.”>*® These findings suggest that zinc
deficiency may disrupt the homeostasis of multiple metals,
leading to their accumulation in the heart and potentially
impairing cardiac function.

Disruptions in mineral homeostasis can lead to multi-
layered physiological and metabolic disorders, contributing to
the development of complex diseases. Addressing how zinc
deficiency perturbs mineral homeostasis is critical for three
reasons. First, although minerals are known to exhibit intricate
interrelationships within the body; however, no study has yet
provided objective evidence of these interactions among
different mineral elements across various tissues. Second, zinc
deficiency is common worldwide and has been linked to
cardiovascular, skeletal and neurodegenerative disorders, but
its contribution via systemic mineral dysregulation remains
poorly quantified. Third, without a clear understanding of
which minerals are altered—and in which tissues—interven-
tions risk being poorly targeted. Our multi-organ ionomic
survey now delivers the first comprehensive landscape of zinc-
deficiency-induced mineral imbalances across fifteen
elements, offering the essential baseline data required to
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dissect the mechanistic pathways that link zinc status to
organ-specific pathology.

Our findings underscore that adequate dietary zinc intake
is essential for maintaining systemic mineral homeostasis. For
individuals with zinc deficiency, attention must extend beyond
zinc supplementation to include disturbances in other mineral
levels. Zinc-rich or zinc-fortified foods are therefore critical for
restoring the overall mineral imbalance induced by zinc
deficiency, and their regular consumption is vital for sustain-
ing proper mineral homeostasis.

4.4. Limitation

By employing multi-organ ionomic profiling, we identified
zinc-deficiency-induced disturbances in mineral homeostasis
and highlighted the complex interrelationships between zinc
and other minerals in the body. However, the underlying
mechanisms and their potential organ-specific implications
remain to be elucidated in future studies.

5. Conclusion

In this study, we employed a multi-organ ionomics approach
to comprehensively characterize changes in mineral concen-
trations induced by zinc deficiency. For the first time, we
found that mineral homeostasis in zinc-deficient rats is dis-
rupted through four key pathways: intake, absorption, distri-
bution, and excretion. This integrated perspective is essential
for understanding the complex physiological mechanisms
underlying zinc deficiency-related disorders. Additionally,
longitudinal studies in human populations are needed to vali-
date these findings and translate them into actionable strat-
egies to mitigate the health impacts of zinc deficiency.
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