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Effects of one-week intake of
different edible oils on the urinary
proteome of rats

Yan Su and Youhe Gao*

Gene Engineering Drug and Biotechnology Beijing Key Laboratory, College of Life Sciences, Beijing
Normal University, Beijing, China

Objective: To investigate the effects of different edible oils on the rat body,
we analyzed alterations in the urinary proteome and post-translational
modifications (PTMs) following a one-week intake of olive oil, butter, lard,
hydrogenated vegetable oil, and rapeseed oil.

Methods: Thirty male Wistar rats (7 weeks old, ~200 g) were randomly allocated
into six groups (n = 5 per group). Group A served as the control group, while
groups B-F were administered different edible oils. The daily intakes were
calculated, respectively, according to the “2015-2020 Dietary Guidelines for
Americans” and the "Dietary Guidelines for Chinese Residents.” Urine samples
collected after 1 week were analyzed using label-free quantitative proteomics via
LC-MS/MS. Differentially expressed proteins and differential post-translational
modifications in the urinary proteome were screened for functional analysis.

Results: All edible oil groups exhibited significant alterations in metabolic
pathways, with distinct proteomic profiles observed across oil types, but there
were few common differentially expressed proteins among different groups. In
addition, the olive oil group and the butter group were enriched with many
biological pathways related to the nervous system, and the rapeseed oil group
produced more differentially expressed proteins and biological pathways related
to immunity.

Conclusion: The urinary proteome of rats showed significant changes after one-
week intake of edible oils, and the effects of various edible oils on the rat urinary
proteome were different from each other. This effect is comprehensive and
multi-dimensional at the level of the rat body. The changes in post-translational
modifications of the proteome were relatively small.

KEYWORDS

urinary proteome, olive oil, butter, lard, hydrogenated vegetable oil, rapeseed oil,
post-translational modification

1 Introduction

Edible oils, as a major global dietary component, provide essential fatty acids and energy
while maintaining physiological homeostasis (1). With the increasing attention to health, the
nutritional values and potential health impacts of different edible oils have gradually become
research hotspots.

Previous research indicates that diverse edible oils exhibit distinct physiological functions
and health impacts owing to their unique fatty acid profiles and nutritional compositions (2).
For example, olive oil, the main source of fat in the Mediterranean diet, is rich in
monounsaturated fatty acids and is considered to have beneficial effects such as reducing the
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risk of cardiovascular diseases (3). Butter contains a relatively high
amount of saturated fatty acids. Some studies have shown that
excessive intake of saturated fatty acids in butter may be associated
with an increased risk of cardiovascular diseases (4). However, a
considerable number of research findings have indicated that there is
insufficient evidence to support the relationship between them, or the
relationship is not significant (5, 6). Lard is an animal oil consumed
frequently by people in Asian regions. Its fatty acid composition is
relatively balanced, including 52.1% saturated fatty acids, 35.8%
monounsaturated fatty acids, and 11.6% polyunsaturated fatty acids,
and its impact on health is controversial (7, 8). Hydrogenated
vegetable oil, containing trans-fatty acids, is associated with adverse
cardiovascular effects (9). Rapeseed oil, as a vegetable oil, has a
relatively balanced fatty acid ratio and contains nutritional
components such as antioxidants (10).

As a non-invasive detection technique, urinary proteomics can
sensitively reflect the pathophysiological changes of the body by
analyzing the proteins and their modification states in urine, and has
become an important tool for discovering early disease biomarkers
(11, 12). In recent years, this technique has demonstrated unique
advantages in the mechanistic studies of metabolic syndrome (13),
neurodegenerative diseases (14), and immune-related diseases (15). It
is worth noting that post-translational modifications (PTMs), as a core
mechanism for regulating protein function, still have many unknown
aspects regarding their dynamic change patterns and biological
significance in dietary interventions. PTMs significantly expand the
functional diversity of proteins by adding chemical groups such as
phosphorylation, glycosylation, and acetylation to amino acid
residues, and are deeply involved in key physiological processes such
as cell signaling, energy metabolism, and stress responses (16). For
example, tyrosine phosphorylation modification plays a pivotal role
in the insulin signaling pathway (17), while lysine acetylation is closely
related to the regulation of liver lipid metabolism (18). Recent studies
have shown that dietary interventions can affect metabolic phenotypes
by altering the PTMs profile: N-glycosylation changes occur in
patients with type 2 diabetes, and N-glycans can even identify
individuals with an increased risk of disease development (19);
polyphenolic components in olive oil can alleviate oxidative stress
damage by regulating PTMs (20). However, currently, there is a lack
of systematic research on the effects of different edible oils on the
urinary proteome and PTMs. In particular, the changes in the urinary
proteome and PTMs of the body after short-term intake of different
oils have not been reported yet.

Given the significant differences in fatty acid compositions and
nutritional characteristics among different edible oils, as well as their
common consumption in daily diets, this study selected several
representative edible oils, including olive oil, butter, lard,
hydrogenated vegetable oil, and rapeseed oil, for research. To avoid
the interference of short-term growth and development of rats on the
experimental results, we chose to conduct parallel comparisons

TABLE 1 Daily intake of edible oil for rats.
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between different experimental groups and the control group. By
comparing the differences in the urinary proteomes of rats,
we preliminarily explored the possible impacts of short-term
consumption of different edible oils on the metabolic processes in
rats, providing certain theoretical references and experimental bases
for a deeper understanding of their potential impacts on
human health.

2 Materials and methods

2.1 Experimental animals and model
establishment

Thirty 7-week-old male Wistar rats (weighing approximately
200 g) were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. All rats were raised in a standard environment
(room temperature: (22 * 1) °C, humidity: 65-70%). The experiment
started after the rats were raised in the new environment for 3 days.
All experimental operations were reviewed and approved by the
Ethics Committee of the College of Life Sciences, Beijing Normal
University, with the approval number CLS-AWEC-B-2022-003.

In this experiment, group A was designated as the control group,
receiving no additional edible oil. The other groups were fed with
different types of edible oils, namely olive oil (group B), butter (group
C), lard (group D), hydrogenated vegetable oil (group E), and
rapeseed oil (group F), with 5 rats in each group. According to the
“2015-2020 Dietary Guidelines for Americans” and the “Dietary
Guidelines for Chinese Residents,” the ratio of the daily intake of
edible oil to body weight for adults was calculated. Then, based on the
equivalent dose ratio table for humans and animals converted
according to body surface area, the dosage for rats was calculated as
approximately 6.25-fold the human equivalent based on body surface
area conversion. The daily intake of edible oil for rats was calculated
as shown in Table 1.

After the adaptive feeding period ended, at 17:00 every day, rats
in different groups were fed with the corresponding edible oils for
7 consecutive days. In this experiment, the following feeding
method was employed to ensure accurate intake of the specified
dose of edible oil by rats: At a fixed time daily during the
experiment, rats were gently restrained in a quiet environment to
ensure their safety and minimize stress. For edible oils of different
physical states, a needleless syringe (for liquid oil) or sterile forceps
(for solid oil) was used to gently administer the daily dose of oil to
the base of the rat’s tongue. The procedure was performed with care
to avoid stimulating the pharynx and inducing a vomiting reflex.
After feeding, rats were returned to their cages, and their
spontaneous licking/swallowing behavior and subsequent
physiological responses (such as choking or abnormal restlessness)
were observed. On the 7th day, after the rats consumed the edible

Types of edible oils Olive Oil Butter Hydrogenated Rapeseed
Vegetable Oil Qil

Ratio of adult edible oil intake to body weight / ((g/Kg)/day) 0.5 0.44 0.45 0.45 0.45 ‘

Rat edible oil intake / (g/day) 0.625 0.55 0.56 0.56 0.56 ‘
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oils, they were placed in metabolic cages to metabolize. After 12 h
overnight, urine was collected. Finally, the collected urine samples
were centrifuged at 3,000 r/min for 30 min and then stored in
a-80°C refrigerator.

2.2 Processing of urine samples

Urine Protein Extraction Procedure: First, thaw the urine samples,
then centrifuge at 12,000 x g for 30 min at 4°C. Transfer the supernatant
to a new EP tube. After that, add four-fold volume of absolute ethanol,
mix well, and place it in a-20°C refrigerator for one-day precipitation.
The next day, centrifuge the mixture at 12,000 x g for 30 min at 4°C,
discard the supernatant, resuspend the protein precipitate in lysis buffer
(8 mol/L urea, 2 mol/L thiourea, 25 mmol/L dithiothreitol, 50 mmol/L
Tris-HCI, pH 8.5), centrifuge again at 12,000 x g for 30 min at 4°C, and
retain the supernatant. Finally, determine the protein concentration
using the Bradford method.

Protease Digestion Procedure: Take 100 pg of urine protein sample
and put it into an EP tube. Add 25 mmol/L NH,HCOj; solution to
make the total volume 200 pL as a standby sample. Then add
dithiothreitol solution (Dithiothreitol, DTT, Sigma) to the tube until
its final concentration is 20 mM. Place it in a 95°C metal bath for
10 min of heating, then cool it to room temperature. Next, add
iodoacetamide (Iodoacetamide, IAA, Sigma) to a concentration of
50 mM, and let it stand in the dark at room temperature for 40 min.
Subsequently, wash the membrane of a 10-kDa ultrafiltration tube
(Pall, Port Washington, NY, United States): First, add 200 pL of UA
solution (8 mol/L urea, 0.1 mol/L Tris—-HCI, pH 8.5), and centrifuge at
14,000 x g for 10 min at 18°C, repeat twice. Add the prepared sample
to the ultrafiltration tube and centrifuge at 14,000 x g for 40 min at
18°C. Then add 200 pL of UA solution and centrifuge at 14,000 x g for
30 min at 18°C, repeat twice. Subsequently, add 25 mmol/L NH,;HCO;
solution and centrifuge at 14,000 x g for 30 min at 18°C, repeat twice.
Finally, add trypsin (Trypsin Gold, Promega, Fitchburg, WI,
United States) at a trypsin:protein ratio of 1:50, and incubate overnight
at 37°C. After overnight incubation, centrifuge to collect the digested
filtrate, desalt it using an Oasis HLB solid-phase extraction column,
and vacuum-dry it to obtain freeze-dried peptides, which are stored
at-80°C.

2.3 LC-MS/MS tandem mass spectrometry
analysis

Peptides were reconstituted in 0.1% formic acid (FA) and diluted
to a final concentration of 0.5 pg/pL. A total of 2 uL of peptide
sample was loaded and separated using a Thermo Scientific Easy-nLC
1,200 liquid chromatography system under the following parameters:
90-min elution time; mobile phase A: 0.1% FA (Thermo Scientific);
mobile phase B: 80% acetonitrile (ACN). The separated peptides
were analyzed using an Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Scientific) in data-independent acquisition
(DIA) mode.

For analysis, 1 pg of peptides from each sample was loaded onto
a C18 trap column and subsequently separated on a reverse-phase
analytical column at a flow rate of 1 pL/min with a 120-min gradient
elution (Buffer B: 2 to 6% in 1 min, 6 to 10% in 23 min, 10 to 20%

Frontiers in Nutrition

10.3389/fnut.2025.1571846

in 67 min, 20 to 28% in 7 min, 28 to 95% in 20 min, and 95 to 5%
in 2 min). identical LC parameters were used for both data-
(DDA-MS) (DIA-MS)
acquisition modes.

dependent and data-independent

In DDA mode, 10 fractions obtained from centrifugal column
separation were analyzed by mass spectrometry to generate a spectral
library. The MS data were acquired in high-sensitivity mode. Full MS
scans were acquired in the m1/z range of 350-1,500 with a resolution of
120,000, while MS/MS scans were performed in the Orbitrap at a
resolution of 30,000. The HCD (Higher-energy Collisional
Dissociation) energy was set to 30%, the AGC (Automatic Gain
Control) target was set to 5E-04, and the maximum injection time was
45 ms. Subsequently, individual urine samples were analyzed in
DIA-MS mode. The DIA method employed 26 variable isolation
windows for acquisition. Positive ion mode was set at 3,000 V, with
full-scan resolution at 120,000 (/z range: 350-1,200) and DIA scan
resolution at 30,000. The HCD energy was set to 32%, the automatic
gain control (AGC) target was set to 1E-06, and the maximum injection
time was 50 ms.

To ensure data quality, a pooled peptide sample from all specimens
was used for instrument calibration. A DIA analysis of the pooled
sample was performed every 7-9 sample runs as a technical replicate
for quality control.

2.4 Database search

The Spectronaut Pulsar software (Biognosys AG, Switzerland,
Accessed in 2024) was used to search the database for the raw files
of the mass spectrometer acquisition results, and compare them with
the SwissProt Human database. Calculate the peptide abundance by
adding the peak areas of the respective fragment ions in MS2.
Protein intensity was calculated by summing the respective
peptide intensity.

2.5 Open-pFind unrestricted modification
search

Use the pFind Studio software (version 3.2.1, Institute of Computing
Technology, Chinese Academy of Sciences) to perform an unrestricted
modification search on the three technical replicates of each sample. Use
the default parameter settings during the search. The database used is
the Rattus norvegicus database downloaded from UniProt, which has
been updated to September 2024. The instrument type is set as Higher-
energy Collisional Dissociation-Fourier Transform Mass Spectrometry
(HCD-FTMS), the selected enzyme is trypsin with full enzyme
specificity, allowing a maximum of 2 missed cleavage sites. The
precursor mass tolerance is set to +20 ppm, the fragment ion mass
tolerance was also set to +20 ppm, and the open-search mode is
selected. The screening condition clearly stipulates that the false
discovery rate (FDR) at the peptide level should be less than 1%.

2.6 Bioinformatics analysis of protein data

Each sample undergoes three technical replicates. The obtained
data are averaged and used for statistical analysis. In this experiment,
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FIGURE 1

(a) Body weight changes in rats before and after dietary intervention. Data are presented as mean + SD (n = 5 per group). (b). The total food
consumption of rats in each group during the experimental process (n = 5 per group, A-the control group, B-the olive oil group, C-the butter group,
D-the lard group, E-the hydrogenated vegetable oil group, F-the rapeseed oil group).
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group comparisons were carried out between the edible oil groups
(groups B, C, D, E, F) and the control group (group A) to screen for
differentially expressed proteins. The screening criteria for
differentially expressed proteins are: fold-change (FC) between groups
> 1.5 or < 0.67, and a two-tailed paired t-test with a p-value < 0.05.
Given the exploratory nature of this study and the limited sample size
(n =5 per group), we prioritized minimizing false negative results
over performing strict multiple testing corrections (such as false
discovery rate adjustment) to retain potential biological signals.
However, we enhanced the reliability of the research findings through
the following complementary strategies: First, we conducted random
grouping verification. Second, we carried out biological validation by
performing functional annotation of differentially expressed proteins
based on the literature. The names and functions of the screened
differentially expressed proteins are queried through the Uniprot
website,' and biological function enrichment analysis is performed
through the DAVID database.” Also, retrieve reported literature in the
Pubmed database’ to conduct functional analysis of the differentially
expressed proteins.

2.7 Bioinformatics analysis of protein
post-translational modifications

Use Open-pFind to carry out an unrestricted modification
search to obtain the post-translational modification PROTEIN file
for each sample. Subsequently, download the Python script
‘pFind_protein_contrast_script’ from the GitHub platform (the
website is  https://github.com/daheitu/scripts_for_pFind3_
protocol.io), and use this script to summarize the post-
translational modification identification results (i.e., the PROTEIN

files) of different samples. Similarly, group comparisons were

1 https://www.uniprot.org
2 https://david.ncifcrf.gov
3 https://pubmed.ncbi.nlm.nih.gov
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carried out between the edible oil groups (groups B, C, D, E, F) and
the control group (group A) to screen for differential modifications.
The screening criteria for differential modifications are: FC > 1.5
or < 0.67, and the p-value of two-tailed paired t-test analysis <
0.05. Query the names and functions of the proteins where the
screened differential modifications are located through the Uniprot
website (See Text footnote 1).

3 Results
3.1 Behavioral observation of rats

The body weights of rats were measured before and after the
experiment (Figure la). Comparative analysis revealed that
experimental groups (excluding group E) exhibited greater weight
gain than the control group. The food intake of rats during the
experiment was counted (Figure 1b), and it was found that the food
intake of rats in the experimental groups was higher than that of the
control group. Behavioral observations indicated that rats in groups C
and D preferentially consumed butter and lard, whereas group E rats
showed aversion to hydrogenated vegetable oil.

3.2 Group analysis of urinary protein
composition

3.2.1 Random grouping

The control group samples (n = 5) and the experimental group
samples (n = 5) were randomly divided into two groups, with a total
of 126 grouping types. Among all the random combination types, the
average number of differentially expressed proteins for all random
times was calculated according to the same screening criteria. The
ratio of the average number of differentially expressed proteins to the
number of differentially expressed proteins obtained under normal
grouping is the proportion of randomly generated differentially
expressed proteins, as listed in Table 2. These results indicate that the
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number of randomly generated differentially expressed proteins is
relatively small, and the reliability of screening differentially expressed
proteins is high. It shows that most of the differentially expressed
proteins we obtained are not randomly generated but are the result of
the impact of short-term intake of different edible oils.

3.2.2 Group analysis of urinary protein
composition in the olive oil group

3.2.2.1 Differentially expressed proteins

The urinary proteins of the olive oil group (group B) and the control
group (group A) were compared. The screening criteria for differentially
expressed proteins were: fold-change FC > 1.5 or < 0.67, and two-tailed
paired t-test p < 0.05. The results showed that, compared with the
control group, a total of 94 differentially expressed proteins were
identified in the olive oil group, among which 17 were down-regulated
and 77 were up-regulated. The differentially expressed proteins were
arranged in ascending order of FC, and retrieved through Uniprot. The
detailed information is listed in Appendix Table 1.

3.2.2.2 Functional analysis of differentially expressed
proteins

The identified differentially expressed proteins were searched in
the Pubmed database for relevant literature.

Among the differentially expressed proteins, the one with the
largest down-regulation amplitude and a change from “present to
4-beta-N-
acetylglucosaminyltransferase A (FC =0, p = 3.81E-02). Research

absent” was  Alpha-1,3-mannosyl-glycoprotein
shows that N-acetylglucosaminyltransferase IV is responsible for
transferring uridine diphosphate-N-acetylglucosamine to specific
glycoprotein structures and is involved in the glycosylation
modification of tumor-related N-glycans. This process may
be associated with the pathogenesis of diabetes (21).

In addition, some proteins have been shown in existing literature
to be related to olive oil, oxidative stress, or metabolism:

IQ motif containing GTPase activating protein 2 (FC=0.094,
p =2.22E-02) plays an important role in regulating liver fuel storage,
especially glycogen levels. In female mice lacking this protein, a significant
reduction in glycogen accumulation was observed (22).

Selenoprotein P (FC = 0.213, p = 1.71E-03), as the main selenium-
transporting protein, plays a crucial role in maintaining selenium
homeostasis in the body and the hierarchical structure of selenoprotein
expression. Adequate selenium supply is essential for the normal
development and function of the brain through SELENOP, and is
crucial for male fertility, proper neurological function, and selenium
metabolism (23).

Heat shock protein HSP 90-beta (FC = 0.318, p = 8.62E-03) is
abundantly expressed in cardiomyocytes. By maintaining the level of
glutathione (a major redox mediator), it is involved in maintaining the
redox homeostasis of the cardiovascular system (24).

Glutathione peroxidase (FC = 3.773, p = 2.25E-03) is an important
antioxidant enzyme that plays a key role in protecting cells from oxidative

10.3389/fnut.2025.1571846

stress damage. Studies have found that ligstroside, a polyphenolic
compound in olive oil, can increase the expression of Glutathione
peroxidase, which may help improve the antioxidant capacity of cells and
thus protect cells from damage caused by oxidative stress (25).

Angiopoietin-like 2 (FC = 7.891, p = 1.18E-02) is an important
angiogenic factor. In recent years, it has also been found to be involved
in mediating the inflammatory process. Its expression is up-regulated
in various inflammatory diseases and is directly related to the
regulation of inflammatory-related signaling pathways (26).

Leucine-rich repeat transmembrane protein FLRT2 (FC = 8.891,
p=>5.15E-03) promotes lipid peroxidation by increasing the
expression of acyl-CoA synthetase long-chain family member 4,
thereby triggering ferroptosis and inhibiting the malignant phenotype
of human bladder cancer cells. It has been identified as a tumor-
suppressor gene (27).

Oxidized purine nucleoside triphosphate hydrolase (FC = 10.262,
p = 2.83E-03) hydrolyzes oxidized purine nucleoside triphosphates
(such as 8-0x0-dGTP and 2-hydroxy-dATP) to monophosphates, thus
preventing the mis-incorporation of these oxidized nucleotides during
replication (28).

3.2.2.3 Enrichment analysis of biological processes of
differentially expressed proteins

The DAVID database was used to perform enrichment analysis of
biological processes (BP) on the 94 differentially expressed proteins
identified by group analysis. The results showed that a total of 29 BP
pathways were significantly enriched (p < 0.05), and the detailed
information is presented in Figure 2.

Many of the enriched pathways are related to the nervous system,
including axon guidance, neural crest cell migration, negative
regulation of axon extension involved in axon guidance, corpus
callosum development, axogenesis, positive regulation of synapse
assembly, and negative regulation of neuron projection development.
Multiple studies have shown that extra-virgin olive oil has important
neuroprotective activities, which are closely related to its specific
phenolic components. Therefore, nervous-system-related pathways
may be enriched (29-31).

The pathway “regulation of endothelial cell migration” has also
been mentioned in olive oil research: Hydroxytyrosol and secoiridoids
are both components of olive oil, and they play a role in regulating
proteins related to endothelial cell proliferation and migration and in
regulating proteins related to heart failure in cardiac tissue (20).

In addition, the negative regulation of lipid storage, lipid catabolic
process, and negative regulation of lipid biosynthetic process are three
pathways directly related to fat intake.

3.2.3 Group analysis of urinary protein
composition in the butter group

3.2.3.1 Differentially expressed proteins
The urinary proteins of the butter group (group C) and the control
group (group A) were compared. The screening criteria for

TABLE 2 Proportion of randomly generated differentially expressed proteins obtained from random grouping.

A-B

T e |

Control-experimental group

‘ Proportion of randomly generated proteins

A-C

6.6% ‘

A-D

6.4% ‘

A-E

12.7% ‘

A-F

5.5% ‘
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differentially expressed proteins were: fold-change FC > 1.5 or < 0.67,
and two-tailed paired t-test p <0.05. The results showed that,
compared with the control group, a total of 89 differentially expressed
proteins were identified in the butter group, among which 15 were
down-regulated and 74 were up-regulated. The differentially expressed
proteins were arranged in ascending order of FC, and retrieved
through Uniprot. The detailed

Appendix Table 2.

information is listed in

3.2.3.2 Functional analysis of differentially expressed
proteins

The identified differentially expressed proteins were searched in
the Pubmed database for relevant literature.

Some of the differentially expressed proteins in the butter group
were the same as those in the olive oil group, such as Heat shock
protein HSP 90-beta, Glutathione peroxidase, Oxidized purine
nucleoside triphosphate hydrolase, etc.

Among the other down-regulated differentially expressed proteins
in the butter group: C-C motif chemokine 2 (FC = 0.190, p = 2.18E-
02) plays a major role in the pathogenesis of cardiovascular diseases.
Its down-regulation is considered one of the pleiotropic properties of
statins (32). Neuronal membrane glycoprotein M6-a (FC = 0.277,
p = 2.56E-02) plays an important role in activating the Src/MAPK/
ERK, PKC, and PI3K/AKT, Rufy3-Rap2-STEF/Tiam2 signaling
pathways, promoting neurite outgrowth and neuronal polarization
respectively, and is also involved in the formation and maturation of
dendritic spines (33). Selenoprotein P (FC = 0.340, p = 2.72E-04), as
the main selenium-transporting protein, maintains an adequate
selenium supply in the brain, which is crucial for the normal
development and function of the brain. It may also be related to the
pathological processes of the central nervous system and has
antioxidant activity (34).

Frontiers in Nutrition

Among the up-regulated proteins: Metalloproteinase inhibitor 3
(FC =306.177, p = 1.05E-02) had the largest up-regulation amplitude.
Studies have found that overexpression of TIMP3 inhibited pathways
related to metabolic inflammation and stress, including the activation
of Jun NH2-terminal kinase and p38 kinase, and reduced the
activation of oxidative stress signals, which were related to lipid
peroxidation, protein carbonylation, and nitration (35). An increase
in the activity of Prenylcysteine oxidase 1 (FC = 17.347, p = 4.97E-02)
may lead to an increase in hydrogen peroxide, thus increasing the
oxidative burden during the propagation of low-density lipoproteins.
Therefore, this protein can serve as a potential drug target and a new
biomarker for cardiovascular diseases (36). Cellular repressor of
E1A-stimulated genes 1 (FC = 6.517, p = 3.59E-02) may regulate the
homeostasis of vascular wall cells and inhibit the inflammation of
vascular tissue cells and macrophages, and has a potential protective
effect against inflammation (37). Palmitoyl-protein thioesterase 1
(FC =3.266, p = 1.42E-02) was up-regulated in rats on a high-fat diet.
The increase in its expression may be harmful to the function of
Sertoli cells during spermatogenesis (38).

3.2.3.3 Enrichment analysis of biological processes of
differentially expressed proteins

The DAVID database was used to perform enrichment analysis of
biological processes (BP) on the 89 differentially expressed proteins
identified by group analysis. The results showed that a total of 40 BP
pathways were significantly enriched (p < 0.05), and the detailed
information is presented in Figure 3.

Similar to the olive oil group, the butter group was also enriched
with many pathways related to the nervous system, including axon
guidance, corpus callosum development, neural crest cell migration,
etc. In addition, the butter group was enriched with some metabolism-
related pathways, such as proteolysis, glutathione metabolic process,
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response to nutrient levels, and negative regulation of protein
metabolic process.

3.2.4 Group analysis of urinary protein
composition in the lard group

3.2.4.1 Differentially expressed proteins

The urinary proteins of the lard group (group D) and the control
group (group A) were compared. The screening criteria for
differentially expressed proteins were: fold-change FC > 1.5 or < 0.67,
and two-tailed paired t-test p <0.05. The results showed that,
compared with the control group, a total of 104 differentially expressed
proteins were identified in the lard group, among which 25 were
down-regulated and 79 were up-regulated. The differentially expressed
proteins were arranged in ascending order of FC, and retrieved
The detailed is listed in

through  Uniprot. information

Appendix Table 3.

3.2.4.2 Functional analysis of differentially expressed
proteins

The identified differentially expressed proteins were searched in
the Pubmed database for relevant literature.

Among the down-regulated differentially expressed proteins in
the lard group: Mitogen-activated protein kinase 3 (FC = 0, p = 2.67E-
02) may play an important role in the functional regulation of
neurons. Its regulation of the mGlu5 receptor is involved in various
neurobiological processes, such as synaptic plasticity, learning, and
memory (39). Protein S100-A1 (FC = 0.111, p = 2.99E-02) undergoes
a large conformational change when binding to calcium to interact
with numerous protein targets, including proteins involved in
calcium signaling, neurotransmitter release (synapsins I and IT), and
the cytoskeleton (40). Dickkopf WNT signaling pathway inhibitor 3

10.3389/fnut.2025.1571846

(FC =0.120, p = 4.74E-02) is significantly down-expressed in the
brain tissues of Alzheimer’s disease patients and transgenic mouse
models of Alzheimer’s disease (41).

Among the up-regulated differentially expressed proteins: The
protein with the largest wup-regulation amplitude was
Metalloproteinase inhibitor 4 (FC = 85.055, p = 3.60E-02), which
belongs to the family of extracellular matrix metalloproteinase
inhibitors and is over-expressed in various cancers. Currently, there
is no research on its association with lard intake (42). Retinol-binding
protein 1 (FC=38.811, p =3.04E-02), as a chaperone protein,
regulates the uptake, subsequent esterification, and bioavailability of
retinol and can deliver vitamin A to cells by interacting with cell-
membrane receptors (43, 44). Hyaluronan and proteoglycan link
protein 1 (FC=13.005, p=>5.51E-03) inhibits the NLRP3
inflammasome by stimulating the Nrf2/ARE pathway, thereby
suppressing neuroinflammation, enhancing motor neuron survival,
and improving neurological functional recovery after spinal cord
injury (45). Prominin-2 (FC = 8.125, p = 4.53E-02) is induced by
ferroptosis stimulation and can play a role in resisting ferroptosis
(46). Protein disulfide-isomerase A6 (FC = 8.080, p = 4.80E-02) is
related to spinal cord injury repair and has also been found to
promote the repair of damaged neurons (47). 2-amino-3-
(FC = 7.322,
p = 1.31E-03) plays a key role in tryptophan catabolism and is an

carboxymuconate-6-semialdehyde  decarboxylase
attractive therapeutic target for treating diseases associated with
elevated levels of tryptophan metabolites (48).

3.2.4.3 Enrichment analysis of biological processes of
differentially expressed proteins

The DAVID database was used to perform enrichment analysis of
biological processes (BP) on the 104 differentially expressed proteins
identified by group analysis. The results showed that a total of 32 BP
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pathways were significantly enriched (p < 0.05), and the detailed
information is presented in Figure 4.

Among the enriched pathways, there were some metabolism-
related pathways, including the response to lipopolysaccharide, lipid
metabolic process, glycoside catabolic process, and glutathione
metabolic process. The nervous-system-related pathways that appeared
frequently in the olive oil group and the butter group did not appear.

3.2.5 Group analysis of urinary protein
composition in the hydrogenated vegetable oil

group

3.2.5.1 Differentially expressed proteins

The urinary proteins of the hydrogenated vegetable oil group
(group E) and the control group (group A) were compared. The
screening criteria for differentially expressed proteins were: fold-
change FC > 1.5 or < 0.67, and two-tailed paired t-test p < 0.05. The
results showed that, compared with the control group, a total of 63
differentially expressed proteins were identified in the hydrogenated
vegetable oil group, among which 34 were down-regulated and 29
were up-regulated. The differentially expressed proteins were arranged
in ascending order of FC, and retrieved through Uniprot. The detailed
information is listed in Appendix Table 4.

3.2.5.2 Functional analysis of differentially expressed
proteins

The identified differentially expressed proteins were searched in
the Pubmed database for relevant literature.

Among the down-regulated differentially expressed proteins in
the hydrogenated vegetable oil group: Disabled homolog 2 (FC = 0,

10.3389/fnut.2025.1571846

p=4.72E-02) plays a crucial role in controlling macrophage
phenotypic polarization and adipose tissue inflammation. Its
deficiency leads to exacerbated adipose tissue inflammation and
insulin resistance (49). Muscles with knockout of Calmodulin-like
protein 3 (FC = 0.011, p = 4.55E-02) gene show weakened calcium
release, reduced calmodulin kinase signaling, and impaired muscle
adaptation to exercise (50). Integrin alpha-1 (FC = 0.036, p = 2.67E-
02) can promote hepatic insulin action and lipid accumulation
simultaneously under high-fat diet challenge, and plays a role in liver
metabolism. Its deficiency can alter fatty acid metabolism in high-fat
diet mice and improve fatty liver conditions (51). Alpha-2-HS-
glycoprotein (FC = 0.116, p = 4.48E-02) is a multifunctional plasma
glycoprotein mainly synthesized in the liver. It is considered an
important part of various normal and pathological processes,
including bone metabolism regulation, vascular calcification, insulin
resistance, and protease activity control. During obesity and related
complications such as type 2 diabetes, metabolic syndrome, and
non-alcoholic fatty liver disease, the circulating level of Alpha-2-HS-
glycoprotein is significantly increased (52). Eppin (FC =0.192,
p =2.36E-02) is a biomarker of androgen action in human semen.
Research has found that it is closely related to semen quality, sperm
motility, etc. Down-regulation of Eppin expression significantly
reduces sperm motility (53).

Among the up-regulated differentially expressed proteins:
Phosphoserine phosphatase (FC = 14.636, p = 4.44E-02) is the
protein with the largest up-regulation amplitude. No literature
research has shown its correlation with metabolic activities. Catechol
O-methyltransferase (FC = 3.841, p = 2.40E-02) plays a key role in
metabolizing dopamine. Common functional polymorphisms in the
gene of this protein affect cognitive functions related to the

response to lipopolysaccharide

cell adhesion 4

dephosphorylation -

lipid metabolic process

positive regulation of angiogenesis 4

positive regulation of ERK1 and ERK2 cascade A
placenta development -

cellular oxidant detoxification 4

positive regulation of endothelial cell proliferation 4
response to hormone A

response to toxic substance -

positive regulation of tumor necrosis factor production
autophagy A

response to selenium ion 4

positive regulation of macrophage chemotaxis

cell adhesion mediated by integrin

maternal process involved in female pregnancy
negative chemotaxis -

positive regulation of protein import into nucleus
lysosome organization -

glutathione metabolic process

cognition

vasodilation 4

neutrophil chemotaxis -

protein localization to nuclear pore 4

biological process involved in interaction with symbiont -
cellular extravasation -

glycoside catabolic process 4

positive regulation of defense response to bacterium 4
angiogenesis involved in wound healing -

regulation of early endosome to late endosome transport 4
late endosome to vacuole transport -

]

—logyo(pvalue)

000
N
»

FIGURE 4

Biological processes enriched by differentially expressed proteins between the lard group and the control group (Horizontal axis corresponds to count
value, which represents the number of proteins enriched in this pathway. The color of the circle corresponds to the —log10(p) value)

Frontiers in Nutrition

08 frontiersin.org


https://doi.org/10.3389/fnut.2025.1571846
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Su and Gao

prefrontal cortex, sleep-wake regulation, and may affect sleep
pathology (54).

3.2.5.3 Enrichment analysis of biological processes of
differentially expressed proteins

The DAVID database was used to perform enrichment analysis of
biological processes (BP) on the 63 differentially expressed proteins
identified by group analysis. The results showed that a total of 16 BP
pathways were significantly enriched (p < 0.05), and the detailed
information is presented in Figure 5.

Among the enriched pathways, there were some metabolism-
related pathways, including carbohydrate metabolic process,
glyoxylate metabolic process, and metabolic process. Also, the
nervous-system-related pathways that appeared frequently in the olive
oil group and the butter group were not present.

3.2.6 Group analysis of urinary protein
composition in the rapeseed oil group

3.2.6.1 Differentially expressed proteins

The urinary proteins of the rapeseed oil group (group F) and the
control group (group A) were compared. The screening criteria for
differentially expressed proteins were: fold-change FC > 1.5 or < 0.67,
and two-tailed paired t-test p <0.05. The results showed that,
compared with the control group, a total of 105 differentially expressed
proteins were identified in the rapeseed oil group, among which 53
were down-regulated and 52 were up-regulated. The differentially
expressed proteins were arranged in ascending order of FC, and
retrieved through Uniprot. The detailed information is listed in
Appendix Table 5.

10.3389/fnut.2025.1571846

3.2.6.2 Functional analysis of differentially expressed
proteins

The identified differentially expressed proteins were searched in
the Pubmed database for relevant literature.

Among the down-regulated differentially expressed proteins in
the rapeseed oil group, a total of 20 differentially expressed proteins
had the largest down-regulation amplitude with a change from
“present to absent.” Existing literature has proven that multiple of
these proteins are related to immune-inflammation, oxidative stress,
etc. Thrombospondin 4 (FC = 0, p = 4.46E-02) is a stress-inducible
secreted glycoprotein that plays a crucial role in tissue injury and
healing. It can activate the adaptive endoplasmic reticulum stress
response and enhance sarcolemma stability in the heart and skeletal
muscles. Defective flux of Thrombospondin 4 through the secretory
pathway impairs the stability of the cardiomyocyte membrane and
leads to cardiomyopathy (55). Interleukin 10 receptor subunit beta
(FC =0, p = 2.63E-02) is one of the components of the Interleukin 10
receptor, which is common to all members of the IL-10 cytokine
family. Interleukin-10 is a type 2 T-helper cell cytokine with extensive
anti-inflammatory effects (56, 57). Ring finger protein 150 (FC =0,
p = 2.83E-02) may be involved in regulating the antioxidant stress
signaling pathway in neurons, enhancing the resistance of neurons to
oxidative stress, and thus reducing neuronal damage and death (58).
Interleukin 17 receptor A (FC =0, p = 2.50E-02) is the receptor for
interleukin-17A, which is a pro-inflammatory cytokine related to the
rapid malignant progression and treatment resistance of colorectal
cancer (59). Endothelial protein C receptor (FC =0, p = 3.81E-02)
plays a positive role in normal homeostasis, anticoagulant pathways,
inflammation, and cell stemness, and is considered a potential effector
or mediator of inflammatory diseases (60). The only known functional
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ligand of Cell surface glycoprotein CD200 receptor 1 (CD200R)
(FC =0, p=4.12E-02) is CD200, and their interaction leads to the
activation of anti-inflammatory signals in CD200R-expressing cells.
When this interaction becomes insufficient due to aging or disease,
chronic inflammation occurs (61). In addition, Protein O-linked-
mannose beta-1,2-N-acetylglucosaminyltransferase 1 (POMGnT1)
(FC =0, p = 3.26E-02) is mainly expressed in neurons and also to a
certain extent in glial cells. The expression of POMGnT1 decreases in
mouse and cell models of Alzheimer’s disease (62).

Among the up-regulated differentially expressed proteins, Serine
peptidase inhibitor Kunitz type 3 (FC = 43.172, p = 4.78E-02) had the
largest fold-change. It is involved in processes such as blood
coagulation and fibrinolysis, tumor immunity, inflammation
regulation, and resistance to bacterial and fungal infections (63). CCN
family member 1 (FC = 9.008, p = 3.96E-02) is an extracellular matrix
protein that has a potential role in wound healing, accelerating
re-epithelialization by promoting keratinocyte migration and
proliferation (64).

10.3389/fnut.2025.1571846

3.2.6.3 Enrichment analysis of biological processes of
differentially expressed proteins

The DAVID database was used to perform enrichment analysis of
biological processes (BP) on the 105 differentially expressed proteins
identified by group analysis. The results showed that a total of 51 BP
pathways were significantly enriched (p < 0.05), and the detailed
information is presented in Figure 6.

Compared with other edible oil groups, the pathways enriched in
the rapeseed oil group contained a large number of immune-related
pathways, including the Fc-y receptor signaling pathway,
immunoglobulin-mediated immune response, cellular response to
interleukin 6, regulation of the immune response, positive regulation
of endothelial cell proliferation, negative regulation of the endothelial
cell apoptotic process, antibody-dependent cell-mediated cytotoxicity,
and positive regulation of endothelial cell migration. Studies have
found that rapeseed oil shows certain positive effects in supporting the
acquired immune capacity of weaned mice, especially in promoting

the antibody response (65).
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In addition, many metabolism-related pathways were also
enriched, such as lipid storage, oligosaccharide catabolic process,
carbohydrate metabolic process, etc. It is worth noting the pathway
“cellular response to beta-amyloid protein” Amyloid-beta aggregates
in the brain play a central role in the pathogenesis of Alzheimer’s
disease, and research has shown that consumption of vegetable oil can
be used as a preventive or adjuvant strategy to slow down or prevent
the progression of neurodegenerative diseases (66, 67).

3.2.7 Common differentially expressed proteins in
the group analysis of different edible oils

The common differentially expressed proteins in the five-group
experiments were counted (Figure 7). It was found that there were
few common differentially expressed proteins, indicating that
different edible oils have different impacts on the body. However,
two proteins, Amyloid P component serum and 5'-3” exonuclease
PLD3, were up-regulated in the urine of all experimental groups.
Amyloid P component serum is believed to potentially promote
the progression of neurodegenerative diseases, including
Alzheimer’s disease, by binding to f#-amyloid protein to increase
its stability and inducing neuronal apoptosis (68). 5’-3" exonuclease
PLD3 is highly expressed in brain neurons. Its level is down-
regulated in the brains of Alzheimer’s disease patients and is
negatively correlated with the levels of amyloid-precursor protein
and amyloid-p protein. PLD3 may be involved in the pathogenesis
of Alzheimer’s disease through the processing of amyloid-
precursor protein (69).

3.3 Group analysis of urinary
post-translational modifications

3.3.1 Random grouping

The control group samples (n = 5) and the experimental group
samples (n = 5) were randomly divided into two groups, with a total
of 126 grouping types. Among all the random combination types, the
average number of post-translational modifications for all random
times was calculated according to the same screening criteria. The
ratio of the average number of post-translational modifications to the
number of post-translational modifications obtained under normal
grouping is the proportion of randomly generated post-translational
modifications, as listed in Table 3. These results indicate that the
proportion of randomly generated post-translational modifications is
relatively large, suggesting that short-term intake of different edible
oils has a relatively small impact on post-translational modifications
in the rat body.

3.3.2 Group analysis of post-translational
modifications in the olive oil group

The post-translational modifications of the olive oil group and the
control group were compared. The screening criteria for differential
modifications were: FC > 1.5 or <0.67, and two-tailed paired ¢-test
P < 0.05. The results showed that, compared with the control group, a
total of 41 differential modifications were identified in the olive oil
group, among which 17 were down-regulated and 24 were
up-regulated. The differentially modified proteins were arranged in
ascending order of FC, and the detailed information is listed in
Appendix Table 6.
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Among the proteins with differential modifications showing an
up- or down-regulation of more than 10-fold: P97574, namely
Stanniocalcin-1 (FC =0, p =4.59E-02), may be involved in the
digestion and absorption in the gastrointestinal tract and kidneys of
those parts with active digestion and absorption functions (70).

3.3.3 Group analysis of post-translational
modifications in the butter group

The post-translational modifications of the butter group and the
control group were compared. The screening criteria for differential
modifications were: FC > 1.5 or <0.67, and two-tailed paired ¢-test
P < 0.05. The results showed that, compared with the control group, a
total of 49 differential modifications were identified in the butter
group, among which 4 were down-regulated and 45 were up-regulated.
The differentially modified proteins were arranged in ascending order
of FC, and the detailed information is listed in Appendix Table 7.

Among the proteins with differential modifications showing an
up- or down-regulation of more than 10-fold: P02770, namely
Albumin (FC = 37, p = 1.87E-02), plays a crucial role in transporting
various endogenous and exogenous molecules and maintaining the
colloid osmotic pressure of blood. It has many enzymatic activities,
and its free thiol groups determine that this protein can participate in
redox reactions (71). Q5FVF9, namely Biotinidase (FC =24,
p =4.78E-02), is an enzyme that helps the body reuse and recycle
biotin in food (72).

3.3.4 Group analysis of post-translational
modifications in the lard group

The post-translational modifications of the lard group and the
control group were compared. The screening criteria for differential
modifications were: FC > 1.5 or <0.67, and two-tailed paired -test
P < 0.05. The results showed that, compared with the control group,
a total of 99 differential modifications were identified in the lard
group, among which 23 were down-regulated and 76 were
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56
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FIGURE 7

Common differentially expressed proteins in the urinary proteomes
of the olive oil group, butter group, lard group, hydrogenated
vegetable oil group, and rapeseed oil group.
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TABLE 3 Proportion of randomly generated differential modifications obtained from random grouping.

Control-experimental group

Proportion of randomly generated proteins

72.6% 48.5% 83.0%

up-regulated. The differentially modified proteins were arranged in
ascending order of FC, and the detailed information is listed in
Appendix Table 8.

Among the proteins with differential modifications showing an
up- or down-regulation of more than 10-fold: P07151, namely Beta-
2-microglobulin (FC = 15, p = 8.64E-03), may play a role in the
oxidative stress state of the elderly and can be used as a new
biomarker of oxidative stress (73). P11232, namely Thioredoxin
(FC =0.091, p = 3.41E-02), plays an important role in maintaining
the redox state of cells and regulating redox signal transduction.
Together with glutathione, it plays a central role in combating
oxidative stress (74).

3.3.5 Group analysis of post-translational
modifications in the hydrogenated vegetable oil
group

The post-translational modifications of the hydrogenated vegetable
oil group were compared with those of the control group. The screening
criteria for differential modifications were set as FC > 1.5 or < 0.67, and
a two-tailed paired t-test with p < 0.05. The results indicated that,
compared to the control group, a total of 50 differential modifications
were identified in the hydrogenated vegetable oil group, among which
38 were down-regulated and 12 were up-regulated. The differentially
modified proteins were arranged in ascending order of FC, and the
detailed information is presented in Appendix Table 9.

Among the proteins with differential modifications showing an
up- or down-regulation of more than 10-fold, P27590, namely
Uromodulin (FC = 0.053, p = 4.91E-02), has multiple functions in
kidney physiology, renal tubular transport, and mineral
metabolism. A higher serum concentration of Uromodulin is
associated with higher renal function and preserved renal reserve.
It is also related to a lower risk of cardiovascular diseases and
diabetes (75).

3.3.6 Group analysis of post-translational
modifications in the rapeseed oil group

The post-translational modifications of the rapeseed oil group
were compared with those of the control group. The differential
modification screening criteria were FC> 1.5 or < 0.67, and a
two-tailed paired t-test with p <0.05. The results showed that,
compared to the control group, a total of 50 differential modifications
were identified in the rapeseed oil group, with 38 down-regulated and
12 up-regulated. The differentially modified proteins were arranged in
ascending order of FC, and the detailed information is listed in
Appendix Table 10.

Among the proteins with differential modifications showing an
up- or down-regulation of more than 10-fold: P07632, namely
Superoxide dismutase (FC=0, p=2.95E-02), can neutralize
superoxide free radicals and protect organisms from oxidative
stress, playing an important role in the antioxidant process (76).
P47853, namely Biglycan (FC = 0.045, p = 4.47E-02), can reduce
high-fat-diet-induced obesity and improve glucose tolerance in
mice (77).
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4 Discussion

This study systematically characterized the differential impacts of
short-term consumption of various edible oils on the rat urinary
proteome using label-free quantitative proteomics. The results showed
that all edible oil groups triggered significant changes in metabolic-
related protein pathways. In addition, different oils had specific effects
on biological pathways: the olive oil and butter groups were
significantly enriched in nervous system-related pathways (such as
axon guidance and synaptic assembly regulation), while the rapeseed
oil group was more involved in immune regulation pathways (such as
Fc-y receptor signaling and cellular response to interleukin-6). These
differential effects likely reflect the unique bioactive compounds in
each oil, such as hydroxytyrosol in olive oil and phytosterols in
rapeseed oil. For example, hydroxytyrosol in olive oil has been proven
to have a neuroprotective effect. It can prevent the aggregation of
f-amyloid protein and oxidative stress in Alzheimer’s disease through
the overexpression of SKN-1/NRF2 transcription factors and
HSP-16.2 (78, 79); the phytosterols rich in rapeseed oil may enhance
immune homeostasis by regulating T cell function (80).

In addition, the consistent upregulation of two proteins—serum
amyloid P component and 5-3" exonuclease PLD3—in all
experimental groups warrants further investigation. The former, as
a stabilizer of f-amyloid protein, may suggest the potential impact
of edible oil intake on the risk of neurodegeneration (68); the
downregulation of 5’-3” exonuclease PLD3 in the Alzheimer’s disease
model is in contrast to its upregulation in this study, suggesting that
dietary components may be involved in neuroprotection or
pathological processes by regulating the processing of amyloid
precursor protein. The causal relationship needs to be verified
through long-term intervention experiments (69).

At the level of post-translational modifications, the results of random
grouping showed that a large proportion of post-translational
modifications were randomly generated. The limited overall modification
changes may reflect the weak direct impact of short-term intake of
different edible oils on the protein structure in the rat body. It is worth
noting that currently, there is still a lack of a systematic understanding of
the specific biological significance of most post-translational
modifications in the context of this study, which makes it impossible for
us to conduct in-depth discussions on some modification events for the
time being. This limitation indicates that in future follow-up studies, it is
necessary to combine targeted modification proteomics with functional
verification methods to clarify the regulatory mechanism of key
modification sites on metabolic pathways and disease risks.

In addition, this study has certain limitations. Firstly, the
absence of multiple testing correction may increase the risk of false
positives. However, in this exploratory study with a small sample
size, this choice was made after careful consideration, aiming to
avoid an excessive number of false negative results. In this study, the
biological significance and reliability of the research results were
strengthened through random grouping, functional annotation,
and cross-validation with existing literature. Future validation in a
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larger cohort and the adoption of more stringent statistical
adjustment methods will further confirm the reliability of these
preliminary results. Secondly, we did not precisely quantify the
changes in energy intake after adding edible oils to the diet of rats,
and failed to calculate the percentage increase in daily energy
intake. However, it was actually observed that compared with the
control group, the food intake of rats increased after they consumed
edible oils, and their total energy intake was higher than that of the
control group. Excessive energy intake is highly likely to interfere
with the urinary proteome, which serves as the observation index
in this study, and thus affects the experimental results.

5 Conclusion

This study for the first time revealed the regulatory effect of
short-term dietary oil intervention on the multi-dimensional
physiological network of the body from the perspective of the
urinary proteome, providing a molecular basis for personalized
dietary recommendations. The urinary proteome of rats showed
obvious changes after 1 week of edible oil intake, and there were
significant differences in the effects of different types of edible oils
on the urinary proteome of rats, and their effects on the rat body
were comprehensive. Compared with the urinary proteome itself,
the changes in post-translational modifications of the proteome
were relatively small, indicating that the intake of edible oils has a
limited impact on post-translational modifications of proteins in
the short term. However, the limitations of extrapolating from
animal models to humans, the relatively short intervention period,
and the lack of mechanistic research still need to be improved
through long-term human cohort studies and cell experiments.
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