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Abstract

Magnesium, calcium, zinc, and iron are essential mineral elements indispensable
for maintaining mammalian physiological functions. This study investigated the
changes in post-translational modifications (PTMs) of the urinary proteome in
SD rats of different weeks of age following short-term gavage administration of
magnesium L-threonate (MgT), calcium gluconate, zinc gluconate, and polysac-
charide iron complex. The results revealed that urinary proteins in all mineral
supplement groups exhibited PTMs changes, with the polysaccharide iron com-
plex group showing more pronounced modification changes. Additionally, sig-
nificant differences in response to the same mineral were observed among rats
of different weeks of age. The differentially modified proteins were involved in a
wide range of functions, with some proteins such as serum transferrin and $ $2-
microglobulin being closely associated with mineral metabolism. This study
explored the functional changes in rat urinary proteins following short-term
mineral supplementation from the perspective of PTMs, providing a novel per-
spective for research on the physiological functions of mineral elements.
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Abstract

Magnesium, calcium, zinc, and iron are essential mineral elements indispensable
for maintaining physiological functions in mammals. This study investigated
changes in post-translational modifications (PTMs) of the urinary proteome in
Sprague-Dawley (SD) rats of different ages following short-term oral adminis-
tration of magnesium L-threonate (MgT), calcium gluconate, zinc gluconate,
and polysaccharide-iron complex. The results revealed PTM alterations in uri-
nary proteins across all mineral supplement groups, with the most pronounced
changes observed in the polysaccharide-iron complex group. Notably, rats of dif-
ferent ages exhibited distinct responses to the same mineral supplement. The
differentially modified proteins were involved in a wide range of biological func-
tions, and several of them—such as serotransferrin and beta-2-microglobulin—
are closely associated with mineral metabolism. This study explores functional
changes in urinary proteins from a PTM perspective following short-term min-
eral supplementation in rats, providing a novel viewpoint for investigating the
physiological functions of mineral elements.

Keywords: mineral elements; magnesium L-threonate (MgT); calcium glu-
conate; zinc gluconate; polysaccharide-iron complex; urinary proteome; post-
translational modifications (PTMs)

Introduction

Magnesium, calcium, zinc, and iron are essential mineral elements that maintain
mammalian physiological functions. Magnesium ions serve as crucial cofactors
for over 300 enzymes, participating in energy metabolism, DNA repair, and cell
signaling, particularly by regulating ATPase activity to influence cellular energy
supply. Magnesium deficiency can lead to metabolic disorders and neurologi-
cal dysfunction [1]. Calcium is not only a primary component of bones and
teeth but also acts as a second messenger critical for neurotransmission, mus-
cle contraction, and hormone secretion [2]. Zinc functions as a transcription
factor activator and antioxidant enzyme component, maintaining cellular home-
ostasis by regulating immune responses and promoting protein synthesis; zinc
deficiency can cause growth retardation and immune dysfunction [3]. Iron, as
a core component of hemoglobin and cytochromes, is fundamental for oxygen
transport and redox reactions, and its metabolic imbalance is closely associ-
ated with anemia and oxidative stress [4]. In recent years, mineral supplements
have gained increasing attention for their potential in preventing and treating
metabolic diseases. Previous studies have shown that aging can affect mineral
absorption rates, tissue distribution, and biological effects [5].

Urine, which is not regulated by homeostatic mechanisms, can more directly
reflect real-time physiological and pathological changes in the body. Urinary
proteomics, as a non-invasive, continuously sampleable technique rich in
low-molecular-weight proteins and peptides, provides an important tool for
studying physiological and pathological states [6]. In particular, protein
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post-translational modifications (PTMs), such as phosphorylation, acetylation,
and glycosylation, are extensively involved in cell signal transduction and
metabolic regulation, offering a novel perspective for elucidating the molecular
mechanisms of mineral metabolism [7].

This study selected four clinically common mineral supplements: magnesium
L-threonate (MgT), calcium gluconate, zinc gluconate, and polysaccharide-iron
complex. MgT is a novel magnesium supplement with high bioavailability that
can elevate brain magnesium levels, improve neural plasticity, and effectively
cross the blood-brain barrier to exert neuroprotective effects [8]. Calcium glu-
conate, as an organic calcium salt, causes less gastrointestinal irritation than
inorganic calcium and is widely used for calcium supplementation due to its good
water solubility and absorption rate [9]. Zinc gluconate demonstrates good in-
testinal tolerance and immunomodulatory effects in clinical trials, rapidly releas-
ing zinc ions to exert short-term effects [10]. Polysaccharide-iron complex is a
gentle iron supplement with minimal gastrointestinal side effects, high bioavail-
ability, and good tolerability, making it suitable for short-term intervention
studies [11].

This study aimed to investigate the effects of short-term oral administration of
these four mineral supplements on PTMs in the urinary proteome of SD rats of
different ages using high-throughput proteomics technology. By systematically
analyzing PTM changes in rat urine, we explored the impact of short-term
magnesium, calcium, zinc, and iron intake on protein modifications, providing
new clues for understanding the physiological functions of mineral elements and
offering a fresh perspective for nutrition research.

2.1 Experimental Animals and Model Establishment

Data for the mineral supplement intervention groups and control groups in this

study were derived from previously published peer-reviewed articles and preprint

platform results from our laboratory [12]{13][14][15]. Healthy male SD rats
(2508+20g)werepurchased fromBeijingVital River Laboratory AnimalT echnologyCo., Ltd. Allratswereacclim
humidity 65%-70%, 12-hour light-dark cycle) before experiments began. All

experimental procedures were reviewed and approved by the Animal Ethics

Committee of the College of Life Sciences at Beijing Normal University

(approval number: CLS-AWEC-B-2022-003).

According to the Chinese Dietary Guidelines, the tolerable upper intake levels
(UL) for calcium, zinc, and iron are 2000 mg/d, 40 mg/d, and 42 mg/d, re-
spectively. Based on interspecies dose conversion using body surface area and
weight, these correspond to rat intake levels of approximately 180 mg/kg - d for
calcium, 3.6 mg/kg - d for zinc, and 37.8 mg/kg - d for iron, equivalent to doses
of approximately 2000 mg/kg - d for calcium gluconate, 25.3 mg/kg - d for zinc
gluconate, and about 28 mg/kg - d for polysaccharide-iron complex (calculated
as elemental iron). Referencing Slutsky et al., the minimum effective dose of
MgT for enhancing memory function in rats is 604 mg/kg - d (containing 50
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mg/kg - d elemental magnesium), and MgT is considered the most suitable form
of magnesium for oral administration, with a recommended dose of 100 mg/kg -
d elemental magnesium [16][17]. Based on these criteria, the daily gavage doses
for each group were established as shown in Table 1 .

All supplements were dissolved in sterile water to prepare gavage solutions: zinc
gluconate group (4.2 g in 500 mL water), calcium gluconate group (16.125 g in
500 mL water), polysaccharide-iron complex group (3 g in 500 mL water), and
MgT group (24.16 g in 200 mL water).

For the young group experiments, twelve 6-week-old rats were randomly divided
into four groups (n=3), with each group receiving one mineral supplement (MgT,
calcium gluconate, zinc gluconate, or polysaccharide-iron complex). For the
adult group experiments, five rats were sequentially treated with MgT, calcium
gluconate, zinc gluconate, and polysaccharide-iron complex at 14, 17, 18, and
19 weeks of age, respectively, with washout periods between treatments. During
the experiments, rats were gavaged once daily for four consecutive days. Urine
samples were collected the day before gavage (as control) and on day 4 of gavage
(as experimental group) for self-controlled comparison. All urine samples were
stored at -80°C.

2.2 Urine Sample Processing

Two milliliters of urine sample were thawed and centrifuged at 12,000xg for 30
minutes at 4°C. The supernatant was collected, and 40 L of 1M dithiothreitol
(DTT, Sigma) stock solution was added to achieve a final DTT concentration
of 20 mM. After thorough mixing, the solution was incubated in a metal bath
at 37°C for 60 minutes, then cooled to room temperature. Subsequently, 100
L of iodoacetamide (TAA, Sigma) stock solution was added to reach the work-
ing concentration of IAM, mixed thoroughly, and reacted in the dark at room
temperature for 45 minutes. After the reaction, samples were transferred to
new centrifuge tubes, mixed with 3 volumes of pre-cooled absolute ethanol, and
stored at -20°C for 24 hours to precipitate proteins. The precipitated samples
were centrifuged at 10,000xg for 30 minutes at 4°C, the supernatant was dis-
carded, and the protein pellet was dried before resuspension in 200 L of 20 mM
Tris solution. After another centrifugation, the supernatant was retained and
protein concentration was determined using the Bradford method.

Using the filter-aided sample preparation (FASP) method, urinary protein ex-
tracts were loaded onto 10 kD ultrafiltration tubes (Pall, Port Washington, NY,
United States) and washed three times with 20 mM Tris solution. Proteins
were resuspended in 30 mM Tris solution, and trypsin (Trypsin Gold, Promega,
Fitchburg, WI, United States) was added at a protein-to-enzyme ratio of 50:1
for enzymatic digestion at 37°C for 16 hours. The digested filtrate containing
the peptide mixture was collected, desalted using Oasis HLB solid-phase extrac-
tion columns, vacuum-dried, and stored at -80°C. The dried peptide powder
was resuspended in 30 L of 0.1% formic acid, and peptide concentration was

chinarxiv.org/items/chinaxiv-202509.00090 Machine Translation


https://chinarxiv.org/items/chinaxiv-202509.00090

ChinaRxiv [$X]

determined using a BCA assay kit. Peptide concentration was adjusted to 0.5
g/ L, and 4 L from each sample was pooled to create a mixed sample.

2.3 LC-MS/MS Tandem Mass Spectrometry Analysis

Peptides were resuspended in 0.1% formic acid to a concentration of 0.5 g/ L
and separated using a Thermo Easy-nLLC 1200 nano-liquid chromatography sys-
tem with a 90-minute gradient elution program. The mobile phase consisted of
phase A (0.1% formic acid) and phase B (80% acetonitrile). Separated peptides
were then analyzed using an Orbitrap Fusion Lumos Tribrid mass spectrometer
in data-independent acquisition (DIA) mode.

2.4 Open-pFind Non-restrictive Modification Search

pFind Studio software (version 3.2.1, Institute of Computing Technology, Chi-
nese Academy of Sciences) was used for unrestricted modification searching of
each sample’s raw mass spectrometry data using default parameters. The search
database was the Rattus norvegicus protein database downloaded from UniProt
(https://www.uniprot.org) with a version date of September 2024. Instrument
type was set to HCD-FTMS, enzyme to trypsin, enzyme specificity to full, and
maximum missed cleavage sites to 2. Mass error tolerances for both precursor
and fragment ions were set to $£+$20 ppm, and search mode was set to open
search. The false discovery rate (FDR) threshold at the peptide level was set
to 1%.

2.5 Bioinformatics Analysis of Protein Post-Translational
Modifications

Following unrestricted modification searching, modification identification
results (PROTEIN files) were obtained for each sample. A Python script
(pFind {{{protein}}{{contrast}}}Hscript}) was obtained from GitHub
(https://github.com/daheitu/scripts_ {{{for}}{{pFind3}} }{protocol}.io)  to
integrate modification information across different samples. Differentially
modified proteins were identified by comparing experimental and control
groups using the following criteria: fold change (FC) > 2.0 or < 0.5, and
two-tailed paired t-test P-value < 0.01. Differentially modified proteins were
annotated and functionally queried using the UniProt database, and relevant
literature was searched via PubMed (https://pubmed.ncbi.nlm.nih.gov) to
further analyze the potential functions of these modifications.

3.1.1 Urinary Proteome PTM Analysis of MgT 9-Week-Old
Group

Comparison of post-translational modifications between the experimental group
after 4 days of gavage and the pre-gavage control group revealed one differential
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modification in the 9-week-old group, affecting one protein type. Details are
listed in Table 2 .

Table 2 Differentially selected modifications in the MgT 9-week-old group
(FC$ $2.0 or $ $0.5, P<0.01)

Uniprot Control Experimental P
1D Peptide Modification group group change value

P12346 ~ EGVCPEGSIDSWRIGR66E)E];

Literature searches for the identified modified proteins were conducted in the
PubMed database. P12346 corresponds to Serotransferrin (FC=2.9, P=>5.06E-
03), which is primarily responsible for iron transport and cellular uptake. Trans-
ferrin saturation (TSAT) is an internationally recognized biomarker of iron nu-
tritional status; TSAT decreases during iron deficiency with compensatory in-
creased transferrin synthesis, while TSAT increases during iron overload. Cur-
rently, no studies have documented a relationship between serotransferrin and
magnesium status [18].

3.1.2 Urinary Proteome PTM Analysis of MgT 14-Week-
Old Group

Comparison between the experimental group after 4 days of gavage and the pre-
gavage control group identified 29 differential modifications in the 14-week-old
group, affecting 19 protein types. Details are listed in Table 3 .

Table 3 Differentially selected modifications in the MgT 14-week-old group
(FC$ $2.0 or $ $0.5, P<0.01)

Uniprot Control Experimental P
ID Peptide Modification group group change value

P36373  SQSFPHPIAYERBBLMR33E-03

Q9JHB9 SGSGCSH,OHWARIdoh68B3TT[C];

P02780  SGSGCSHOCEVWIRidom6SBA3TT[C];

P02761 QHIDVLEMShGFK 4.81E-03
>Ser[D];

Q9JHBY  ASGSGCSIADIAMIERA 8yNE-03
term);

P02780  ASGSGCHAMIAMVIERA BytNE-03
term)];

P81827  DEICAWXNGMITR 9.01E-03
>His[E];

P83121 DEICAWNGMTTR 9.01E-03
>His[E];
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Uniprot Control Experimental P
1D Peptide Modification group group change value
P81828  DEICAWXNWEMITR 9.01E-03

>His[E];

PO7647  VSQSFQRPERfIRYFMR6E-03
diMePhospho[S];
P81827  DEICAWANNAETH(45CYBINA )[C];
P83121  DEICAWANNAIETR(45C(BENA ) [C];
P81828  DEICAWANNAIETHR (4 {CIBHNI )[C];
P02781 ELEEFDOPREAVMEASLEE-03
termy;
P07861 SESQMDITRISABKRIRIE-04
PO7151  KIPNIEMSDMiSHSHME5E-03
P20059  GECQSEGVABHQIAOIOHEA)E];
P15083  CPVLVCGIBRMLVQEGYHER3
>Tyr[P];
P83121  TVEHGSITGSAT|CDi3a8PEatislomethyl[C
P81828 TVEHGSIZGSN|(0i3a8Bhidlomethyl[C
P20767 QVTHEQNWEKEK  4.64E-03
>Ser[V];
P10960  TNSSFVQHEVIAFINY.S4E-03
P36373  LLEDEPBABHIC_ {13C7BB)jAnyN-
term)];
P36374 LLEDEPEAQHI {13C7Ri6))AnyN-
terml;
P81828  CTSFDSTGPGHAGROE8HIECY;
P13432 QIR0T4 APDPTPLSNPREQLHSTRAIH NN DAV TLEVHVCDCEGTVNNCMK
termy;
QIROT4  LSDNQNIS[UQMHRIAMEDETQTUNNGMEomethyl[C];27, Carbamidomethyl[C];28,0xidation|M
P07314  QPLSSMEBHHIVDKDEGIGE-03
>pyro-
Glu[AnyN-
termQ)];6,0xidation[M];7,Carbamidomethyl[C];

Literature searches revealed that some identified proteins have documented
relationships with magnesium concentration changes. P07861 corresponds to
Neprilysin (FC=0.4, P=6.89E-04), whose activity may be affected by mag-
nesium concentration. Specifically, low magnesium concentrations (0.0 and
0.4 mM) cause a 50% decrease in Neprilysin activity without altering protein
levels [19], suggesting that magnesium changes may regulate Neprilysin func-
tion through activity modulation. P07151 corresponds to Beta-2-microglobulin
(FC=0.5, P=6.65E-03), which research has identified as an important indepen-
dent factor for elevated serum concentration, with levels negatively correlated
with serum magnesium concentration [20].

chinarxiv.org/items/chinaxiv-202509.00090 Machine Translation


https://chinarxiv.org/items/chinaxiv-202509.00090

ChinaRxiv [$X]

3.2.1 Urinary Proteome PTM Analysis of Calcium Glu-
conate 9-Week-0ld Group
Comparison between the experimental group after 4 days of gavage and the pre-

gavage control group identified one differential modification in the 9-week-old
group, affecting one protein type. Details are listed in Table 6 .

Table 4 Differentially selected modifications in the calcium gluconate 9-week-
old group (FC$ $2.0 or $ $0.5, P<0.01)

Uniprot Control Experimental P
ID Peptide Modification group group change value

P24090  DCTGQRVIFRRAKioR[C)E-03

Literature searches identified P24090 as Alpha-2-HS-glycoprotein (FC=0,
P=2.49E-03). Studies have shown that calcification load is negatively corre-
lated with serum Alpha-2-HS-glycoprotein levels. This protein can regulate
calcium solubility and bioavailability by forming colloidal calcium-protein
particles that circulate in the blood, helping to maintain calcium homeostasis
[21].

3.2.2 Urinary Proteome PTM Analysis of Calcium Glu-
conate 16-Week-Old Group
Comparison between the experimental group after 4 days of gavage and the pre-

gavage control group identified 11 differential modifications in the 16-week-old
group, affecting 10 protein types. Details are listed in Table 7 .

Table 5 Differentially selected modifications in the calcium gluconate 16-week-
old group (FC$ $2.0 or $ $0.5, P<0.01)

Uniprot Control Experimental P
ID Peptide Modification group group change value

P27590  AHWSDHEEEWSERENRES]
P81827  LQCFROESEBSIGHEHESE-03

term];15,Carbamidomethyl[C];
P07647  VGSICLAICAW/GM TONEHREMIK | ;
P36373  TDLMLGAGELEGGR.58E-03
>SecNEM[C];
Q64230  ATIEHEIRHAL.GFFHERQSB-03
>Glu[H];
P14841  QEADASERICAQRN-1.71E-03

term;
Q6IE52  PEPCGSEBATYRPETBRIE-04

term);
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Uniprot Control Experimental P
1D Peptide Modification group group change value
P00786 CGSCWTHIET GA LIBSAWWAD3

>Cys[F];

P22283  CSFQWHECAYBKmidos6iBA)8’];8, Carbamidomethyl[C];
P15950  LVNCPFERQHEQI:KSSKI:03
P36373 TDLMLGAGKLEGGHK.96E-03

>SecNEM[C];

Literature searches revealed that some proteins show correlations with calcium
concentration changes. P27590 corresponds to Uromodulin (FC=0, P=4.18E-
03), a secreted protein primarily expressed in the thick ascending limb of Henle’s
loop that participates in urine concentration and calcium metabolism, regulating
systemic calcium balance. In calcium metabolic regulation, Uromodulin can sig-
nificantly stimulate the expression level of transient receptor potential vanilloid
receptor 5 (TRPV5) on the apical membrane of renal tubular epithelial cells by
inhibiting endocytosis, thereby enhancing calcium reabsorption efficiency. This
regulatory mechanism represents an important protective mechanism against
urinary stone formation [22]. Q6IE52 corresponds to Murinoglobulin-2 (FC=2.6,
P=8.44E-04). Studies on its homolog $ $2-microglobulin show that calcium
binding at physiological pH causes conformational changes, protein precipitation
into amorphous forms, and subsequent transformation into amyloid aggregates.
These aggregates exist as microscopic particles that do not progress to larger
amyloid deposits. However, when renal function is impaired, particularly during
dialysis, $ $2-microglobulin concentrations may temporarily increase, generat-
ing large aggregates that deposit in bone joints and convert to amyloid proteins
during dialysis-related amyloidosis [23].

3.3.1 Urinary Proteome PTM Analysis of Zinc Gluconate
9-Week-0O1ld Group

Comparison between the experimental group after 4 days of gavage and the pre-
gavage control group identified six differential modifications in the 9-week-old
group, affecting six protein types. Details are listed in Table 4.

Table 6 Differentially selected modifications in the zinc gluconate 9-week-old
group (FC$ $2.0 or $ $0.5, P<0.01)

Uniprot Control Experimental P
1D Peptide Modification group group change value
Q63041  CGNKVAIRRADNGBh.SEEAGS N-

term];
P81827 QTYPDHISWMWN VIBRBREH]A nyN-

termy;
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Uniprot Control Experimental P
1D Peptide Modification group group change value
P83121  QTYPDHISWWANV V{IBBREH A nyN-

term);
P81828 QTYPDHISUAMWN VIBRBREH]A nyN-

termy;
P02761 VEMQHIDVHENKyGH K5 N3

term)];

P12346  DCTGNE(THBamidotdilBA)@];7,Carbamidomethyl[C];

Literature searches revealed that some proteins show correlations with zinc con-
centration changes. P12346 corresponds to Serotransferrin (FC=0.4, P=2.31E-
03), an important zinc-binding protein in plasma that is closely related to di-
etary zinc intake and zinc homeostasis, participating in the regulation of zinc
absorption, utilization, transport, and tissue distribution [24].

3.3.2 Urinary Proteome PTM Analysis of Zinc Gluconate
17-Week-01ld Group
Comparison between the experimental group after 4 days of gavage and the pre-

gavage control group identified 14 differential modifications in the 17-week-old
group, affecting 11 protein types. Details are listed in Table 5.

Table 7 Differentially selected modifications in the zinc gluconate 17-week-old
group (FC$ $2.0 or $ $0.5, P<0.01)

Uniprot Control Experimental P
1D Peptide Modification group group change value

P81827 PDEICAWBMPYITR 4.46E-04
piperidinol[C];

P83121 PDEICAWBMYITR 4.46E-04
piperidinol[C];

P&81828 PDEICAWRBMYITR 4.46E-04
piperidinol[C];

Q6IRK9  GLLVDTVERRIphosphiAis N-
terml;

P27500  AHWSDHAUEWSFRHSIKIO3

P01835  DGVLDSVIDRRFK.99E-03

P01836 DGVLDSVTDRRRFE.99E-03

Q64319  STNPASKEHD VD PHASEAyN-
term);

P02761 LNGDWEJDeIWA SINK5.38E-03
HOE)W;
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Uniprot Control Experimental P
1D Peptide Modification group group change value
P02761 LCEAHGIKR:- 9.49E-03

>Cys[L];

P02761  GNLDVAKDNGEDWE B0

Q9QZ76 EGDLAGHG&QEVLISBBRE-03
>Tyr[Al;

P04764  AMQEFNIGISVGASSERAE-03
Quat_ {2H}(3)[AnyN-
term);

P02761  KLCEAHC(STRinyl[AGy30E-03
termy;

Literature searches revealed that some proteins show correlations with zinc con-
centration changes. Q64319 corresponds to Amino acid transporter heavy chain
SLC3A1 (FC=0.4, P=3.88E-03). SLC3A1, SLC30, and SLC39 belong to differ-
ent subfamilies of the solute carrier (SLC) family, with distinct yet potentially
interconnected functions. The SLC30 family primarily transports zinc out of
cells or sequesters it in specific cytoplasmic regions when intracellular zinc levels
rise, maintaining physiological zinc concentrations [25]. The SLC39 family is
mainly responsible for zinc uptake into cells, maintaining dynamic zinc balance
[26]. While SLC3A1 is known primarily for amino acid transport and no direct
link to zinc has been established, its potential association with zinc regulation
warrants investigation given the complex interactions among SLC superfamily
members in cellular metabolic networks and possible indirect connections be-
tween amino acid metabolism and zinc homeostasis. P01836 corresponds to Ig
kappa chain C region, A allele (FC=0.3, P=6.99E-03). Zinc is an essential trace
element for normal immune function, regulating immune cell activity and func-
tion. Both zinc deficiency and excess can affect immune responses, including
antibody production and function [27].

3.4.1 Urinary Proteome PTM Analysis of Polysaccharide-
Iron Complex 9-Week-0Old Group

Comparison between the experimental group after 4 days of gavage and the pre-
gavage control group identified 38 differential modifications in the 9-week-old
group, affecting 31 protein types. Details are listed in Table 8 .

Table 8 Differentially selected modifications in the polysaccharide-iron complex
9-week-old group (FC$ $2.0 or $ $0.5, P<0.01)

Uniprot Control Experimental P
1D Peptide Modification group group change value

P81827  ECIGTTYEHBamidomdtA)C];

chinarxiv.org/items/chinaxiv-202509.00090 Machine Translation


https://chinarxiv.org/items/chinaxiv-202509.00090

ChinaRxiv [$X]

Uniprot Control Experimental P
1D Peptide Modification group group change value
P05545  DQAEINT®EEALFIDI.85E-03
>Cys[I];
P0O0758 CVEAHKHNVEFHMEGAGEMDGGK
P83121  STGFCYWICIPL {130)NBHAfyN-
term)];
P81828  SFDSTGPPH&GR  9.68E-03
>Ser[F];
P81828 TGFCHVIARQKEQHTREBIHEAWVVVTTR
Q64240  CIQFTYQ@EkKbamidom8EA)8];9, Carbamidomethyl[C];
P27590 CQLQSLGPME  8.16E-03
carbamidomethyl[AnyN-
termC|;
P81828  SFDSTGECOMEROQEGHUBNEOEICAWVVVTTR
P05545  IRDEELS(S&bamidofdtizjg];
P02770  TPTLVEQISD z+2 Ti60ELAhyN-
term)];
QOPMD2 CAGESFQUAFVEnido#®LY)];
QI9R0T4 SITGPGADKPPVGVERHRO3
>CamCys[K];
P20611 FPLGPC®Rarbamido#&Ly)[Q];
P&3121 PDEICABEUMVTTR 2.06E-03
>Ser[C];
P81828 PDEICAWUMVTTR #DIV/0!
>Ser[C];
P81827 PDEICAWEUWYTTR 3.44E-03
>Ser[C];
P07522  NLDPASW,EHRIphospHDEN-
term);
P10960  SLPCDIQ@ICarbamidom88BA)8];7,Carbamidomethyl[C];
PO7314  QPLSSMUPSibWRIdomBEY];
P07314  QPLSSMU;PSIBNIKBHAGREA)C];
P02780  QCFLDQIOEbamidofBEYIDTTIC;
P22283  DYIEQNOEAVBumyl[ SG6E-03
termy;
P13635  DCNKPSPORBIQIIB#BEYQ];
P83121  PDEICAWNNMRIR];5.87E-03
P81828  PDEICAWNNMK[®];#DIV /0!
P81828  TSFDSTGBGHWER {318 ]AnyN-
termy;
P81827  PDEICAWNNMEIE];#DIV /0!
Q63041  VLGTLACGOHHEIB#BOLY)Q];
P19218  STINVEBNENSSRSRYDEMNN-
term)];
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Uniprot Control Experimental P
1D Peptide Modification group group change value

P01835  PPSTEQLAHMGAFASYEDIV /0!
P07522 ~ VVRVNIOPNBSRARPRK¥DIV/0!
term);
P07522 VNLDPASXRPR #DIV/0!
>Cys[L];
P22282  DNCPFEERIGHQIEKBHDIVY/IBC}(6)[C];
P02780  PYVQDHIPREK #DIV/0!
>Cys[P];
P14046 ~ GMYESIROMAMION [ MDIV /0!
P21704  WLIPDS ADIAEAASHHMEYYTC];

Note: #DIV/0! indicates a “from none to present’ change in differential mod-
ification.

Literature searches revealed that some proteins show correlations with iron con-
centration changes. P02770 corresponds to Albumin (FC=9.5, P=3.44E-03).
Studies show that albumin levels in iron-deficiency anemia patients are signif-
icantly lower than in healthy controls, and albumin levels positively correlate
with serum iron, transferrin saturation, and ferritin levels [28], indicating that
iron concentration changes may affect albumin levels. Q9R0T4 corresponds
to Cadherin-1 (FC=18, P=3.44E-03). Research has found that Cadherin-1 ex-
pression significantly decreases in iron-overloaded hepatocytes, leading to weak-
ened cell-cell adhesion [29]. P20611 corresponds to Lysosomal acid phosphatase
(FC=26.3, P=1.73E-04). In iron-overloaded hepatocytes, both lysosome number
and lysosomal acid phosphatase activity increase [30].

Among proteins with “from none to present” differential modifications: P13635
corresponds to Ceruloplasmin (P=>5.06E-03). When iron load increases, ceru-
loplasmin promotes iron loading onto transferrin by increasing oxidase activ-
ity, thereby accelerating iron clearance, and its activity may be dynamically
adjusted according to dietary iron load [31]. Q63041 corresponds to Alpha-
1-macroglobulin (P=>5.87E-03), which can bind free heme with high affinity.
During dietary iron excess or hemolysis-induced heme release, plasma concen-
tration and urinary excretion of this protein increase significantly, suggesting its
potential as a biomarker for iron nutritional overload or hemolytic dietary stress
[32]. P21704 corresponds to Deoxyribonuclease-1 (P=9.85E-03), whose activity
is directly related to dietary iron intake. High-iron diets cause iron overload,
leading to increased reactive oxygen species and apoptosis, ultimately resulting
in elevated DNase-1 activity [33].
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3.4.2 Urinary Proteome PTM Analysis of Polysaccharide-
Iron Complex 16-Week-0Old Group

Comparison between the experimental group after 4 days of gavage and the pre-
gavage control group identified 61 differential modifications in the 17-week-old
group, affecting 34 protein types. Details are listed in Table 9 .

Table 9 Differentially selected modifications in the polysaccharide-iron complex
17-week-old group (FC$ $2.0 or $ $0.5, P<0.01)

Uniprot Control Experimental P
ID Peptide Modification group group change value
P07861 TWRRC ANY RGN MBERRIAhy N-
termy;
P02761 MQHIDVILEXESTIGEFHB}F8 ARy N-
term)];

P02782  VVAETLV3YURHRGEISKSHEC);
P02780  GSGCSTNMEYARAnyNs.41E-03

termy;

Q9JHB9  GSGCSIIMNIYARAnyN5.41E-03
term)];

P02761  VFMQHIDIENSLGHKAENS
term);

P22283  FSHDTYS,BdilikylS; 4.64E-03

P02761  VFMQHHI)XEENSLGERIE-03
>Ser[L];

P36373  VGSTCLASEWGHTIPAGGENO3
term);

P36375  VGSTCLASEWGSTIRAGGENO3
termy;

P07861 QSNSLNY,GGRIGMVIGHIHIHGFDDNGR
>pyro-
Glu[AnyN-
termQ);

P02770  AADKDNGRAREGRNIABKAEyN-
termy;

P01835  SQRFPNO\ERABHENA dySE-03
term);

P07647  LVSQSFQEPRMEPVHMRE-03

P00689  VFVDNHIEXBYRphosphasiiAls N-

termy;

P02770 CVEDYLEARIENR[Any?R4E-03
term)];

P01835 ADYESHNIGYECEV VHIE-03
>Dha|C];

Q08420  MGLATSLAGRISILEIN5E-03
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Uniprot Control Experimental P
1D Peptide Modification group group change value
P02770  RPCFSARTUYHETYVRISE-04
>Dha|[C];
P81827  ICQTYPDEIGAPIYSHUARERIZ N-
termy;
P83121  ICQTYPDEIGARGPURERIYN-
term)];
P10960  NYVDQYSEPAVQMMIBIHM3
>Cys[D];
Q08420  SAMLPPDRBQUFeXNOBIE)3
P81827  EICAWVNNETGRProt2iad¥E-03
term];3,Carbamidomethyl[C];
P81828  EICAWVIANEBRProt2isd¥-03
term];3,Carbamidomethyl[C];
P83121  EICAWVIVAEBRProt2igs¥-03
term];3,Carbamidomethyl[C];
P07522  VNLDPASXRPR 6.15E-03
>Cysl[L];
P02761  MQHIDVIBNShtHKGh8Eh3te[ AnyN-
term);
P85971  LVPFDHANSTYGLYRS8SE-03
>Gln[V];
P08649 EPFLSC6Karbamidom68A)¢];7, Carbamidomethyl[C];
P01835  DSTYSMSSRLSLTKF}JIHIE
P01836 ~ DSTYSMSSELSLTRF}JITHIE
P10252  ILEYFPN(XamidatedB$E-03
P02761 KLCEAHGNT®RANnyN-4.81E-03
term;
Q6DGG1 QDPMGHSSFUIHAKyS-44E-04
term);
Q63041 FGQVLLVPEK 4.97E-03
> Arg[FJ;
P81828  LQCFRUIBHDSTEHBHIIH3
term];3,GGC;15,Carbamidomethyl[C];
035217 KEPLTAVRE&ERGERGEE:042H}(5)[AnyN-
term);
P01835  TYSMSSTESbdfoghiosE a3 ion[AnyN-
term)];
P01836 TYSMSSTRSbTHiogh®688-3 ion[AnyN-
termy;
P07522  LAINWID@EBH[RnyN4.64E-03
term);
P27590 TENGES$QWBacetaniliGdEAO3N-
term)];
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Uniprot Control Experimental P
1D Peptide Modification group group change value
P14046  YMVLVHESBYoY TETPEBIE-03
>Asn[P];
Q03626  YMVLVHESRMoY TETPEEIE-03
>Asn[P];
Q6IE52  YMVLVHESRoY TETPEBSE-03
>Asn[P];
P02761 GETFQLIWNICWHRRN- 3.88E-03
term;
Q63041  QQNSHAQGHIHT QD TANMALR]
>Asn[T];
P81827 CAWVVYDERa_ S(- 8.77E-03
1)Se(1)(C];
P81828 CAWVVYDERa_ S(- 8.77E-03
1)Se(1)[C];
P83121 CAWVVYDERa_ S(- 8.77E-03
1)Se(1)[C];

Q08420  DQPQITGEWERERicAGAIRIBGE} (6)[D];
P16391  EDLKTW/BRHANENKGBIR-03

P07522  DLSKEVASRONSRI SO ;
QIQX79 DGYMLEIOHdationMHIE-03

P14841  PQEADASEBGMQRLiISE-04

P36373  VGSTCLABGWCSFRADIV /0!

1)Se(1)[C];

P36375  VGSTCLABEWWGSE3.88E-03
1)Se(1)[C];

P13432  PDPNCQIPIVCAIREND(PP
term)];

PO1835  DSTYSMSBSaLSHGEGSE-03
term];6,0xidation[M];

P01836  DSTYSMSSaSH R GSE-03
term];6,0xidation[M];

QIESS7  SLQTPREPDQQLEYPIISHLA8y N-

term)];

Literature searches revealed that some proteins show correlations with iron con-
centration changes. The 17-week-old group shared several iron-related differ-
entially modified proteins with the 9-week-old group, such as Albumin and
Alpha-1-macroglobulin. Additionally, P02782 corresponds to Prostatic steroid-
binding protein C1 (FC=0.1, P=8.58E-03), which is associated with hepcidin
synthesis and secretion in prostate cancer cells. Hepcidin is a key iron regulatory
protein whose expression and secretion are significantly increased in prostate
cancer cells and tissues [34]. PSBP C1 may influence iron metabolism by reg-
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ulating hepcidin expression. P00689 corresponds to Pancreatic alpha-amylase
(FC=0.5, P=3.88E-03). Studies have found that iron regulatory proteins are sig-
nificantly correlated with pancreatic alpha-amylase levels, and iron metabolism
regulation may affect pancreatic cell physiological functions, thereby influencing
alpha-amylase synthesis and secretion [35].

Notably, both 9-week-old and 17-week-old groups shared a common differen-
tial modification: Pro-epidermal growth factor (Pro-EGF) modification “3,Xle-
>Cys[L]” on the “VNLDPASVPPR” sequence, with FC values of #DIV/0! (in-
dicating “from none to present” change) and 2.8, respectively. The epidermal
growth factor receptor (EGFR) plays a key role in iron metabolism by regulating
transferrin receptor 1 distribution [36]. As a member of the EGF family, Pro-
EGF expression and function may be regulated by EGFR signaling pathways,
thereby indirectly affecting iron metabolism.

Discussion

This study explored changes in urinary proteome PTMs following short-term
gavage of four common mineral supplements—magnesium L-threonate, calcium
gluconate, zinc gluconate, and polysaccharide-iron complex—in rats. Changes in
protein concentration and post-translational modifications provide complemen-
tary information, characterizing the effects of short-term, low-dose interventions
from two different dimensions.

At the modification level, all mineral groups exhibited differential modification
sites, with polysaccharide-iron complex gavage inducing the most numerous
PTM changes, suggesting that iron metabolism may have a strong influence
on protein modification regulation. These differentially modified proteins have
diverse functions, encompassing metal ion binding, immune modulation, oxida-
tive stress response, and other aspects. These results not only align with known
biological knowledge of mineral-protein interactions but also suggest that uri-
nary PTM analysis can serve as a novel tool for revealing mineral physiological
functions.

Age factors also demonstrated distinct effects in this study, with the same min-
eral inducing markedly different PTM changes in rats of different ages. This
is consistent with known phenomena of age-related changes in absorption effi-
ciency, enzyme activity, and hormonal environments, further emphasizing the
necessity of considering age factors in nutritional interventions [5].

However, it should be noted that functional annotations for most identified
PTMs in mineral metabolism remain incomplete in the current field, which
objectively limits the depth of analysis of specific modification events in this
study. This indicates that future research should employ targeted modification
proteomics combined with functional experiments to clarify the effects of key
modification sites on mineral homeostasis and related physiological functions.
Additionally, this study has certain limitations. While we focused on analyzing
the correlation between differentially modified proteins and magnesium, cal-
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cium, zinc, and iron metabolism, and although the selected supplements are
widely used compounds in clinical and basic research with relatively small non-
specific effects from carrier components, other components such as threonate,
gluconate, and polysaccharide carriers may still have potential effects on the
body. Moreover, the relatively limited sample size may affect the generaliz-
ability and statistical power of the results. However, as an exploratory study,
its primary purpose is to preliminarily characterize the features and trends of
mineral-protein modification interactions and provide clues and directions for
subsequent in-depth mechanistic investigations. Future studies should consider
expanding sample sizes and establishing appropriate carrier control groups to
exclude potential effects of non-mineral components. Furthermore, combining
targeted validation, functional experiments, and multi-omics integration strate-
gies will help uncover key modification events regulated by minerals and their
physiological and pathological significance, providing new theoretical founda-
tions for precision nutrition interventions.

In summary, this study preliminarily explored changes in the rat urinary pro-
teome following short-term supplementation with magnesium L-threonate, cal-
cium gluconate, zinc gluconate, and polysaccharide-iron complex from a PTM
perspective. We identified differentially modified proteins consistent with pre-
viously studied mineral metabolism-related proteins, providing clues for under-
standing the metabolic processes and biological functions of magnesium, cal-
cium, zinc, and iron in rats and offering a new window for nutrition research.

References

[1] de Baaij JH, Hoenderop JG, Bindels RJ. Magnesium in man: implications
for health and disease. Physiol Rev. 2015 Jan;95(1):1-46.

[2] Peacock M. Calcium metabolism in health and disease. Clin J Am Soc
Nephrol. 2010 Jan;5 Suppl 1:523-30. doi: 10.2215/CJN.05910809. PMID:
20089499.

[3] Hojyo S, Fukada T. Roles of Zinc Signaling in the Immune System. J Im-
munol Res. 2016;2016:6762343. doi: 10.1155/2016/6762343. Epub 2016 Oct 31.
PMID: 27872866; PMCID: PMC5107842.

[4] Coates TD. Physiology and pathophysiology of iron in hemoglobin-
associated diseases. Free Radic Biol Med. 2014  Jul;72:23-40. doi:
10.1016/j.freeradbiomed.2014.03.039. Epub 2014 Apr 12. PMID: 24726864;
PMCID: PM(C4940047.

[5] Matsui Y, Takemura M, Harada A, Ando F, Shimokata H. Divergent Sig-
nificance of Bone Mineral Density Changes in Aging Depending on Sites and
Sex Revealed through Separate Analyses of Bone Mineral Content and Area. J
Osteoporos. 2012;2012:642486. doi: 10.1155/2012/642486. Epub 2012 Nov 25.
PMID: 23227425; PMCID: PM(C3512306.

chinarxiv.org/items/chinaxiv-202509.00090 Machine Translation


https://chinarxiv.org/items/chinaxiv-202509.00090

ChinaRxiv [$X]

[6] Wei J, Gao Y. Early disease biomarkers can be found using animal mod-
els urine proteomics. Expert Rev Proteomics. 2021 May;18(5):363-378. doi:
10.1080,/14789450.2021.1937133. Epub 2021 Jun 7. PMID: 34058951.

[7] D Amore C, Salvi M. Editorial of Special Issue “Protein Post-Translational
Modifications in Signal Transduction and Diseases” . J Mol Sci. 2021
Feb 24;22(5):2232. doi: 10.3390/ijms22052232. PMID: 33668127; PMCID:
PMC7956322.

[8] Fu C, Huang L, Lian C, Yue J, Lin P, Xu L, Lai W, Gao C, Li C, Long
Y. Effects of long-term magnesium L-threonate supplementation on neuroin-
flammation, demyelination and blood-brain barrier integrity in mice with neu-
romyelitis optica spectrum disorder. Brain Res. 2025 Jan 1;1846:149234. doi:
10.1016/j.brainres.2024.149234. Epub 2024 Sep 10. PMID: 39260790.

[9] Watanabe DHM, Doelman J, Steele MA, Guan LL, Seymour DJ, Penner
GB. A comparison of post-ruminal provision of Ca-gluconate and Ca-butyrate
on growth performance, gastrointestinal barrier function, short-chain fatty
acid absorption, intestinal histology, and brush-border enzyme activity in beef
heifers. J Anim Sci. 2023 Jan 3;101:skad050. doi: 10.1093/jas/skad050. PMID:
36799118; PMCID: PMC10022388.

[10] Wang Y, Xiao J, Wei S, Su Y, Yang X, Su S, Lan L, Chen X, Huang T,
Shan Q. Protective effect of zinc gluconate on intestinal mucosal barrier injury
in antibiotics and LPS-induced mice. Front Microbiol. 2024 May 23;15:1407091.
doi: 10.3389/fmicb.2024.1407091. PMID: 38855764; PMCID: PMC11157515.

[11] Yan X, Zhang Q, Wang T, Luo Y, Sha X. Evaluation of Different
Polysaccharide-Iron Complex Preparations In Vitro and In Vivo. Pharmaceu-
tics. 2025 Feb 23;17(3):292. doi: 10.3390/pharmaceutics17030292. PMID:
40142956; PMCID: PMC11945278.

[12] Shen Z, Yang M, Wang H, Liu Y, Gao Y. Changes in the urinary proteome of
rats after short-term intake of magnesium L-threonate(MgT). Front Nutr. 2023
Dec 21;10:1305738. doi: 10.3389/fnut.2023.1305738. PMID: 38188875; PMCID:
PMC10768015.

[13] Shen, Ziyun, Minhui Yang, Haitong Wang, and Youhe Gao. “Changes of
urinary proteome in rats after intragastric administration of zinc gluconate.”
bioRxiv 4 Mar. 2024. https://doi.org/10.1101/2024.03.04.583149

[14] Shen, Ziyun, Minhui Yang, Haitong Wang, and Youhe Gao. “Changes of
urinary proteome in rats after administration of calcium gluconate.” bioRziv 4
Mar. 2024. https://doi.org/10.1101/2024.03.04.583150

[15] Shen, Ziyun, Minhui Yang, Haitong Wang, and Youhe Gao. “Changes of
urine proteome after intragastric administration of polysaccharide iron complex
in rats.” bioRziv 5 Mar. 2024. https://doi.org/10.1101/2024.03.05.583147

[16] Slutsky I, Abumaria N, Wu LJ, Huang C, Zhang L, Li B, Zhao X, Govin-
darajan A, Zhao MG, Zhuo M, Tonegawa S, Liu G. Enhancement of learning

chinarxiv.org/items/chinaxiv-202509.00090 Machine Translation


https://chinarxiv.org/items/chinaxiv-202509.00090

ChinaRxiv [$X]

and memory by elevating brain magnesium. Neuron. 2010 Jan 28;65(2):165-77.
doi: 10.1016/j.neuron.2009.12.026. PMID: 20152124.

[17] Sadir S, Tabassum S, Emad S, Liaquat L, Batool Z, Madiha S, Shehzad
S, Sajid I, Haider S. Neurobehavioral and biochemical effects of magnesium
chloride (MgCl2), magnesium sulphate (MgSO4) and magnesium-L-threonate
(MgT) supplementation in rats: A dose dependent comparative study. Pak J
Pharm Sci. 2019 Jan;32(1(Supplementary)):277-283. PMID: 30829204.

[18] Pfeiffer CM, Looker AC. Laboratory methodologies for indicators of iron
status: strengths, limitations, and analytical challenges. Am J Clin Nutr. 2017
Dec;106(Suppl 6):1606S-1614S. doi: 10.3945/ajcn.117.155887. Epub 2017 Oct
25. PMID: 29070545; PMCID: PMC5701713.

[19] Chui D, Chen Z, Yu J, et al.; Liang Zhou. Magnesium in Alzheimer’ s
disease. In: Vink R, Nechifor M, editors. Magnesium in the Central Nervous
System [Internet]. Adelaide (AU): University of Adelaide Press; 2011. Available
from: https://www.ncbi.nlm.nih.gov/books/NBK507256/

[20] Raikou, Vaia D.1; Kyriaki, Despina2,. The Relationship Between Con-
centrations of Magnesium and Oxidized Low-Density Lipoprotein and Beta2-
microglobulin in the Serum of Patients on the End-stage of Renal Disease. Saudi
Journal of Kidney Diseases and Transplantation 27(3):p 546-552, May-Jun 2016.
| DOI: 10.4103/1319-2442.182396

[21] Rudloff S, Jahnen-Dechent W, Huynh-Do U. Tissue chaperoning-the
expanded functions of fetuin-A beyond inhibition of systemic calcification.
Pflugers Arch. 2022 Aug;474(8):949-962. doi: 10.1007/s00424-022-02688-6.
Epub 2022 Apr 11. PMID: 35403906; PMCID: PMC8995415.

[22] Takata T, Isomoto H. The Versatile Role of Uromodulin in Renal Homeosta-
sis and Its Relevance in Chronic Kidney Disease. Intern Med. 2022;63(1):17-23.
doi: 10.2169/internalmedicine.1342-22. Epub 2025 Mar 5;7(1):e00057. PMID:
36642527; PMCID: PMC10824655.

[23] Kumar S, Sharma P, Arora K, Raje M, Guptasarma P. Calcium binding
to beta-2-microglobulin at physiological pH drives the occurrence of conforma-
tional changes which cause the protein to precipitate into amorphous forms
that subsequently transform into amyloid aggregates. PLoS One. 2014 Apr
22;9(4):e95725. doi: 10.1371/journal.pone.0095725. PMID: 24755626; PMCID:
PMC3995793.

[24] Stiles LI, Ferrao K, Mehta KJ. Role of zinc in health and disease. Clin Exp
Med. 2024 Feb 17;24(1):38. doi: 10.1007/s10238-024-01302-6. PMID: 38367035;
PMCID: PMC10874324.

[25] Moskovskich A, Goldmann U, Kartnig F, Lindinger S, Konecka J, Fiume
G, Girardi E, Superti-Furga G. The transporters SLC35A1 and SLC30A1 play
opposite roles in cell survival upon VSV virus infection. Sci Rep. 2019 Jul

chinarxiv.org/items/chinaxiv-202509.00090 Machine Translation


https://chinarxiv.org/items/chinaxiv-202509.00090

ChinaRxiv [$X]

18;9(1):10471. doi: 10.1038/s41598-019-46952-9. PMID: 31320712; PMCID:
PMC6639343.

[26] Qu YY, Guo RY, Luo ML, Zhou Q. Pan-Cancer Analysis of the
Solute Carrier Family 39 Genes in Relation to Oncogenic, Immune Infiltrat-
ing, and Therapeutic Targets. Front Genet. 2021 Dec 2;12:757582. doi:
10.3389/fgene.2021.757582. PMID: 34925450; PMCID: PMC8675640.

[27] Yao JH, Ortega EF, Panda A. Impact of zinc on immunometabolism and
its putative role on respiratory diseases. Immunometabolism (Cobham). 2025
May;7(1):e00057. doi: 10.1097/IN9.0000000000000057. PMID: 40051614; PM-
CID: PMC11882175.

[28] Jyothsna P, Suchitra MM, Kusuma Kumari M, Chandrasekhar C, Ruk-
mangadha N, Alok S, Siddhartha Kumar B. Effect of Iron Deficiency Anemia
on Glycated Albumin Levels: A Comparative Study in Nondiabetic Subjects
with Iron Deficiency Anemia. J Lab Physicians. 2022 Oct 20;15(2):253-258.
doi: 10.1055/s-0042-1757589. PMID: 37323601; PMCID: PMC10264113.

[29] Bilello JP, Cable EE, Isom HC. Expression of E-cadherin and other paracel-
lular junction genes is decreased in iron-loaded hepatocytes. Am J Pathol. 2003
Apr;162(4):1323-38.  doi: 10.1016/S0002-9440(10)63928-4. PMID: 12651624;
PMCID: PMC1851226.

[30] Cleton MI, de Bruijn WC, van Blokland WT, Marx JJ, Roelofs JM, Rade-
makers LH. Iron content and acid phosphatase activity in hepatic parenchymal
lysosomes of patients with hemochromatosis after phlebotomy treatment. Ul-
trastruct Pathol. 1988 Mar-Apr;12(2):161-74. doi: 10.3109/01913128809058215.
PMID: 3363682.

[31] Jiang B, Liu G, Zheng J, Chen M, Maimaitiming Z, Chen M, Liu S, Jiang
R, Fuqua BK, Dunaief JL, Vulpe CD, Anderson GJ, Wang H, Chen H. Hep-
haestin and ceruloplasmin facilitate iron metabolism in the mouse kidney. Sci
Rep. 2016 Dec 19;6:39470. doi: 10.1038/srep39470. PMID: 27991585; PMCID:
PMC5171654.

[32] Bergwik J, Kristiansson A, Allhorn M, Gram M, Akerstrom B. Structure,
Functions, and Physiological Roles of the Lipocalin $ $1-Microglobulin (A1M).
Front Physiol. 2021 Mar 3;12:645650. doi: 10.3389/fphys.2021.645650. PMID:
33746781; PMCID: PMC7965949.

[33] Obeagu EI. Iron homeostasis and health: understanding its role beyond
blood health - a narrative review. Ann Med (Lond). 2025 May;87(6):3362-
3371. doi: 10.1097/MS9.0000000000003100. PMID: 40486647; PMCID:
PMC12140690.

[34] Tesfay L, Clausen KA, Kim JW, Hegde P, Wang X, Miller LD, Deng Z,
Blanchette N, Arvedson T, Miranti CK, Babitt JL, Lin HY, Peehl DM, Torti
FM, Torti SV. Hepcidin regulation in prostate and its disruption in prostate

chinarxiv.org/items/chinaxiv-202509.00090 Machine Translation


https://chinarxiv.org/items/chinaxiv-202509.00090

ChinaRxiv [$X]

cancer. Cancer Res. 2015 Jun 1;75(11):2254-63. doi: 10.1158/0008-5472.CAN-
14-2465. Epub 2015 Apr 9. PMID: 25858146; PMCID: PMC4454355.

[35] Kimita W, Ko J, Li X, Bharmal SH, Petrov MS. Associations Be-
tween Iron Homeostasis and Pancreatic Enzymes After an Attack of
Acute Pancreatitis.  Pancreas. 2022 Nov-Dec;51(10):1277-1283.  doi:
10.1097/MPA.0000000000002195. PMID: 37099767.

[36] Wang B, Zhang J, Song F, Tian M, Shi B, Jiang H, Xu W, Wang H, Zhou
M, Pan X, Gu J, Yang S, Jiang L, Li Z. EGFR regulates iron homeostasis to
promote cancer growth through redistribution of transferrin receptor 1. Cancer
Lett. 2016 Oct 28;381(2):331-40. doi: 10.1016/j.canlet.2016.08.006. Epub 2016
Aug 11. PMID: 27523281.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202509.00090 Machine Translation


https://chinarxiv.org/items/chinaxiv-202509.00090

	Changes in Post-translational Modifications of the Urinary Proteome Following Short-term Administration of Magnesium, Calcium, Zinc, and Iron Supplements in Rats
	Abstract
	Full Text
	Preamble
	Abstract
	Introduction
	2.1 Experimental Animals and Model Establishment
	2.2 Urine Sample Processing
	2.3 LC-MS/MS Tandem Mass Spectrometry Analysis
	2.4 Open-pFind Non-restrictive Modification Search
	2.5 Bioinformatics Analysis of Protein Post-Translational Modifications
	3.1.1 Urinary Proteome PTM Analysis of MgT 9-Week-Old Group
	3.1.2 Urinary Proteome PTM Analysis of MgT 14-Week-Old Group
	3.2.1 Urinary Proteome PTM Analysis of Calcium Gluconate 9-Week-Old Group
	3.2.2 Urinary Proteome PTM Analysis of Calcium Gluconate 16-Week-Old Group
	3.3.1 Urinary Proteome PTM Analysis of Zinc Gluconate 9-Week-Old Group
	3.3.2 Urinary Proteome PTM Analysis of Zinc Gluconate 17-Week-Old Group
	3.4.1 Urinary Proteome PTM Analysis of Polysaccharide-Iron Complex 9-Week-Old Group
	3.4.2 Urinary Proteome PTM Analysis of Polysaccharide-Iron Complex 16-Week-Old Group
	Discussion
	References


