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Abstract

Background
Zinc serves as a cofactor for over 10% of the human proteome, including transcription factors and
enzymes, and maintains protein structure and function. This provides a strong evidence regarding the
involvement of zinc in metabolic processes. Zinc de�ciency is one of the most common nutrient
de�ciencies worldwide. Our objective was to comprehensively determine how zinc de�ciency alters
serum, urine, and fecal metabolic pro�les.

Methods
Five-week-old growing Sprague–Dawley rats (n = 30) were housed individually in stainless steel
metabolic cages, with ad libitum access to food and water. Isoenergetic and isonitrogenous diets were
procured commercially. Serum, urine, and fecal samples were collected from zinc-su�cient (n = 15) and
zinc-de�cient (n = 15) rats after feeding a diet with an adequate amount of zinc (30 mg/kg) or a zinc-
de�cient diet (10 mg/kg), respectively, for four weeks. Samples from these three sources were
metabolically pro�led using ultra-high performance liquid chromatography-quadrupole time-of-�ight
mass spectrometry.

Results
A total of 33, 18, and 16 differential metabolites were identi�ed in the serum, urine, and feces,
respectively, between the zinc-su�cient and zinc-de�cient rats (P < 0.05). The integrated analysis of
altered serum, urine, and fecal metabolites revealed altered amino acid pro�les in serum and urine,
decreased acylcarnitine levels in serum and urine, increased bile acid excretion in feces, bile acid
accumulation in serum, increased lysophospholipidcholine levels, and changes in arachidonic acid
catabolites in the serum and feces of zinc-de�cient rats.

Conclusions
In summary, our results con�rm previous studies that altered metabolism of essential amino acids,
glucose, lipid, and bile acid in rats in response to zinc de�ciency. For the �rst time, we reported which
improved the effect of zinc de�ciency on metabolic homeostasis.

1 Introduction
Metabolic disturbance is the pathological basis of chronic diseases, such as cerebrovascular diseases
and diabetes [1], and improving metabolic homeostasis is effective in preventing chronic diseases.
Metabolic disturbance is a complex pathophysiological state caused by multiple factors, such as an
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imbalance of calorie intake, predominance of a sedentary lifestyle over physical activity, genetics, and gut
microbes [2]. However, these factors still cannot fully explain the causes of metabolic disorders, which
hinders precise targeted intervention for metabolic disorders. Individuals suffering from metabolic
disturbances often experience “hidden hunger,” which implies that individuals may have adequate energy
consumption, but suboptimal micronutrient intake [3]. However, the state of “hidden hunger” also
contributes to metabolic homeostasis. For example, three trace metals (selenium, vanadium, and
chromium) may play crucial roles in controlling blood glucose concentrations, possibly through their
insulin-mimetic effects [4]. Micronutrients, such as iron, zinc, and selenium, play a major role in regulating
cardiovascular function [5]. This might yield novel biological insights for addressing metabolic disorders,
and systematic studies on the effects of each trace element on metabolism, which require immediate
investigation.

Zinc is an indispensable trace element for health and plays a critical role in numerous physiological
functions. Zinc de�ciency leads to growth retardation, delay in sexual development, impairment of
neurological immune system, and acrodermatitis enteropathica [6–8]. Accumulating evidence has
revealed the potential role of Zn2 + in maintaining metabolic homeostasis. Studies have con�rmed the
inverse association between zinc intake and the prevalence of obesity, insulin resistance, and metabolic
syndrome [9–11]. A genome-wide association study also found that genetic variations in ZnT7/8, two
Zn2+ transporters, play critical roles in fatty acid accumulation and insulin clearance [12, 13]. However,
human genomic research has estimated that over 10% of the proteins in the human body require Zn2+ to
maintain their structure and function [14]. This provides a strong evidence that zinc de�ciency is more
likely to be involved in metabolic disorders. Consequently, the existing knowledge regarding zinc
de�ciency-induced metabolic disturbances is insu�cient. In addition, the transcriptomic and proteomic
studies of zinc de�ciency models also suggest that zinc further be involved in many other metabolic
processes [15, 16] ; these gene- and protein-based �ndings need to be con�rmed at the metabolic level.
For the above reasons, it is necessary to systematically re�ne the effects of zinc de�ciency on
metabolism.

The levels of substances in the body are the result of their pharmacokinetics [17]. Zinc de�ciency has
pleiotropic effects on substance homeostasis, such as changing dietary patterns and material
absorption, impairing substance metabolism, and altering excretion rates. Consequently, a
comprehensive analysis of zinc de�ciency in intestinal, blood, and urine metabolism would be helpful in
revealing the effects of zinc de�ciency on metabolic disorders. Metabolomics has been described as an
e�cient tool for identifying systemic metabolic variations by detecting the metabolic response of living
systems to pathophysiological stimuli; it can be applied to explore metabolic changes associated with
diseases [18]. Although metabolomics in different tissues and organs have been conducted in zinc-
de�cient models [19–21], few studies have combined serum, urine, and feces metabolomics to explore
metabolic abnormalities caused by zinc de�ciency. The current study is based on the use of ultra-high
performance liquid chromatography-quadrupole time-of-�ight mass spectrometry (UPLC-Q-TOF-MS/MS)
for metabolomic analysis. This study aimed to comprehensively elucidate the changes in metabolic
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phenotypes due to zinc de�ciency, using the UPLC-Q-TOF-MS/MS platform, to detect changes in the
serum, urine, and fecal metabolites; further these three metabolomic results were integrated to elucidate
the metabolic events associated with zinc de�ciency.

2 Materials And Methods
The main research contents included the stable establishment of a zinc-de�cient rat model; metabolomic
detection for serum, urine, and feces samples; and metabolite annotation in metabolic pathways. The
overall research �owchart is presented in Supplementary Figure 1.

2.1 Animal model and samples preparation
Five-week-old growing Sprague–Dawley (110–130 g) rats (n=30) were obtained commercially (Beijing
Vital River Laboratory Animal Technology Co., Ltd.). The average weight of the rats on initiation of the
experiment was 160.78±10.29 g. All rats were housed individually in stainless steel metabolic cages. To
minimize trace metal contamination, silicon plugs and stainless-steel drinking water pipes were used in
water bottles. Before the experiment, a seven-day adaptive feeding period with a standard rat diet (AIN-
93G, containing 30 mg Zn/kg) was conducted, with ad libitum access to distilled water. The animal room
was controlled for temperature (21–23 °C), humidity (53 %), and light (12 h light/dark cycle). The 30 rats,
which were numbered from 1 to 30 according to weight, were randomly divided into two groups
(n=15/group) at day 8, and then 30 random numbers were read from any row or column in the random
number table. All selected random numbers were numbered from small to large. Rats with odd and even
numbers were assigned to the normal zinc diet group (NZG) and low-zinc diet group (LZG), respectively.
The NZG and LZG were fed a diet containing 30 mg and 10 mg Zn/kg, respectively. The animal diets were
obtained commercially from the Beijing KeAoLiXie Animal Food Co., Ltd., China. Simultaneously, the
Zn2+ content of the diets was con�rmed by mineral analysis using atomic absorption spectroscopy. The
normal diet had 30.40±2.86 mg/kg of zinc and the low zinc diet had 9.70±1.50 mg/kg. The contents of
minerals, trace elements, and compositions in the diets are detailed in Supplementary Table 5. Both
groups were fed distilled water without metal ions. Feed intake was recorded daily, and body weight was
measured weekly throughout the course of the study. After being fed the respective diets for four weeks,
the animals were transferred to metabolic cages, using a sieve and funnel, to collect urine and feces
samples. The 24 h urine and stool samples were collected twice. Stool samples of all the rats were
collected and placed in non-ionic Eppendorf tubes. Urine samples were collected in 50 mL ion-free plastic
centrifuge tubes (Corning Incorporated) and centrifuged at 3000 rpm for 10 min, and the supernatant was
collected. Subsequently, all the rats were fasted for 12 h and euthanized using intraperitoneal injection of
10 % chloral hydrate (0.3 mL/kg body weight). Blood samples were collected from the abdominal aorta
and placed at room temperature for 2 h. After centrifugation for 15 min at 3000 rpm, serum was collected.
Serum, urine, and fecal samples were stored at -80 ℃ for further biochemical and metabolic pro�le
analysis. The animal study was reviewed and approved by the Animal Protection and Use Committee of
the Harbin Medical University.
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2.2 Serum biochemical analysis
Serum, urine, and feces Zn2+ and serum metallothionein concentrations were used to ascertain zinc levels
in the two groups. Samples were prepared by wet digestion, and the levels of serum, urine, and feces Zn2+

concentrations were measured using an atomic absorption spectrophotometer. Brie�y, HNO3:HClO4 (4:1)
solution (Guaranteed reagent, Xilong Sciten�c, China) was added to 200 μL serum, and the mixtures were
digested at 100 ℃ until the solutions became colorless. To reduce the acid content, 3 mL deionized water
was added to the digestive solution and dried twice with heat. The digested samples were dissolved in 5
mL 5 % HNO3. The pretreatment methods for feces and urine samples were similar to those used for
serum samples. The concentration of metallothionein was determined using enzyme-linked
immunosorbent assay kits (Summus Biotechnology Development Co. Ltd.) and a Hitachi 7100 automatic
biochemistry analyzer (Hitachi High-Technologies, Shanghai, China). We analyzed the differences
between the two groups using independent sample t-tests. Data were considered statistically signi�cant
at P<0.05.

2.3 Metabolomics analysis of serum, urine, and feces
2.3.1 Sample preparation 

To precipitate out protein from serum, 3× volume of methanol was added to the serum (350 mL). After
vortexing for 2 min, the mixture was centrifuged at 10,000 rpm for 10 min at 4 °C, and the supernatant
was collected. The supernatant was dried by evaporation using N2 at 37 °C, and the residues were re-
dissolved in 350 mL of acetonitrile/water (1:2), vortex-mixed for 2 min, and centrifuged at 14,000 rpm for
10 min at 4 °C. The pretreatment methods for urine samples were similar to those used for serum
samples. The fecal metabolite was extracted at a ratio of 1:3 (weight of fresh feces-to-methanol) in
methanol (chromatography grade). The samples were homogenized by whirl mixing for 2 min and then
centrifuged at 10000 rpm for 10 min at 4 °C. Serum, urine, and fecal samples were �ltered through a 0.22
µm ultra�ltration membrane (Millipore) for further removal of contaminants. The supernatants were
transferred to Eppendorf tubes and stored at -80 °C. 

2.3.2 UPLC−QTOF-MS/MS Analysis

UPLC-Q-TOF-MS/MS analysis was performed using a Waters Acquity UPLC system coupled to a Waters
Micromass Q-TOF micro™ mass spectrometer, with electrospray ionization (ESI) in the positive and
negative ion modes. Chromatographic (2 µL) separation was performed on an Acquity UPLC™ BEH C18
column (100 mm × 2.17 mm, 1.7 μm, Waters, Milford, MA, USA), maintained at a temperature of 35 °C
and a �ow rate of 0.35 mL/min. Analytes were eluted using a gradient of mobile phase A—water-formic
acid (100: 0.1, v/v) and mobile phase B—acetonitrile. The elution gradient was as follows: 2 % B for 0.5
min, 2−20 % B over 0.5−6.0 min, 20−35 % B over 6.0−7.0 min; 35−70 % B over 7.0−9.0 min; 70−98 % B
over 9.0−10.5 min; 98 % B for 2.0 min, and back to 2 % B for 6.0 min.
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For mass spectrometry analysis, a Waters Micromass Q-TOF 13 spectrometer was used, with a full scan
over 50−1000 m/z in positive and negative ion modes (Waters, Manchester, U.K.), source temperature of
110 °C, and a cone gas �ow of 15 L/h. A desolvation gas temperature of 320 °C and gas �ow of 650 L/h
were used. The capillary voltage was set at 3.0 kV in the ESI+ mode and 2.8 kV in the ESI− mode, and the
cone voltage was 35 V. All analyses were performed using a locking spray to ensure accuracy and
reproducibility. A lock mass of leucine enkephalin for the ESI+ ([M+H] + = 556.2771) and ESI− modes
([M+H]− = 554.2615) were used via a lock spray interface. The lock spray frequency was set at 10 s, and
the lock mass data were averaged over ten scans for correction.

UPLC-Q-TOF-MS/MS analysis of urine and feces samples was performed in a manner similar to the
serum analysis, with minor modi�cations.

2.3.3 Data processing

The raw UPLC-TOF-MS/MS data were analyzed using MarkerLynx Application Manager 4.1 (Waters
Corporation, Milford, MA, USA). MarkerLynx ApexTrack peak integration was used for peak detection and
alignment. The peak parameters (peak width at 5 % height and peak-to-peak baseline noise) were
automatically calculated by the system. The collection parameters were set as described in our previous
study [22].

The data matrix of samples was imported to SIMCA-P 14.0 software (Umetrics, Umeå, Sweden) for
multivariate analysis. Unsupervised principal component analysis was used for all the samples to
determine the general separation. Supervised multivariate analyses of orthogonal partial least square
discriminant analysis (OPLS-DA) were applied to highlight the maximal different metabolites associated
with zinc de�ciency. 

2.3.4 Identi�cation of differential metabolites

To ensure data availability, only metabolites with less than 20 % missing values were used for the
analysis. With respect to the identi�cation of differential metabolites, variables were selected based on a
threshold of VIP value (VIP > 1.0) and S-plot from the OPLS-DA model. Simultaneously, these differential
metabolites from the OPLS-DA model were validated at the univariate level using Student’s t-test, with the
critical P-value set to 0.05. Metabolites were identi�ed based on the accurate mass, retention time, and
matching MS spectra of the unknowns to the standard model compounds. The following databases were
used to support metabolite identi�cation: HMDB (http://www.hmdb.ca/) and METLIN (http://metlin-
scripps.edu/). Finally, variables with fold change less than 0.8 and greater than 1.2 were included in the
metabolic pro�le analysis to be considered as biologically signi�cant.

2.3.5 Metabolite pro�ling

MetaboAnalyst (http://www.metaboanalyst.ca/) was used for the pathway analysis. Kyoto Encyclopedia
of Genes and Genomes (https://www.kegg.jp/) and Small Molecule Pathway Database
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(http://www.smpdb.ca/) were used for functional analysis and mapping signi�cantly altered metabolites
in the metabolic pathway.

2.3.6 Data analysis

The analysis of food intake and weight development was expressed as β (95 % con�dence interval).
Differences between groups were analyzed using linear mixed models. Data were analyzed using R
software (version 4.1.2).

3 Results

3.1 The effects of zinc de�ciency on the clinical
characteristics of rats
In the current study, LZG rats exhibited slow weight gain with an estimated value of 33.82 (17.89–49.75,
P=5.55e-5) and reduced food intake at 12.48 (8.65–16.32, P=5.22e-09). In addition, the total zinc content
in the serum and zinc excretion in urine and feces were signi�cantly decreased in LZG rats. The
detailed Zn2+ concentrations in the serum, urine, and fecal samples are presented in Supplementary Table
1.

3.2 General alterations in the serum, urine, and feces
metabolome after zinc deprivation 
Based on the principal component analysis and OPLS-DA (Supplementary Figure 2–4) models, we
observed signi�cant differences between the LZG and NZG rats. The score plot from the OPLS-DA model
identi�ed the metabolites of the three metabolomes that contributed to the dissociation between the two
groups under restrictive conditions (VIP >1, fold change < 0.8 and >1.2, P<0.05); 33 signi�cantly altered
serum metabolites, 18 differential urine metabolites, and 16 differential fecal metabolites were ultimately
identi�ed.

3.3 Metabolic pro�ling analysis of altered serum
metabolites
Serum metabolomics revealed 33 signi�cantly changed metabolites, which could be assigned to the
following categories: amino acids, acylcarnitine and glucose metabolites, bile acids,
lysophosphatidylcholine (LysoPC), and arachidonic acid catabolites (Figure 2, Supplementary Table 2).
Among these, nine amino acids and their catabolites, including essential amino acids (threonine lysine,
and methionine) and nonessential amino acids (glutamate, glycine, serine, and tyrosine), and tryptophan
hydrolysates of kynurenine and hydroxykynurenine showed signi�cantly lower concentrations in the LZG
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rats than in the NZG rats. Conversely, serum saccharopine levels were elevated in the LZG rats. Serum
glucose levels were increased in the LZG rats, while levels of glucose metabolites, L-lactic acid, and
glycerate 3-phosphate were decreased. Further, four kinds of acylcarnitines were found to decline in the
serum. In addition, the levels of four bile acids, seven LysoPC, and delta-12-prostaglandin J2 were
increased in the serum. Levels of glycerophosphocholine, a hydrolysate of LysoPC, were reduced in the
serum. 

3.4 Metabolic pro�le analysis of altered urine metabolites
Eighteen differential metabolites were detected using urine metabolomics. Our metabolite classi�cation
results indicated changes in the urine metabolic pro�les of amino acids, acylcarnitines, glucose
metabolism-related metabolites, and several organic acids in LZG rats (Figure 3, Supplementary Table 3).
Brie�y, the urinary excretion rates of two amino acids (glycine and taurine) and amino acid metabolites
(quinolinic acid, S-adenosylhomocysteine, homocarnosine, indole pyruvate, and indoxyl sulfate)
decreased in the LZG rats. The urinary excretion of glucose was augmented, whereas its downstream
metabolites, including acetic acid and alpha ketoglutarate, were decreased. Regarding lipid metabolism,
we observed the augmented excretion of three kinds of organic acids related to lipid metabolism and
decreased excretion of �ve acylcarnitines in LZG rats.

3.5 Metabolic pro�le analysis of altered fecal metabolites
Among the 16 fecal metabolites detected, excretion of seven bile acids was signi�cantly augmented in
feces. The augmented excretion of phosphatidic acid and monoglyceride in feces were also observed. In
addition, the excretion of two hydrolysates of arachidonic acid, prostaglandin G1 and 12-oxo-20-d-LB4,
and the tryptophan catabolite of indoleacetyl glutamine, were augmented in the LZG rats. In general, zinc-
de�cient rats showed increased excretion of fecal metabolites (Figure 4, Supplementary Table 4). 

3.6 Integrated analysis of altered serum, urine, and fecal
metabolites
To elucidate the association between metabolites and the possible exchange processes in serum, urine,
and feces, we manually mapped all the altered metabolites of the three metabolomes against the Kyoto
Encyclopedia of Genes and Genomes and Small Molecule Pathway databases (Figure 5). In the serum
and urine, declined glycine and acetyl-carnitine levels were observed. In addition, serum glucose and urine
glucose excretion were elevated in zinc-de�cient rats. Bile acids and arachidonic acid-related metabolites
were detected in the serum and feces. Elevated 7-sulfocholic acid levels were observed in both serum and
feces. The same substance was not detected in the urine and feces. 

4 Discussion
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To our knowledge, the present study is the �rst to use serum, urine, and feces metabolomics to illustrate
the adverse effects of zinc de�ciency in rats. The results showed changes in the metabolic pro�le
of amino acids in serum and urine, decreased acylcarnitine levels in serum and urine, increased bile acid
excretion in feces, increased bile acid accumulation in serum, increased LysoPC levels, and zinc
de�ciency-induced changes in arachidonic acid catabolites in serum and feces.

4.1 Serum and urine metabolomic signatures indicated
abnormally changed amino acid pro�les
Zinc deprivation in food alters the intake pattern of self-selecting low protein food and impaired amino
acid metabolism [17, 23-25]. Consistent with previous studies, we observed decreased levels of essential
amino acids and their catabolites in serum and urine after dietary zinc deprivation. Saccharopine is a
catabolite of lysine, and indoleacetyl glutamine, indole pyruvate, and indoxyl sulfate are all tryptophan
catabolites. Notably, all four metabolites are derived from micro�ora [26-28], indicating that zinc
deprivation may disturb the bacterial degradation of essential amino acids.

4.2 Serum and urine metabolome signature indicating
abated glucose anaerobic metabolism and decreased
enzymatic carnitine transfer system
Zinc deprivation is associated with glucolipid metabolism disorders. Previous studies have revealed that
zinc de�ciency induces the downregulation of glycolysis and free fatty acid degradation by reducing the
expression and weakening the activities of enzymes associated with glucolipid metabolism [29].
Consistently, the current serum and urine metabolomics results also re�ected impaired glycolysis,
explained by the high glucose levels in serum and urine, accompanied by lowered levels of the
intermediates of glycolysis, including serum glycerate 3-phosphate, L-lactic acid, and urine acetic acid,
after zinc deprivation. 

Regarding lipid metabolism, a change in tissue fatty acid composition and the ratio of saturated and
monounsaturated to polyunsaturated fatty acids, depending on the zinc status, has been reported for a
variety of tissues [30-32]. We observed a signi�cant reduction in arachidonic acid concentration and a
modest increase (20:5) in the ratio of saturated and monounsaturated to polyunsaturated fatty acids (n-
3) in serum, similar to a previous study in rats fed a zinc-de�cient diet [33, 34].

The altered fatty acid composition of hepatic lipids in zinc-de�cient rats re�ects the downregulation of
enzymes required for fatty acid oxidation in peroxisomes and mitochondria [35]. In the current study, we
observed increased levels of 4-aminohippuric acid and cis-5-decenedioic acid, which are fatty acid
metabolites, in urine. The enrichment of these metabolites in urine was used to diagnose disorders
associated with mitochondrial free fatty acid beta-oxidation [36, 37]. Thus, their increased urine
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concentrations indirectly con�rmed that the oxidation of fatty acids by mitochondrial pathways may be
reduced in zinc-de�cient rats. 

In addition, we observed decreased urine dodecanedioic acid excretion. Urine dodecanedioic acid is an
indicator of liver carnitine palmitoyltransferase-I (CPT-1) [38], and its decreased excretion indicate the lack
of CPT-1 in the liver of zinc-de�cient rats. This is consistent with the reduction in CPT-1 mRNA levels in
the liver of zinc-de�cient rats observed in a previous study [35]. CPT-1 is an essential enzyme, catalyzing
the transfer of the acyl group of long-chain fatty acid-coenzyme A conjugates onto carnitine were
decreased in the serum and urine [39]. In the current study, various short-, medium-, long-, and branched-
chain acylcarnitine levels [40]. In particular, the serum and urine levels of L-acetyl carnitine, the
quantitatively and functionally most important acylcarnitine [41], after zinc deprivation decreased to 0.54
and 0.71 times, respectively, of those in the NZG rats. These results con�rm that the import and oxidation
of fatty acids by mitochondrial pathways and the peroxisomal breakdown may also reduce due to the
impaired fatty acid import system in the inner mitochondrial membrane, which provides a new insight for
exploring the potential effect of zinc de�ciency on lipid metabolism. 

4.3 Zinc deprivation induced changes in bile acid pro�les in
serum and feces
The main sodium/bile acid cotransporter (SLC10A1) is liver-speci�c [42], and its decreased levels in the
liver have been reported in zinc-de�cient rats [16]. In addition,the bile acid content of feces is also
increased during zinc de�ciency [43]. Consistent with previous studies, in the current study, we observed
increased bile acids in the serum and feces of LZG rats. Chenodeoxycholic acid glycine conjugate and
lithocholic acid, mainly bile acid and secondary bile acid in rats [44], respectively, increased 3.40-fold and
3.59-fold in feces, respectively. The primary defect in lipid absorptive processes in zinc-de�cient rats
occurs during the formation of chylomicrons [45]. Meanwhile, the vectorial transport of bile salts from the
blood into bile is essential for the emulsi�cation of lipids in the intestine[46]. Thus, the increased
excretion of monoglyceride and phosphatidic acid may be associated with zinc de�ciency-induced
abnormal bile acid metabolism. These results re�ect the direct involvement of zinc in the regulation of
bile acid metabolism. 

4.4 Zinc deprivation increased in�ammation-related serum
LysoPC levels and caused changes in arachidonic acid
metabolism
LysoPC is a major lipid component of the plasma membrane and has a broad spectrum of
proin�ammatory activities [47]. LysoPC is mainly derived from the turnover of phosphatidylcholine by
secretory phospholipase A  [48]. Previous research has suggested that the luminal hydrolysis of
phosphatidylcholine to LysoPC by phospholipase 2 may be impaired in zinc-de�cient rats [49]. In the
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current study, we observed augmented levels of seven LysoPCs in the serum of zinc-de�cient rats. This
re�ects the disturbance of phosphatidylcholine metabolism due to zinc deprivation. Additionally,
decreased serum levels of glycerophosphocholine, the hydrolysate of LysoPC, were also observed in the
current study. Lysophospholipase participates in the hydrolysis of LysoPC to glycerophosphocholine. A
complementary DNA-based array showed signi�cantly decreased transcriptional levels of
lysophospholipase in zinc-de�cient rats [50]. This indicates that zinc de�ciency may induce the systemic
accumulation of LysoPC in the following two ways: augmented production and suppression of LysoPC
catabolism.

Previous studies have also reported disturbed arachidonic acid metabolism in zinc-de�cient conditions.
The involved metabolism included the induced expression of cyclooxygenase-2 and the increased activity
of arachidonate 5-lipoxygenase, two key enzymes involved in the production of prostaglandin and
leukotriene B4 from arachidonic acid [51-53]. Prostaglandin and leukotriene B4 are both in�ammatory
mediators, involved in triggering different in�ammatory responses [54]. In the current study, we observed
increased prostaglandin and leukotriene B4 catabolite levels in serum and feces, rather than
prostaglandin and leukotriene B4. This could be because prostaglandin and leukotriene B4 are unstable
and hydrolyze rapidly [55, 56].

Conclusions
In summary, integrated metabolomics of serum, urine, and feces provided a comprehensive platform to
interrogate the metabolic pro�le associated with zinc de�ciency. In the current study, we con�rmed the
previous studies that zinc de�ciency impaired amino acid metabolism, glucose anaerobic metabolism,
lipid metabolism, changed bile acid circulation,arachidonic acid metabolism and induced systemic
accumulation of LysoPC. In addition, a novel aspect, a depleted enzymatic carnitine transfer system was
also revealed in the current study. These �ndings highlight the critical role of trace element in maintaining
metabolic homeostasis. The current study also has several limitations. First, the zinc-de�cient model
used in the current study was a severe de�ciency, which could lead to obviously impaired feed intake and
weight loss. However, people are often suffered from a state of “hidden hunger”, namely individuals who
may have adequate energy consumption, but suboptimal micronutrient intakes. This condition does not
produce obvious clinical symptoms but is a potential threat to health. Thus, future research on the
metabolic changes under subclinical Zn de�ciency conditions, which are more relevant from a practical
perspective. Second, the present study lacks resolution since only one low and one high dose were
compared, which is not in favor of the well-known non-linear adaption of Zn homeostasis and associated
metabolic pathways. Third, lack of joint research on proteomics and metabolomics, resulting in
limitations in mechanism interpretation. Thus, these �ndings are presented with caution, and further
studies on subclinical zinc de�ciency using a dose-response models and more dimensional omics
research should be conducted.

Abbreviations
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MD Metabolic disturbance

VIP Variable importance in the projection

PCA Principal component analysis

OPLS-DA Orthogonal partial least squared discriminant analysis

LysoPC Lysophosphatidylcholine

TCA cycle Citric acid cycle

ECTS   Enzymatic carnitine transfer system
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Figure 1

Change trends in food intakes, body weight, food intake, serum Zn2+, urine Zn2+, and fecal Zn2+ of two
groups. *: P < 0.05, LZG vs NZG. LZG, low zinc group; NZG, normal zinc group.
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Figure 2

Heatmap of metabolite class signi�cantly altered in serum in zinc de�ciency rat model (P<0.05, T-test).
The map displays the value of the mean log2-ratio from NZG and LZG group. Red shading denotes an
increase and blue shading a decrease in LZG compared to NZG, respectively. 24-OH-THCA, Varanic acid;
3a,7a-DHCA, 3a,7a-Dihydroxycoprostanic acid; THCA, Coprocholic acid; SLCA, Sulfolithocholic acid;
LysoPC, Lysophosphatidylcholine. Derived physiological clustering are labeled on the right. 

Figure 3

Heatmap of metabolite class signi�cantly altered in urine in zinc de�ciency rat model (P<0.05, T-test). The
map displays the value of the mean log2-ratio from NZG and LZG group. Red shading denotes an
increase and blue shading a decrease in LZG compared to NZG, respectively. Derived physiological
clustering are labeled on the right. 
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Figure 4

Heatmap of metabolites signi�cantly altered in feces in zinc de�ciency rats model (P<0.05, T-test). The
map displays the value of the mean log2-ratio from NZG and LZG group. Red shading denotes an
increase and blue shading a decrease in LZG compared to NZG, respectively. MCA, Muricholic acid; LCA,
Lithocholic acid; SLCA, 7-Sulfocholic acid; SCDCA, Chenodeoxycholic acid sulfate; GCDA,
Chenodeoxycholic acid glycine conjugate; GCDC, Glycochenodeoxycholic acid; 7a,12a-DOCA, 7a,12a-
Dihydroxy-3-oxo-4-cholenoic acid; PA, phosphatidic acid; MG, Monoglyceride. Derived physiological
clustering are labeled on the right. 
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Figure 5

Potential metabolic pathways and metabolites �ux associated with zinc deprivation. Red: increased after
zinc deprivation; blue: decreased metabolites after zinc deprivation. Pentagram denotes metabolites were
detected by urine metabolomics, and triangle denotes metabolites were detected by feces metabolomics.
Pink box represents serum; gray box represents feces; yellow box represents urine.PA, Phosphatidic acid;
MG, Monoglyceride; EAAs, Essential amino acids; LysoPC, lysophosphatidylcholine; PC,
phosphatidylcholine; PG1, Prostaglandin G1; D12-PGJ2, Delta-12-rpostaglandin J2. TCA, Citric acid cycle;
EHC, Enterohepatic circulation.
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