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Abstract: Zinc is an essential element for maintaining normal physiological function in
living organisms. In this study, the urine proteome of rats before and after short-term intragastric
administration of 82 mg/kg/d zinc gluconate (equivalent to 11.7 mg/kg/d zinc) was compared and
analyzed. Many differential proteins have been reported to be zinc-related, such as mucin-2
(MUC-2) (14 times before compared with after gavage, p = 0.005) and trangthyretin (3.9 times
after gavage compared with before gavage, p = 0.0004). Biological processes enriched in
differential proteins (e.g., regulation of apoptoss process, immune system process, etc.),
molecular functions (e.g., calcium binding, copper binding, signaling receptor activity, etc.),
KEGG pathways (e.g., complement and coagulation cascades, PI3K-Akt signaling pathway, etc.)
showed correlation with zinc. In this study, we explore the overall effect of zinc on the body from
the perspective of urine proteomics, which is helpful to deeply understand the biological function
of zinc and broaden the application potential of urine proteomics.
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1 Introduction

Zinc plays a crucial role in various physiological processes. Zinc is a structural component
and a catalytic and regulatory cofactor of many enzymes and transcription factors, and is involved
in DNA synthesis, protein synthesis, proliferation, maturation, death, immune response,
antioxidant defense, and other life processes in cells™?. Zinc also acts as a regulatory and signal
transduction element in intercellular and intracellular communication®,

Zinc deficiency can lead to a variety of health problems, including growth retardation,
immunodeficiency, hypogonadism, and neuronal and sensory dysfunctions®. Abnormalities in
zinc homeostasis have also been linked to the development of chronic diseases such as cancer,
diabetes, depression, Wilson's disease, and Alzheimer's disease™®. Zinc homeostasis is regulated by
zinc transporter proteins and metallothioneins.

Since urine is not part of the internal environment, in contrast to plasma, there is no
mechanism for homeostasis, and it is able to accumulate early changes in the physiological state of
the organism, reflecting more sensitively the changes in the organism, and is a source of
next-generation biomarkers®. The proteins in urine contain a wealth of information that can
reflect small changes produced in different systems and organs of the organism. Our laboratory
has previoudly reported that the urine proteome is able to reflect the effects of magnesium
threonate intake on the body in a more systematic and comprehensive manner, and has the
potential to provide clues for clinical nutrition research and practice!”.

Although the physiological functions of zinc have been extensively studied, to date, there
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have been no studies exploring the overall effect of zinc on the organism from the perspective of
the urinary proteome. In this study, zinc gluconate was chosen as the supplement for the study
population. Zinc gluconate is an organic zinc supplement with low gastric mucosal irritation, easy
absorption in the body, and high absorption and solubility, which is widely used in health care
products, pharmaceuticals and food.

The aim of this study was to investigate the changes in the urinary proteome of rats after zinc
gluconate intake, in the hope of deepening the understanding of the physiological functions of zinc,
providing new perspectives and new clues for nutritional studies, and contributing to a more
scientific guidance for human health and dietary regulation of trace elements.

2 Materialsand Methods

2.1 Experimental materials

2.1.1 Experimental consumables

5 ml gerile syringe (BD), gavage needle (16-gauge, 80 mm, curved needle), 1.5 ml/2 ml
centrifuge tube (Axygen, USA), 50 ml/15 ml centrifuge tube (Corning, USA), 96-well cdll culture
plate (Corning, USA), 10 kD filter (Pall, USA), Oasis HLB solid phase extraction column (Waters,
USA), 1mlI/200ul/20ul pipette tips (Axygen, USA), BCA kit (Thermo Fisher Scientific, USA),
high pH reverse peptide separation kit (Thermo Fisher Scientific, USA), iRT ( indexed retention
time, BioGnosis, UK).

2.1.2 Experimental apparatus

Rat metabolic cages (Beijing Jiayuan Xingye Science and Technology Co., Ltd.), frozen
high-speed centrifuge (Thermo Fisher Scientific, USA), vacuum concentrator (Thermo Fisher
Scientific, USA), DK-S22 electric thermodtatic water bath (Shanghai Jinghong Experimental
Equipment Co., Ltd.), full-wavelength multifunctional enzyme labeling instrument (BMG Labtech,
Germany), oscillator (Thermo Fisher Scientific, USA), TS100 constant temperature mixer
(Hangzhou Ruicheng Instruments Co. BMG Labtech), eectronic balance (METTLER TOLEDO,
Switzerland), -80 71 ultralow-temperature freezing refrigerator (Thermo Fisher Scientific, USA),
EASY-nLC1200 Ultra High Performance Liquid Chromatography system (Thermo Fisher
Scientific, USA), and Orbitrap Fusion Lumos Tribird Mass Spectrometer (Thermo Fisher
Scientific, USA) were used.

2.1.3 Experimental reagents

Zinc gluconate (Zinc gluconate) was purchased from Shanghai Yuanye Biotechnology Co.,
Ltd, CAS No. 4468-02-4, molecular formula C12H22Zn0O14, purity over 98%. In addition,
Trypsin Golden (Promega, USA), dithiothreitol (DTT) (Sigma, Germany), iodoacetamide (IAA)
(Sigma, Germany), ammonium bicarbonate NH4HCO3 (Sigma, Germany), urea (Sigma,
Germany), and purified water (Wahaha, China) were used, Methanol for mass spectrometry
(Thermo Fisher Scientific, USA), Acetonitrile for mass spectrometry (Thermo Fisher Scientific,
USA), Purified water for mass spectrometry (Thermo Fisher Scientific, USA), Tris-Base (Promega,
USA), Thiourea (Sigma, Germany) and other reagents.

2.1.4 Analysis software

Proteome Discoverer (Version2.1, Thermo Fisher Scientific, USA), Spectronaut Pulsar
(Biognosys, UK), Ingenuity Pathway Analysis (Qiagen, Germany); R studio (Versionl1.2.5001);
Xftp 7; Xshell 7.

2.2 Experimental Methods
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2.2.1 Animal modeling

The present study was conducted using 17-week-old rats to minimize the effects of growth
and development during gavage. Five healthy SD (Sprague Dawley) 9-week-old male rats
(250+20 g) were purchased from Beijing Viton Lihua Laboratory Animal Technology Co. The rats
were kept in a standard environment (room temperature (22+2)0, humidity 65%-70%) for 8
weeks and weighed 500-600 g. The experiments were started, and all experimenta operations
followed the review and approval of the Ethics Committee of the School of Life Sciences, Beijing
Normal University.

Dietary nutrient tolerable upper intake levels (UL, tolerable upper intake levels): the average
daily maximum intake of a nutrient for a population of a certain physiological stage and gender,
which has no side effects or risks to the health of ailmost all individuals. Recommended nutrient
intakes (RNI): intake levels that meet 97-98% of the individual needs of a particular age, gender,
or physiological group.

According to the Dietary Guidelines for Chinese Residents, the UL for zinc is 40 mg/d™®. The
UL for humans was converted to a dose for rats based on body surface area and body weight equal
to approximately 3.6 mg/kg-d, i.e., 25.3 mg/kg-d of zinc gluconate. In the present study, the dose
of zincin rats was 11.7 mg/kg-d by gavage, and that of zinc gluconate was 82 mg/kg-d, which was
three timesthe UL. 4.2 g of zinc gluconate was dissolved in 500 ml of sterile water and configured
as a gavage solution. After one week of normal feeding, each rat was gavaged with 5 ml of zinc
gluconate solution once a day for 4 consecutive days to establish a high zinc model. The first day
of gavage was recorded as Zn-D1, and so on. Sampling time points were set before and after
gavage for their own before and after control. The samples collected on the day before gavage
were the control group, recorded as Zn-DO, and the samples were numbered 36-40, and the
samples collected on the 4th day of gavage were the experimental group, recorded as Zn-D4, and
the samples were numbered 46-50.

Each rat was given 82mg/kg - d
Zinc gluconate
R (i.e.11.7mg/kg - d Zn)for 4 days R
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Fig. 1 Research methodology and technical route

2.2.2 Urine sample collection

One day before the start of gavage mineral supplementation (DO) and 4 days after gavage
mineral supplementation (D4), each rat was individually placed in a metabolic cage at the same
time, fasted and dehydrated for 12 h. Urine was collected overnight, and the urine samples were
collected and placed in the refrigerator at -80°C for temporary storage.
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2.2.3 Urine sample processing

Two milliliters of urine sample was removed, thawed, and centrifuged at 4 °C and 12,000xg
for 30 minutes. The supernatant was removed, and 1 M dithiothreitol (DTT, Sigma) storage
solution (40 pl) was added to reach the working concentration of DTT (20 mM). The solution was
mixed well and then heated in a metal bath at 37 °C for 60 minutes and allowed to cool to room
temperature.

Then, iodoacetamide (IAA, Sigma) storage solution (100 pl) was added to reach the working
concentration of IAM, mixed well and then reacted for 45 minutes at room temperature protected
from light. At the end of the reaction, the samples were transferred to new centrifuge tubes, mixed
thoroughly with three times the volume of precooled anhydrous ethanol, and placed in a freezer at
-20 °C for 24 h to precipitate the proteins.

At the end of precipitation, the sample was centrifuged at 4 °C for 30 minutes at 10,000xg,
the supernatant was discarded, the protein precipitate was dried, and 200 pl of 20 mM Tris
solution was added to the protein precipitate to recongtitute it. After centrifugation, the supernatant
was retained, and the protein concentration was determined by the Bradford method.

Using the filter-assisted sample preparation (FASP) method, urinary protein extracts were
added to the filter membrane of a 10-kD ultrafiltration tube (Pall, Port Washington, NY, USA) and
washed three times with 20 mM Tris solution. The protein was resolubilized by the addition of 30
mM Tris solution, and the protein was added in a proportional manner (urinary protein:trypsin =
50:1) to each sample. Trypsin (Trypsin Gold, Mass Spec Grade, Promega, Fitchburg, WI, USA)
was used to digest proteinsat 37 °C for 16 h.

The digested filtrate was the peptide mixture. The collected peptide mixture was desalted by
an Oasis HLB solid phase extraction column, dried under vacuum, and stored at -80 °C. The
peptide mixture was then extracted with a 0.1% peptide mixture. The lyophilized peptide powder
was redissolved by adding 30 uL of 0.1% formic acid water, and then the peptide concentration
was determined by using the BCA kit. The peptide concentration was diluted to 0.5 pg/ul, and 4
uL of each sample was removed as the mixed sample.

22.4LC-MS/MS analysis

All identification samples were added to a 100-fold dilution of IRT standard solution at a
ratio of 20:1 sample:iRT, and the retention times were standardized. Data-independent acquisition
(DIA) was performed on all samples, and each sample measurement was repeated 3 times, with
1-mix samples inserted after every 10 runs as a quality control. The 1-pug samples were separated
using EASY-nLC1200 liquid chromatography (elution time: 90 min, gradient: mobile phase A: 0.1%
formic acid, mobile phase B: 80% acetonitrile), the eluted peptides were entered into the Orbitrap
Fusion Lumos Tribird mass spectrometer for analysis, and the corresponding raw files of the
samples were generated.2.2.5 Data processing and analysis

The raw files collected in DIA mode were imported into Spectronaut software for analysis,
and the highly reliable protein standard was peptide g value<0.01. The peak area quantification
method was applied to quantify the protein by applying the peak area of all fragmented ion peaks
of secondary peptides, and the automatic normalization was processed.

Proteins containing two or more specific peptides were retained, and missing values were
replaced with 0. The amount of different proteins identified in each sample was calculated, and
samples from rats before gavage of mineral supplements were compared with samples from rats 4
days after gavage of mineral supplementsto screen for differential proteins.
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Unsupervised cluster analysis (HCA), principal component analysis (PCA), and OPLS-DA
analysis were performed using the Wukong platform (https://omicsolution.org/wkomics/main/).
Functional enrichment analysis of differential proteins was performed using the DAVID database
(https://david.ncifcrf.gov/) to obtain results in 3 areas. biological process, cellular localization and
molecular function. Differential proteins and related pathways were searched based on Pubmed
database (https://pubmed.nchi.nim.nih.gov/). Protein interaction network analysis was performed
using the STRING database (https://cn.string-db.org/).

3 Resultsand Discussion

3.1 Differential protein analysis

The missing values were replaced with 0. 112 differential proteins were screened by
comparing the pre-gavage samples of rats with the samples on day 4 of gavage. Differential
proteins were screened under the following conditions: p-value < 0.05 by t-test analysis, and Fold
change (FC) > 1.5 or < 0.67. Sequence numbers of 5 differential proteins were not queried in
Uniprot, probably because the entries had been deleted or merged.

Using the Uniprot database, Protein Accessions was entered into the search box to download
the name function, GO analysis results of the proteins. Using PubMed database to anayze the
protein function of differential proteins and literature search, the relationship between differential
proteins and zinc was analyzed in detail one by one. The specific method is as follows: enter the
protein name of the differential protein together with zinc into the Pubmed search box, and the
search range is title/abstract, for example, "zinc [Title/Abstract] AND Protein [Title/Abstract]”.
The literature was then read to confirm the relationship between the differential proteins and zinc.
The 107 differential proteins and related literature are listed in Table 1.

Table 1 Differentia proteins in the comparative analysis of the Zn-DO and Zn-D4 groups
(p-value < 0.05, FC > 1.5 or <0.67)

Uniprot Accessons  Gene Names FC P Related to zinc
Q9QZK9 Dnase2b Dlad 0.0506 5E-04 (109]
Q62635 Muc2 0.071 0.005 [12.11]
Q6VPP3 Clcad Clcab Prp3 0.4802 0.041

P00507 Got2 Maat 0.6139  0.03 (23]
F1LQUS8 Prss30 15103 0.045

P10247 Cd74 15134 0.022 [24]
G3Vv928 Lrpl 15187  0.05

QIWUCH4 Atox1 Rah1l 1.5274  0.007 [15]
P32038 Cfd Adn Df 15277 0.032

P20611 Acp2 1551  0.04 (16]
Q4QQWS8 Plbd2 RDCR-0918-3 1.5535 0.014

D3ZUD8 Tmosf3 1.5539  0.009

AOAOG2K A90 Dscl 1572 0.044

Q5X177 Anxall rCG_39189 15788  0.049 (17
Q8K4G9 Nphs2 1.5907 0.003

B5DF65 Blvrb 1.5917 0.036 (18]
Q66HT1 Aldob 1.5929 0.032
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P61972
Q05030
AOAOH2UHYS8
B2RZB5
AOAOH2UHL7
P62815
008557
G3V7W1
AOAOG2KAJ7
AOA0G2JSK5
Q64127
FIM4JL
PO7897
G3V6T7
Q01460
P97710
P29975
Q5PPG2
Q5BJUO
D3ZUR5
D3ZUM4
QB8OWF4
QIQY U4
P13852
D3ZAN2
D4A4S5
A2IBEO
Q64178
D37V56
AOA0G2IXZ9
P20760
G3V6A6
Q9QZK8
P27590
AOAOH2U119
F1LZJ4
Q510D5
Q63772
Q9R066
G3V8M6
D3ZET1
AOAOG2JY C4
D3ZCG9
Q642B4

Nutf2 Ntf2

Pdgfrb Pdgfr Pdgfrl
Agpa

Chmp2a

11r2

Atp6v1b2 Atp6b2 Vat2
Ddahl Ddah

Pdcd6 Alg2

Col12a1l

Itgbl

Smpdi3a Asmi3a
LOC100294508

Acan Agc Agcl

Pdiad

Ctbs Ctb

Sirpa Bit Mfr Ptpnsl Shpsl Sirp
Aqgpl Chip28

Lgmn

Rras2

Slurp2 RGD1308195
Glbl

Tmem132a Gbp Hspabbpl
Crym

Prnp Prn Prp

Cdhr2

Folr2

Carl4 Cald rCG_52058
Pefl

Rnf150

Ptprj

lgg-2a

Chmplb2

Dnase? Dnase?a Dnl2
Umod

F12

Hyi RGD1561416
Lhpp

Gasb

Cxadr Car

Folrl

Nectind Pvrl4
LOC100361907 Cfh LOC100364175
Itga3 ITGA3

Clecl4a

1.5941
1.5978
16
1.6007
1.6023
1.627
1.627
1.6292
1.633
1.6443
1.6488
1.6561
1.6661
1.6706
1.672
1.6735
1.6756
1.6794
1.6818
1.6849
1.6871
1.6875
1.6945
1.7001
1.7042
1.7067
1.7073
1.7094
1.7113
1.7196
1.7246
1.7278
1.7285
1.7326
1.7398
1.7494
1.7629
1.7648
1.7656
1771
1.7813
1.782
1.7927
1.7944

0.022
0.014
0.048
0.022
0.018
0.048

0.04
0.032
0.038
0.034
0.039
0.043
0.029
0.005
0.019
0.044
0.019
0.029
0.021

0.03
0.022
0.015
0.028
0.008
0.028
0.024
0.024
0.012
0.037

0.04
0.017
0.016

0.02
0.009
0.037
0.039
0.017
0.036
0.015
0.047
0.024
0.028
0.036
0.028
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1.8597
1.8675
1.8785
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1.9439
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2.0246
2.0448
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2.0661
2.0755
2.1635
21714
2.2031
2.2639
2.2899
2.3252
2.4418
2.4541

2.455
2.5633
2.5944
2.6987

2.794
3.3257
3.3922
3.6041
3.7666

3.855
3.9115
3.9473
4.5092
6.5915
6.8089
7.7838

0.02
0.024
0.014

0.04

0.01
0.034
0.044
0.028
0.019

2E-04
0.034
0.022
0.001
0.024
0.025
0.047
0.036

0.03
0.041

0.02
0.027
0.002
0.011

2E-04
3E-05
0.019
0.043

0.03
0.007
0.036
0.048
0.006
0.002
0.015
0.029
0.045
0.021
0.038

4E-04
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D4AGPL Sez612 w 0.049 [6362]
Q5U2U2 Crkl o 0.034

According to Uniprot analysis, many differentia proteins have the function of binding zinc
ions, including acid sphingomyelinase-like phosphodiesterase 3a, membrane-bound carbonic
anhydrase 14, ectonucleotide pyrophosphatase/phosphodiesterase family member 5 (E-NPP), and
Biliverdin reductase A (BVR A). Hepcidin (FC=1.9, p=0.019) are involved in biological processes
including the response to zinc ions. Zinc may be involved in the regulation of hepcidin
production*? .

Zinc is a structural component of many proteins (e.g., a variety of enzymes and transcription
factors) and is a regulatory cofactor for a number of differential proteins that modulate protein
activity. For example, dimethylarginine dimethylaminohydrolase 1 (DDAH-1) isinhibited by zinc
ions. DDAH-1 is downregulated in the hippocampus of zinc-deficient ratd®?. The

There were 20 differential proteins that met p<0.01, most of which were reported to be
associated with zinc.

Deoxyribonuclease-2-f had an FC of 0.05 and a p-value of 0.0005. Deoxyribonuclease Il is
activated by intracellular acidification that occurs during apoptosis, and zinc inhibits intracellular
acidification associated with apoptosis, thereby inhibiting deoxyribonuclease 11'%. Mucin-2
(MUC-2) had an FC of 0.07 and a p-vaue of 0.005. Increased abundance of MUC2 was found in
the jejunum of the offspring of mothers on a high-zinc diet!*.

The mgor prion protein (PrP) (FC=1.7,p=0.008) may be involved in neuronal zinc
homeostasis?”. Thereis a correlation between transthyretin (FC=3.9,0=0.0004) and zinc™>”".

Pyridoxal phosphate homeostasis protein (PPSP) has an FC of 4.5 and a p-value of 0.006.
pyridoxal kinase (PK) has an FC of 1.9 and a p-value of 0.001. At physiological concentrations,
Zinc stimulates pyridoxal kinase activity and promotes pyridoxal phosphate formation!*?!.

The FC for three differential proteins, Seizure related 6 homolog like 2, Ectodysplasin-A
receptor, and Crk-like protein, was o, i.e., this protein was not detected in the pre-gastric sample
and was detected in the post-gastric sample. protein was not detected in the pre-gastric samples,
while it was detected in the post-gastric samples. According to the literature, zinc is associated
with neuronal damage and death after seizured®*®. The gene edar is associated with
inflammation and specifically responds to zinc oxide nanoparticles (ZnO NPs)[Gl]. Due to space
limitations, only a few examples are listed, and the differential proteins, as well as the relevant
literature, are detailed in Table 1.

3.2 Biologica pathway analysis

Gene Oncology (GO) analysis of 112 differential proteins (P-value < 0.05, FC > 1.5 or < 0.67)
using the DAVID database enriched to 83 biological processes (BPs) (P-vaue < 0.05), asshownin
Table 2.

Zinc is essentia for the proper functioning of the reproductive system. Differential proteins
are enriched to biological processes including androgen catabolic processes, positive regulation of
estradiol secretion, and response to steroid hormones. Zinc is essential for androgen expressi on®
estradiol affects zinc homeostasisin the follicle by controlling the expression of ZnT 916!,

Adeguate intake of zinc reduces the risk of cardiovascular disease, and zinc plays a key role
in maintaining vascular health by improving blood circulation and reducing arterial
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inflammation'®. Differential proteins are enriched to biological processes including blood

coagulation, heart development, aortic morphogenesis, cardiomyocyte proliferation, regulation of
angiogenesis, vascular endothelial growth factor receptor-2 signaling pathway, and cardiac
circulation.

Zinc is involved in neural signaling in the brain, aiding memory, learning, and cognitive
functiond”. Differential proteins are enriched to biological processes including acidification of
synaptic vesicle lumen, positive regulation of neuroblast proliferation, cerebrospina fluid
secretion, regulation of Schwann cell migration, and neural crest formation.

Zinc isinvolved in the production and regulation of cells of the immune system and can help
heal wounds'®. Differential proteins are enriched to biological processes including the regulation
of cytokine production involved in the inflammatory response, inflammatory responses, immune
system processes, wound healing, and the regulation of phagocytosis.

Zinc protects cells from oxidative damage by free radicals and reduces oxidative stress™.
Differential proteins are enriched to biological processes including positive regulation of reactive
oxygen species metabolic processes and cellular response to hydrogen peroxide.

Zinc isimportant for regulating gene expression, DNA metabolism, chromatin structure, cell
proliferation, maturation, and apoptosis[BB]. Differentia proteins are enriched to biological
processes including regulation of the apoptotic process, cellular response to growth factor
stimulation, regulation of cell death, apoptotic process, regulation of cell proliferation, apoptotic
DNA fragmentation, regulation of cysteine-type endopeptidase activity involved in apoptotic
process, and regulation of gene expression.

Zinc is a gructural component of many proteins (e.g., many enzymes and transcription
factors) and isinvolved in the metabolism of carbohydrates, proteins, and lipids, aiding in nutrient
absorption[l]. Biological processes that differential protein enrichment to include response to
organic matter, cellular chloride homeostasis, cellular sodium homeostasis, response to vitamin D,
aspartate metabolic processes, and water homeostasis.

Table 2 Biological processes (BP) to which differential proteins were enriched in the Zn-DO
and Zn-D4 groups (P-value < 0.05)

Term Count % P-Value

collecting duct development 4 39 240E-06
blood coagulation 6 59 4.00E-05
cell adhesion 10 98 1.20E-04
cell migration 9 88 150E-04
positive regulation of ERK1 and ERK 2 cascade 8 7.8 2.60E-04
negative regulation of apoptotic process 12 118 3.30E-04
positive regulation of protein kinase B signaling 7 69 4.80E-04
multicellular organism development 5 49 5.00E-04
Homophilic cell adhesion via plasma membrane adhesion molecules 6 59 1.10E-03
heart development 8 78 1.40E-03
cellular phosphate ion homeostasis 3 29 160E-03
positive regulation of cell-substrate adhesion 4 39 1.80E-03
cellular response to growth factor stimulus 5 49 2.00E-03
response to organic substance 6 59 240E-03
cellular chloride ion homeostasis 3 29 290E-03
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positive regulation of protein localization to plasma membrane 4 39 3.10E-03
positive regulation of cell migration 7 69 3.30E-03
synaptic vesicle lumen acidification 3 29 3.60E-03
aorta morphogenesis 3 29 4.10E-03
positive regulation of kinase activity 4 39 530E-03
phagocytosis 4 39 5.70E-03
cell-substrate adhesion 3 29 5090E-03
cell-cell adhesion mediated by cadherin 3 29 7.00E-03
response to xenobiotic stimulus 9 88 7.10E-03
neuron migration 5 49 8.00E-03
negative regulation of cell proliferation 8 78 8.40E-03
cellular sodium ion homeostasis 3 29 9.30E-03
positive regulation of fibroblast proliferation 4 39 9.30E-03
negative regulation of cytokine production involved in inflammatory 3 29 990E.03
response
positive regulation of protein tyrosine kinase activity 3 29 9.90E-03
he_gatlve regulation of collateral sprouting of intact axon in response to 5 2 100E-02
injury
Cellular response to folic acid 2 2 1.00E-02
inflammatory response 7 69 1.10E-02
response to calcium ion 4 39 120E-02
cardiac muscle cell proliferation 3 29 120E-02
response to vitamin D 3 29 1.30E-02
positive regulation of angiogenesis 5 49 1.30E-02
regulation of actin cytoskeleton organization 4 39 140E-02
negative regulation of cell death 4 39 140E-02
positive regulation of reactive oxygen species metabolic process 3 29 150E-02
immune system process 3 29 160E-02
positive regulation of neuroblast proliferation 3 29 2.00E-02
folic acid transport 2 2  2.00E-02
negative regulation of cell projection organization 2 2 2.00E-02
heterophilic cell-cell adhesion via plasma membrane cell adhesion

3 29 210E-02

molecules

positive regulation of epithelial cell migration

positive regulation of peptidyl-tyrosine phosphorylation
Notch signaling pathway

29  2.20E-02
39 2.30E-02
39 2.30E-02

3

4

4
cellular response to hydrogen peroxide 4 39 240E-02
folic acid import into cell 2 2  2.50E-02
positive regulation of protein monoubiquitination 2 2  2.50E-02
protein localization to nuclear pore 2 2 2.50E-02
cerebrospinal fluid secretion 2 2  2.50E-02
androgen catabolic process 2 2  2.50E-02
positive regulation of chemokine production 3 29 270E-02
dendrite morphogenesis 3 29 280E-02
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29  2.90E-02
2  3.00E-02
2  3.00E-02
2 3.00E-02
6.9  3.10E-02
29  3.30E-02
2 3.50E-02
2  3.50E-02
2 3.50E-02

muscle organ devel opment

chitin catabolic process

response to Thyroglobulin triiodothyronine

vascular endothelial growth factor receptor-2 signaling pathway
apoptotic process

outflow tract morphogenesis

enzyme linked receptor protein signaling pathway

positive regulation of estradiol secretion

urate biosynthetic process

W BN NN WOWOWWOWLMNDNDNDNWSNDNMNDNDNDDNDO®W
N

positive regulation of Schwann cell migration 3.50E-02
positive regulation of cell proliferation 78  3.70E-02
heart looping 29  3.80E-02
positive regulation of gene expression 7.8  3.90E-02
response to steroid hormone 29  3.90E-02
COPII vesicle coating 2  4.00E-02
positive regulation of cytokine-mediated signaling pathway 2  4.00E-02
aspartate metabolic process 2  4.00E-02
wound healing 3.9 4.00E-02
animal organ development 29  4.00E-02
negatlv_e regulation of cysteine-type endopeptidase activity involved in 3 20 410E-02
apoptotic process

peptidyl-tyrosine phosphorylation 3 29 4.40E-02
neural crest formation 2 2  4.40E-02
water homeostasis 2 2  4.40E-02
negative regulation of biomineral tissue development 2 2  4.40E-02
positive regulation of phagocytosis 3 29 450E-02
positive regulation of protein phosphorylation 5 49 4.60E-02
apoptotic DNA fragmentation 2 2 4.90E-02

3.3 Molecular function and KEGG pathway analysis

Gene Oncology (GO) analysis of 112 differentia proteins (P-vaue <0.05, FC>1.5 or <0.67)
using the DAVID database enriched to 24 molecular functions (MF) (P-value <0.05), as shown in
Table 3.

The molecular functions enriched to include cuprous ion binding, cupric ion binding, and
copper ion binding. There are complex interactions between iron, copper and zinc\*®%. Excessive
zinc intake leads to copper deficiency, which leads to decreased iron absorption and ultimately
anemia™.

Eighteen differential proteins were enriched for the molecular function of calcium ion
binding, four differential proteins were enriched for the molecular function of calcineurin binding,
and three differential proteins were enriched for the molecular function of calcium-dependent
phospholipid binding. There appears to be an interaction signal between zinc and calcium ions™.
Zinc homeostasis may be closely related to intracellular calcium signaling[72].

Zinc ions are involved in extracellular signal recognition, signal transduction and second
messenger metabolism®”. The 6 differential proteins are enriched to the molecular function of
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signaling receptor activity. The molecular functions enriched to also include protease binding,
receptor binding, ATPase activity, protein binding, and integrin binding.

Meanwhile, the biological processes that differential proteins are enriched to include
response to calcium ions, positive regulation of ERK1 and ERK2 cascades, regulation of protein
kinase B signaling, cellular phosphate ion homeostasis, regulation of kinase activity, regulation of
protein tyrosine kinase activity, Notch signaling pathway, enzyme-linked receptor protein
signaling pathway, peptidyl tyrosine phosphorylation, and positive regulation of protein
phosphorylation.

Table 3 Molecular functions (MF) enriched to differentia proteins in Zn-DO and Zn-D4

groups (P value < 0.05)

Term Count % P-Value
calcium ion binding 18 17.6 1.60E-07
integrin binding 7 6.9 1.50E-04
identical protein binding 23 225 A450E-04
protease binding 6 5.9 8.50E-04
cuprousion binding 3 29 1.20E-03
signaling receptor activity 6 5.9 1.30E-03
receptor binding 8 7.8 4.70E-03
cadherin binding 4 3.9 5.70E-03
proton-transporting ATPase activity, rotational mechanism 3 29 1.00E-02
protein binding 18 17.6 1.00E-02
deoxyribonuclease Il activity 2 2 1.10E-02
folic acid receptor activity 2 2 1.10E-02
extracellular matrix binding 3 29 1.30E-02
methotrexate binding 2 2 1.60E-02
ATPase binding 4 3.9 1.90E-02
protein homodimerization activity 10 9.8 1.90E-02
chitinase activity 2 2 210E-02
cupric ion binding 2 2 2.10E-02
transmembrane receptor protein tyros ne kinase activity 3 29 3.00E-02
calcium-dependent phospholipid binding 3 29 3.40E-02
phosphatase activity 3 29 3.90E-02
thyroid hormone binding 2 2 4.20E-02
chitin binding 2 2 4.20E-02
copper ion binding 3 29 4.70E-02

Gene Oncology (GO) analysis of 112 differential proteins (P-value <0.05, FC>1.5 or <0.67)
using the DAVID database enriched to 10 KEGG pathways (P-value <0.05), as shown in Table 4.

KEGG pathways enriched to include complement and coagulation cascades, Human
papillomavirus (HPV) infection, ECM-receptor interactions, regulation of the actin cytoskeleton,
hematopoietic cell profiles, metabolic pathways, and the PI3K-Akt signaling pathway.

Chronic zinc deficiency leads to a marked reduction in cell-mediated immunity, antibody
response and antibody affinity, complement system and phagocytic activity[73]. High dietary zinc
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is negatively associated with high-risk HPV (hrHPV) infection’™. In neurona cells, zinc
deficiency induces oxidative stress and alters the normal sructure and dynamics of the
cytoskeleton' ™. Zinc released from lysosomes is essential for ERK and PI3K / Akt activation'®”.
Excessve zinc intake leads to copper deficiency, resulting in decreased iron absorption and
ultimately anemial™.

Table 4 KEGG pathways enriched to differential proteinsin Zn-DO and Zn-D4 groups (P

value <0.05)

Term Count % P-Value

Complement and coagulation cascades 5 49 3.40E-03
Human papillomavirus infection 9 8.8 3.50E-03
Focal adhesion 6 59 1.50E-02
Collecting duct acid secretion 3 29 1.60E-02
ECM-receptor interaction 4 3.9 250E-02
Regulation of actin cytoskeleton 6 59 2.60E-02
Hematopoietic cell lineage 4 3.9 2.70E-02
Metabolic pathways 19 18.6 3.20E-02
PI3K-Akt signaling pathway 7 6.9 3.90E-02
Endocytosis 6 5.9 4.50E-02

4 Per spective

The resultsillustrate that short-term zinc gluconate supplementation affects the organism, and
the urine proteome of rats can show changes in zinc-related proteins and biological functions, and
also suggests that the urine proteome can comprehensively and systematically reflect the overall
changes in the organism. The present study provides clues for an in-depth understanding of the
metabolic process, mechanism of action, and biological function of zinc in organisms from the
perspective of urine proteomics, as well as new research perspectives and methodological insghts
for future nutritional studies.

However, the supplement used in this study was zinc gluconate, but the correlation of
differential proteins and biological functions with zinc was analyzed, not the effect of gluconate
ions on the organism. On the one hand, the effect of zinc on the organism is more significant and
easier to observe; on the other hand, there are fewer studies on the effect of gluconate ion on the
organism. Due to limited resources, only one concentration of zinc gluconate was used in this
study to gavage five rats, and subsequent studies may consider adding different supplement forms,
adding different concentration gradients, increasing the number of samples, and expanding the
study population. We expect that subsequent researchers will utilize the methodology and results
of this study to make further additions to help translate and apply the experimental results for the
benefit of human health.

References:

[1] Kiouri D P, Tsoupra E, Peana M, et al. Multifunctiona role of zinc in human health: an
update[J]. EXCLI journal, 2023, 22: 809-827.

[2] Andreini C, Banci L, Bertini I, et al. Counting the zinc-proteins encoded in the human
genome]J]. Journal of Proteome Research, 2006, 5(1): 196-201.


https://doi.org/10.1101/2024.03.04.583149

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.04.583149; this version posted March 6, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[3] Maret W. Zinc biochemistry: from a single zinc enzyme to a key element of life[J]. Advances
in Nutrition (Bethesda, Md.), 2013, 4(1): 82-91.

[4] FukadaT, Yamasaki S, NishidaK, et al. Zinc homeostasis and signaling in health and diseases:
Zinc signaling[J]. Journal of biological inorganic chemistry: JBIC: a publication of the
Society of Biological Inorganic Chemistry, 2011, 16(7): 1123-1134.

[5] Costa M I, Sarmento-Ribeiro A B, Gongalves A C. Zinc: From Biological Functions to
Therapeutic Potential[J]. International Journal of Molecular Sciences, 2023, 24(5): 4822.

[6] Gao Y. Urine-an untapped goldmine for biomarker discovery?[J]. Science China. Life
Sciences, 2013, 56(12): 1145-1146.

[71 Shen Z, Yang M, Wang H, et a. Changes in the urinary proteome of rats after short-term
intake of magnesium L-threonate(MgT)[J]. Frontiersin Nutrition, 2023, 10: 1305738.

[8] Nationa Heath Commission of the People’'s Republic of China. Dietary Guidelines for
Chinese Residents (2017). Beijing: Standards Press of China[EB/OL]. /2023-09-02.
http://www.nhc.gov.cn/wjw/yingyang/201710/ef2d42ee35894a46b7726457d08d7e2d.shtml.

[9] Prasad A S, Oberleas D. Ribonuclease and deoxyribonuclease activities in zinc-deficient
tissueq J]. The Journa of Laboratory and Clinical Medicine, 1973, 82(3): 461-466.

[10] Morana S, Li J, Springer E, et al. The inhibition of Etoposide-induced apoptosis by zinc is
associated with modulation of intracellular ph[J]. International Journa of Oncology, 1994,
5(2): 153-158.

[11] Diao H, Yan J, Li S, et a. Effects of Dietary Zinc Sources on Growth Performance and Gut
Health of Weaned PigletqJ]. Frontiersin Microbiology, 2021, 12: 771617.

[12]Li C, Guo S, Gao J, et a. Maternal high-zinc diet attenuates intestina inflammation by
reducing DNA methylation and elevating H3K9 acetylation in the A20 promoter of offspring
chickg[J]. The Journal of Nutritional Biochemistry, 2015, 26(2): 173-183.

[13] Ajayi O B, Odutuga A. Effect of low-zinc status and essential fatty acids deficiency on the
activities of aspartate aminotransferase and aanine aminotransferase in liver and serum of
albino ratg[J]. Die Nahrung, 2004, 48(2): 88-90.

[14] Petersson K, Hakansson M, Nilsson H, et al. Crystal structure of a superantigen bound to
MHC class Il displays zinc and peptide dependence[J]. The EMBO journal, 2001, 20(13):
3306-3312.

[15] Mangini V, Belviso B D, Nardella M |, et a. Crystal Structure of the Human Copper
Chaperone ATOX 1 Bound to Zinc lon[J]. Biomolecules, 2022, 12(10): 1494.

[16] Aleksandrowicz J, Astaldi G, Bodzon A, et al. Trace elements and immunologic defects. Zinc
deficiency and activity of lysosomal acid phosphatase in lymphocyte of mice[J]. Bollettino
dell’Istituto Sieroterapico Milanese, 1976, 55(3): 195-200.

[17] Irie M, Kabata H, Sasahara K, et al. Annexin Al is a cell-intrinsic metalloregulator of zinc in
human ILC29[J]. Cell Reports, 2023, 42(6): 112610.

[18] MainesM D, Mayer R D, Erturk E, et a. The oxidoreductase, biliverdin reductase, isinduced
in human renal carcinoma--pH and cofactor-specific increase in activity[J]. The Journa of
Urology, 1999, 162(4): 1467-1472.

[19] Le Coq J, An H-J, Lebrilla C, et a. Characterization of human aspartoacylase: the brain
enzyme responsible for Canavan disease[J]. Biochemistry, 2006, 45(18): 5878-5884.

[20] Lee H, Kim B, Choi Y H, et al. Inhibition of interleukin-1p-mediated interleukin-1
receptor-associated kinase 4 phosphorylation by zinc leads to repression of memory T helper


https://doi.org/10.1101/2024.03.04.583149

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.04.583149; this version posted March 6, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

type 17 response in humang]J]. Immunology, 2015, 146(4): 645-656.

[21] Kim K-R, Park S E, Hong J-Y, et al. Zinc enhances autophagic flux and lysosomal function
through transcription factor EB activation and V-ATPase assembly[J]. Frontiers in Cellular
Neuroscience, 2022, 16: 895750.

[22] Liu J, Jang Y, Huang C, et a. Proteomic analysis reveals changes in the hippocampus protein
pattern of rats exposed to dietary zinc deficiency[J]. Electrophoresis, 2010, 31(8): 1302—-1310.

[23] Solovyov A, Gilbert H F. Zinc-dependent dimerization of the folding catalyst, protein
disulfide isomerasg[J]. Protein Science: A Publication of the Protein Society, 2004, 13(7):
1902-1907.

[24] Kim J-S, Yoon B-Y, Ahn J, et a. Crysta structure of B-N-acetylglucosaminidase CbsA from
Thermotoga negpolitang]J]. Biochemical and Biophysical Research Communications, 2015,
464(3): 869-874.

[25] Yukutake Y, Hirano Y, Suematsu M, et a. Rapid and reversible inhibition of aquaporin-4 by
zinc[J]. Biochemistry, 2009, 48(51): 12059-12061.

[26] Bruinsma J J, Jirakulaporn T, Muslin A J, et a. Zinc ions and cation diffusion facilitator
proteins regulate Ras-mediated signaling[J]. Developmental Cell, 2002, 2(5): 567-578.

[27] Watt N T, Hooper N M. The prion protein and neuronal zinc homeostasig[J]. Trends in
Biochemical Sciences, 2003, 28(8): 406—410.

[28] Ishizawa M, Hirayu A, Makishima M. Zinc Inhibits Cadherin 1 Expression Induced by
1a,25-Dihydroxyvitamin D3 in Colon Cancer CellgJ]. Anticancer Research, 2021, 41(11):
5453-5459.

[29] Hong K H, Keen C L, Mizuno Y, et al. Effects of dietary zinc deficiency on homocysteine and
folate metabolism in rats]J]. The Journal of Nutritional Biochemistry, 2000, 11(3): 165-169.

[30] Lindskog S. Structure and mechanism of carbonic anhydrase[J]. Pharmacology &
Therapeutics, 1997, 74(1): 1-20.

[31]KI C, T S, IsP. RING Finger Protein 38 Is a Neurona Protein in the Brain of Nile Tilapia,
Oreochromis niloticug J]. Frontiersin neuroanatomy, Front Neuroanat, 2017, 11.

[32] Haase H, Maret W. Protein tyrosine phosphatases as targets of the combined insulinomimetic
effects of zinc and oxidantgJ]. Biometals: An International Journal on the Role of Metal lons
in Biology, Biochemistry, and Medicine, 2005, 18(4): 333—-338.

[33] Equey A, Berger M M, Gonseth-Nusslé S, et al. Association of plasma zinc levels with
anti-SARS-CoV-2 1gG and IgA seropositivity in the general population: A case-control
study[J]. Clinical Nutrition (Edinburgh, Scotland), 2023, 42(6): 972-986.

[34] Damianaki K, Lourenco J M, Braconnier P, et al. Renal handling of zinc in chronic kidney
disease patients and the role of circulating zinc levelsin renal function decline[J]. Nephrology,
Dialyss, Transplantation: Official Publication of the European Dialysis and Transplant
Association - European Renal Association, 2020, 35(7): 1163-1170.

[35] Loiseau C, RandriamahazakaH N, Nigretto J M. Influence of Zn2+ on the kinetic events that
contribute to the 500-kDa dextran-sulfate-dependent activation of factor XII (Hageman
factor)[J]. European Journal of Biochemistry, 1997, 246(1): 204-210.

[36] KerbouaK E, Lasla S, Kerboua M-H, et a. The blocking effect of zinc on complement factor
H in vitro: further proof by the hemolytic assay of Pilar Sanchez-Corral[J]. Journal of
Immunoassay & Immunochemistry, 2023, 44(3): 309-312.

[37] Perkins S J, Nan R, Li K, et a. Complement factor H-ligand interactions. self-association,


https://doi.org/10.1101/2024.03.04.583149

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.04.583149; this version posted March 6, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

multivalency and dissociation constants[J]. Immunobiology, 2012, 217(2): 281-297.

[38] Nan R, Tetchner S, Rodriguez E, et al. Zinc-induced self-association of complement C3b and
Factor H: implications for inflammation and age-related macular degeneration[J]. The Journal
of Biological Chemistry, 2013, 288(26): 19197-19210.

[39] Maret W, Yetman C A, Jiang L. Enzyme regulation by reversible zinc inhibition: glycerol
phosphate dehydrogenase as an example[J]. Chemico-Biological Interactions, 2001,
130-132(1-3): 891-901.

[40] Danisk H, Bogdanova N, Markoff A. Micromolar Zinc in Annexin A5 Anticoagulation as a
Potential Remedy for RPRGL3-Associated Recurrent Pregnancy LosqJ]. Reproductive
Sciences (Thousand Oaks, Calif.), 2019, 26(3): 348—-356.

[41] Hershfinkel M, Silverman W F, Sekler |. The zinc sensing receptor, a link between zinc and
cell sgnaling[J]. Molecular Medicine (Cambridge, Mass.), 2007, 13(7-8): 331-336.

[42]Bjerklund G, Aaseth J, Skalny AV, et al. Interactions of iron with manganese, zinc, chromium,
and selenium as related to prophylaxis and treatment of iron deficiency[J]. Journal of trace
elements in medicine and biology: organ of the Society for Minerals and Trace Elements
(GMS), 2017, 41: 41-53.

[43] Weismann K, Hayer H, Christensen E. Acquired zinc deficiency in acoholic liver cirrhosis:
report of two caseq[J]. Acta Dermato-Venereologica, 1980, 60(5): 447-449.

[44] Sommer A, Christensen E, Schwenger S, et al. The molecular basis of aminoacylase 1
deficiency[J]. Biochimica Et BiophysicaActa, 2011, 1812(6): 685-690.

[45] Ebadi M, Murrin L C, Pfeiffer R F. Hippocampal zinc thionein and pyridoxa phosphate
modulate synaptic functiongJ]. Annals of the New York Academy of Sciences, 1990, 585:
189-201.

[46] Ebadi M, Wilt S, Ramaley R, et a. Therole of zinc and zinc-binding proteins in regulation of
glutamic acid decarboxylase in brain[J]. Progress in Clinical and Biological Research, 1984,
144A; 255-275.

[47] Maywald M, Meurer S K, Weiskirchen R, et a. Zinc supplementation augments
TGF-B1-dependent regulatory T cell induction[J]. Molecular Nutrition & Food Research,
2017, 61(3).

[48] Li X, Chen S, Mao L, et al. Zinc Improves Functional Recovery by Regulating the Secretion
of Granulocyte Colony Stimulating Factor From Microglia/Macrophages After Spinal Cord
Injury[J]. Frontiersin Molecular Neuroscience, 2019, 12: 18.

[49]J M, Li W, He G, et a. Zinc-a2-glycoprotein 1 promotes EMT in colorectal cancer by filamin
A mediated focal adhesion pathway[J]. Journal of Cancer, 2019, 10(22): 5557-5566.

[50] Anderson P J, Kokame K, Sadler J E. Zinc and Calcium lons Cooperatively Modulate
ADAMTS13 Activity *[J]. Journal of Biological Chemistry, Elsevier, 2006, 281(2): 850-857.

[51] Lu H, Pang W, Hu Y-D, et a. Effects of intracellular zinc depletion on the expresson of
VDAC in cultured hippocampal neurongJ]. Nutritional Neuroscience, 2011, 14(2): 80-87.

[52] Wang J, Binks T, Warr C G, et al. Vacuolar-type H(+)-ATPase subunits and the neurogenic
protein big brain are required for optimal copper and zinc uptake[J]. Metalomics. Integrated
Biometal Science, 2014, 6(11): 2100-2108.

[53] Keflie T S, Biesalski H K. Micronutrients and bioactive substances: Their potentia rolesin
combating COVID-19[J]. Nutrition, 2021, 84: 111103.

[54] Perrier V, Surewicz W K, Glaser P, et a. Zinc chelation and structural stability of adenylate


https://doi.org/10.1101/2024.03.04.583149

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.04.583149; this version posted March 6, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

kinase from Bacillus subtilig[J]. Biochemistry, 1994, 33(33): 9960-9967.

[55] Baek S-H, Kim M-Y, Mo J-S, et a. Zinc-induced downregulation of Notch signaling is
associated with cytoplasmic retention of Notchl-IC and RBP-Jk via PI3k-Akt signaling
pathway[J]. Cancer Letters, 2007, 255(1): 117-126.

[56] Wu X, Itoh N, Taniguchi T, et a. Zinc-induced sodium-dependent vitamin C transporter 2
expression: potent roles in osteoblast differentiation[J]. Archives of Biochemistry and
Biophysics, 2003, 420(1): 114-120.

[57] Yamauchi K. The interaction of zinc with the multi-functiona plasma thyroid hormone
distributor protein, trangthyretin: evolutionary and cross-species comparative aspectyJ].
Biometals: An International Journal on the Role of Metal lons in Biology, Biochemistry, and
Medicine, 2021, 34(3): 423-437.

[58] D’Amours O, Frenette G, Caron P, et a. Evidences of Biological Functions of Biliverdin
Reductase A in the Bovine EpididymiqJ]. Journal of Cellular Physiology, 2016, 231(5):
1077-1089.

[59] Barman S, Srinivasan K. Zinc Supplementation Ameliorates Diabetic Cataract Through
Modulation of Crystallin Proteins and Polyol Pathway in Experimental Ratg[J]. Biological
Trace Element Research, 2019, 187(1): 212-223.

[60] Ghosh K S, Pande A, Pande J. Binding of y-crystallin substrate prevents the binding of copper
and zinc ions to the molecular chaperone a-crystallin[J]. Biochemistry, 2011, 50(16):
3279-3281.

[61] Choi J S, Kim R-O, Yoon S, et a. Developmental Toxicity of Zinc Oxide Nanoparticles to
Zebrafish (Danio rerio): A Transcriptomic Analysis[J]. PloS One, 2016, 11(8): e0160763.

[62] Levenson C W. Zinc supplementation: neuroprotective or neurotoxic?J]. Nutrition Reviews,
2005, 63(4): 122-125.

[63] Prakash A, Bharti K, Magjeed A B A. Zinc: indications in brain disorderqJ]. Fundamental &
Clinical Pharmacology, 2015, 29(2): 131-149.

[64] Moura N M, Minetti C A, Vdle L B, et al. Effects of zinc on the trophic activity of
testosterone in androgen target tissues of castrate mice[J]. Acta Anatomica, 1990, 139(3):
265-271.

[65] Lu H, Wang X, Zhang X, et a. ZnT 9 Involvement in Estradiol-M odulated Zinc Homeostasis
of the Human Follicular Microenvironment[J]. Biological Trace Element Research, 2023.

[66] Betrie A H, Brock J A, Harraz O F, et al. Zinc drives vasorelaxation by acting in sensory
nerves, endothelium and smooth muscle]J]. Nature Communications, 2021, 12(1): 3296.

[67]Kim B, Lee W-W. Regulatory Role of Zinc in Immune Cell Signaling[J]. Molecules and Cells,
2021, 44(5): 335-341.

[68] Truong-Tran A Q, Ho L H, Chai F, et a. Cellular zinc fluxes and the regulation of
apoptosis/gene-directed cell death[J]. The Journal of Nutrition, 2000, 130(5S Suppl):
1459S-66S.

[69] Nishito Y, Kambe T. Absorption Mechanisms of Iron, Copper, and Zinc: An Overview[J].
Journal of Nutritional Science and Vitaminology, 2018, 64(1): 1-7.

[70] Kambe T, Weaver B P, Andrews G K. The genetics of essential metal homeostasis during
development[J]. Genesis (New York, N.Y.: 2000), 2008, 46(4): 214-228.

[7] Hoffman H N, Phyliky R L, Fleming C R. Zinc-induced copper deficiency[J].
Gastroenterology, 1988, 94(2): 508-512.


https://doi.org/10.1101/2024.03.04.583149

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.04.583149; this version posted March 6, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[72] Pitt S J, Stewart A J. Examining a new role for zinc in regulating calcium release in cardiac
muscle[J]. Biochemical Society Transactions, 2015, 43(3): 359—-363.

[73] Kruse-Jarres J D. The significance of zinc for humoral and cellular immunity[J]. Journal of
Trace Elements and Electrolytesin Health and Disease, 1989, 3(1): 1-8.

[74] Xiao D, Li W, Zhang W-H, et a. Dietary Zinc, Copper, and Selenium Intake and High-Risk
Human Papillomavirus Infection among American Women: Data from NHANES
2011-2016[J]. Nutrition and Cancer, 2022, 74(6): 1958-1967.

[75] Mackenzie G G, Zago M B, Aimo L, et a. Zinc deficiency in neuronal biology[J]. IUBMB
life, 2007, 59(4-5): 299-307.


https://doi.org/10.1101/2024.03.04.583149

