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Aim/Introduction: Type 2 diabetes mellitus (T2DM) is one of the most frequent and widespread disease in the world.Obesity is the
most significant predictor of T2DM, but the exact mechanism how obesity promotes T2DM remains unknown. Finding specific
biomarkers to assist in diagnosing and treating patients with obese and T2DM is critical.

Materials and Methods: We collected liver tissues from obesity patients with and without T2DM for proteomic sequencing and
immunohistochemistry assay. Analysis Gene Ontology(GO) enrichment, Kyoto Encyclopedia of Genes and Genomes(KEGG), and
protein interaction network (PPI) were performed on the parameters and data derived from the Tandem Mass Tags(TMT)-based
proteomics analysis of liver tissues. Transcriptome data were downloaded from the Gene Expression Omnibus(GEO)website and
genes that are deferentially expressed in both transcriptome and proteome were selected.

Results: We identified 140 deferentially expressed proteins from proteomic sequencing. Six biomarkers were deferentially expressed
in both proteome and transcriptome with consistent changes in direction. The protein—protein interaction (PPI) analysis suggested
CMPK1, the expression with greatest difference, was the core protein among the six biomarkers. Immunohistochemistry validated
CMPKI1 was upregulated significantly in the liver tissues of T2DM patients. The correlation analysis revealed that the expression of
CMPKI1 was significantly associated with key molecules in T2DM-related pathways at both protein and transcriptome levels.
Conclusion and Novelty: Our study showed CMPK1 was upregulated in the liver of T2DM patients and provides a possible new
target for screening and diagnosing T2DM in patients with obese and a novel theoretical basis for the pathophysiological mechanism
of obesity-related metabolic diseases.
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Introduction

Diabetes is one of the most widespread and frequent life-threatening metabolic diseases globally mainly manifesting as
chronic hyperglycaemia.Type 2 diabetes mellitus (T2DM) is characterized by insulin resistance, initial hyperinsulinaemia, and
progressive decline in the capacity of pancreatic 3 cells to produce insulin. T2DM accounts for approximately 90% of diabetes
cases and affecting 5% of the global population.' The combination of insulin resistance and p-cell dysfunction ultimately leads
to T2DM.”? T2DM and its complications represent a substantial mortality and disability burden worldwide.
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The increase in obesity, energy-dense diets, sedentary lifestyle, and population ageing are the main drivers of the
global prevalence of T2DM.*> However, the roles and mechanisms of major risk factors, particularly obesity and early
developmental factors in the epidemic of T2DM remain unclear.® Strong evidence indicates many cases of T2DM could
be prevented by maintaining a healthy body.” Approximately 80% of T2DM patients are overweight or obese.® '’
Although not all obese individuals will develop T2DM and not all individuals with T2DM are obese, the current increase
in obesity prevalence is related to the increase in the prevalence of T2DM. Being overweight or obese is the most
important predictor of T2DM, and the exact mechanisms remain unknown.'’

Current early screening and diagnostic tests for T2DM are based solely on changes in glucose levels, such as fasting
plasma glucose (FPG), 2-h plasma glucose (2-h PG) in a 75-g oral glucose tolerance (OGT), or the glycated haemoglobin
(HbAlc) test. However, these tests are time-consuming, inconvenient, and conducted too late for effective intervention in
T2DM.'? Therefore, biomarkers for the early diagnosis of T2DM are required to facilitate early intervention or treatment.
Biomarkers are measurable biological characteristics that distinguish normal from pathological states. Thus, the sensitivity
and specificity of a biomarker to a disease are critical. Omics-based classifications, such as genomics, transcriptomics, and
proteomics, can be used to assess changes in total genes, RNA, and proteins. Recent advances in high-throughput technologies
have led to the development of effective omics methods for screening diagnostic biomarkers and can provide a better
understanding of molecules and their changes in normal physiological and disease processes as a whole.'* '

This project investigated the deferentially expressed proteins and genes in the liver of patients with obese but with or
without T2DM. The results provide possible new targets for screening and diagnosing T2DM in patients with obese and

a new theoretical basis for the pathophysiological mechanisms underlying obesity-related metabolic diseases.

Materials and Methods

Patients

Liver tissue samples for proteomic sequencing were obtained from six participants in two distinct groups at Chengdu
Third People’s Hospital. The groups comprised three individuals with obesity and Type 2 Diabetes Mellitus (T2DM) and
three individuals with obesity but without T2DM. These participants were recruited within a one-month period, from
October 2020 to November 2020. Additionally, 52 liver tissue samples intended for immunohistochemistry were
collected over a five-month period, from April 2021 to September 2021.The inclusion criteria were as follows: (1)
patients with a Body Mass Index (BMI) > 28 kg/m?; (2) patients who were hospitalized and undergoing bariatric surgery;
(3) patients who were fully informed about the study and gave their consent to participate; (4) patients who had
completed all preoperative examinations and had complete inpatient medical records; and (5) patients approved by the
ethics committee of the hospital. The exclusion criteria were as follows: (1) patients with concurrent malignant tumours
or a history of malignant tumours; (2) patients with severe liver disease or kidney failure; (3) patients with incomplete
preoperative examination or incomplete inpatient medical records; and (4) patients with difficult-to-control mental
illness. The study protocols were carried out in accordance with the approved guidelines. All experimental protocols
were approved by the Institutional Review Board of the Third People’s Hospital of Chengdu (Approval No.2022-S-62).
Informed consent was obtained from all subjects.

Sample Collection and Processing

The liver tissue samples measuring approximately 0.5 cm % 0.5 cm % 0.5 cm were stored at —80°C. For analysis, the
samples were removed from the —80°C freezer and subjected to liquid nitrogen grinding. The resulting powder was
transferred into 1.5-mL Eppendorf tubes, and 500 uL of SDT solution was added to each tube. The tubes were vortexed
to ensure complete mixing and then boiled at 100°C for 10 min. The samples were then subjected to ice-bath sonication
(35 W, 5 min, 3-s on/7-s off intervals) and centrifuged at 13,000 x g for 30 min. The supernatant was then transferred into
0.22-pm filter tubes and centrifuged at 13,000 x g for 20 min at 25°C. The lower filtrate was collected and subjected to
BCA quantification.'®
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SDS-PAGE

Protein samples (20 pg) were mixed with 5X sample loading buffer (Tris-HCl pH6.8 (250 mM), SDS (10%),
bromophenol blue (0.5%), glycerol (50%), and DTT (5%)) and boiled at 100°C for 5 min. After centrifugation, the
supernatant was collected and loaded onto a 12% SDS-PAGE gel. Electrophoresis was performed at 150 V for 45 min.
The gel was then washed with deionized water to remove the electrophoresis buffer, stained, scanned, and imaged.

Enzymatic Hydrolysis

Three hundred micrograms of each sample was used for filter-aided sample preparation (FASP) for enzymatic hydrolysis.
The samples were boiled at 100°C with 100 mM DTT for 5 min, cooled to ambient temperature and mixed with 200 puL
UA buffer. Next, the mixture was transferred to a 30-kDa ultrafiltration tube and centrifuged at 13,000 x g for 30 min at
ambient temperature, after which the filtrate was discarded. This step was repeated three times. Then, 100 pL TAA (50
mM [AA in UA) was added, and the mixture was oscillated at 600 r/min for 1 min, followed by incubation at 300 r/min
for 30 min at ambient temperature in the dark. Then, the mixture was centrifuged at 13,000 x g for 30 min at ambient
temperature. After that, 100 pL UA buffer was added, and the mixture was centrifuged at 13,000 x g for 30 min at
ambient temperature. This step was also repeated three times. Next, 100 uL 100 mM/L DS buffer was added, and the
mixture was centrifuged at 13,000 x g for 30 min at room temperature, repeated three times. Finally, the filtrate was
discarded, 52 pL Trypsin buffer was added, and the mixture was placed on a constant temperature mixer (300 r/min, 18
hours, 37°C). The filtrate was collected by centrifugation at 13,000 x g for 30 min at ambient temperature, moved to
a new collection tube, and 40 uL. 100 mM DS buffer was added. The mixture was then centrifuged at 13,000 x g for 30
min at room temperature, and the filtrate was obtained for peptide quantification at OD280.

Peptide Labelling and HpH Grading

One hundred micrograms of each sample per group was labelled using a Thermo Scientific TMT6plex Samples Isobaric
Label Reagent Set kit, according to the manufacturer’s directions. After labelling, all peptides were mixed separately and
pre-graded by HpH.'® Column: Gemini-NX 4.6x150 mm column (3 pm, 110 MPa; Phenomenex, 00F-4453-E0). A 1100
Series HPLC Value System (Agilent) was used, and the graded gradient is shown in Tables S2-5. Buffers A and
B comprised 10 mM of ammonium acetate at pH 10.0 and 10 mM of ammonium acetate with 90% ACN at pH 10.0,
respectively. After HpH classification, approximately 24 sections and eluting fragments were collected, merged into 12

sections according to the HpH chromatogram, and stored at —80°C after freeze-drying.

Lc—Ms/Ms

Liquid phases A and B comprised 0.1% formic acid aqueous solution and 0.1% formic acid acetonitrile solution,
respectively. A Thermo Scientific chromatographic analytical column was equilibrated with 95% A. The relevant liquid
gradient parameters were as follows: from 0 to 40 min, the linear gradient of B was 5% to 28%; from 40 to 42 min, the
linear gradient of B was 28% to 90%; from 42 to 60 min, the linear gradient of B was maintained at 90%. The enzymatic
hydrolysis products were desalted and separated by capillary high-performance liquid chromatography and analysed
using an Orbitrap Fusion mass spectrometer. The analysis time was 60 min, the detection mode was positive ions, the
scanning range of the parent ion was 375-1800 m/z, the resolution of first-order mass spectrometry was 120,000
at m-max z 200, the scanning mode was Top-Speed, the AGC target was 4e5, and the first-order Maximum IT was 50
ms. The number of scan ranges was 1, with a dynamic exclusion of 40.0 s. The data-dependent mode was cycle time, and
the time between master scans was 3 s. The mass-charge ratio of peptides was collected using the following methods:
the second-order spectrum was scanned at the same time as the first-order scan, and the scanning cycle was 3smemms?2.
The activation type was HCD. The resolution of the second-order mass spectrometry was 50000 at/m, the number of

microscans was 1, and the second-order maximum IT was 105 ms, and the AGC target was le5.

Diabetes, Metabolic Syndrome and Obesity 2024:17 hetps: 2925

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=467950.docx
https://www.dovepress.com/get_supplementary_file.php?f=467950.docx
https://www.dovepress.com
https://www.dovepress.com

Zhao et al Dove

Mass Spectrometry Database Search Analysis

The RAW file contains the original data for mass spectrometry analysis. The database identification and quantitative analysis
were conducted using the Mascot software Proteome Discoverer 2.4."” The database used in this experiment was “uniprot_hu-
man_192901 20201124.fasta”, which contains a total of 192,901 sequences. We used Mascot version 2.3 for the library search.
We used the results of peptide fragment identification to screen using FDR < 0.01 and completed the quantitative analysis based
on the peak intensity of the peptides. We obtained the median value of the protein content from the quantitative data of all
identified peptides of each protein. Finally, we homogenized the median of all quantitative protein data through each channel and
obtained the final quantitative results.

Transcriptome Data Acquisition

GSE64998 and GSE15653 datasets comprising gene expression profiles of obese participants with and without T2DM, were
downloaded from the Gene Expression Omnibus (GEO) database (RRID:SCR 005012, https://www.ncbi.nlm.nih.gov/geo/).
GSE64998 comprises gene expression profiles from liver tissues of patients diagnosed with non-alcoholic fatty liver disease

(NAFLD). This dataset includes 45 subjects, stratified according to the severity of their condition, ranging from mild to severe
NAFLD. The gene expression profiling for this dataset was conducted using the Illumina HumanHT-12 V4.0 expression
beadchip. GSE15653 features gene expression data from liver biopsies of patients undergoing surgical procedures. It encom-
passing a total of 40 samples. The Affymetrix Human Genome U133 Plus 2.0 Array was used to analyze these samples. Both
datasets were in FPKM format and were converted by log, for further analysis.

Differential Analysis

We used the limma package in R software to perform a differential analysis of the gene expression between the two
groups.'® We identified the significant differentially expressed genes between the two groups by setting adjusted P < 0.05
and | log,FC (fold change) | > 1 as the cut-off criteria.

Protein—Protein Interaction (PPl) and Enrichment Analysis

The PPI network was analysed and visualized using GENEMANIA tools.'” Gene Ontology (GO)-BP and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses and gene set enrichment analysis (GSEA) were performed
using the clusterProfiler package.® The input file was the expression matrix and grouped text of the log, transformation. The
P value was adjusted by Benjamini-Hochberg (BH) method, and the adjusted P value threshold was set at 0.05.

Immunohistochemistry Staining

Immunohistochemistry staining for CMPK1 (Abcam, ab225940) was performed using standard techniques according to
the manufacturer’s instructions. Briefly, tissue sections were incubated with the primary antibody overnight at 4°C,
followed by incubation with a secondary antibody. The enzyme substrate was 3.3’-diaminobenzidine tetrahydrochloride
(DAB). The positive signal of CMPK1 was quantified by measuring the integrated optical density (IOD) using Image-Pro
Plus 6.0. The area was measured using an Olympus Cell Sens Standard, and the average optical density (AOD) of
CMPKI positive signal was calculated as AOD = I0D/um?.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism™ 7.0 (GraphPad, CA, USA), R (version 3.6.2), and SPSS
25.0 (SPSS, IL, USA). Data are presented as mean + standard deviations. Student’s #-test was used for comparisons
between two groups. Differences were considered statistically significant when P < 0.05. The correlation analysis
between molecules uses person correlation analysis method.
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Results

Proteome Sequencing and Differential Analysis

We selectively collected liver tissues of three patients with obese and T2DM and three patients with obese but without T2DM
(the DM2 and No-DM2 groups, respectively) for human liver tissue TMT proteomic analysis and screened out the differentially
expressed proteins between the two groups. The SDS-PAGE gel image of the samples is shown in Figure 1 A. In this test, a total
of 7185 proteins with quantitative data in all channels and 41,404 peptides were identified (Figure 1B). According to the
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screening conditions of a P value <0.05 and a ratio of change multiple exceeding 1.2, there were 140 significant differentially

expressed proteins (DEPs) between the two groups (Figure 1C and Table S1). There were 50 upregulated genes and 90

downregulated genes in the liver tissue of the DM2 group, compared to the No-DM2 group (Figures 1D and E).

Enrichment and PPl Analysis of DEPs

The GO enrichment analysis of the DEPs suggested that the functions were mainly concentrated in immune-related pathways

such as tumour necrosis factor secretion, positive regulation of tumour necrosis factor superfamily cytokine production, IgA

immunoglobulin complex, T cell receptor complex, IgM immunoglobulin complex, and phosphoglycerate kinase activity
(Figure 2A and Table S2). The results of the KEGG enrichment analysis suggested that the functions of the DEPs may be
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concentrated in immune and metabolic pathways, such as NF-kappa B signalling pathway, B cell receptor signalling pathway,
intestinal immune network for IgA production, PI3K-Akt signalling pathway, and metabolic pathways (Figure 2B and Table S3).
Multiple core interaction network nodes including CMPK1 were identified among the DEPs by PPI analysis (Figure 2C).

Transcriptome Differences and Enrichment Analysis

We initially integrated the GSE64998 and GSE15653 datasets using the sva package and corrected for batch effects (Data
available on reasonable request from the authors). A total of 88 and 376 genes were upregulated in the DM2 and No-DM2
groups, respectively (Figures 3A and B). KEGG enrichment analysis of the differentially expressed genes suggested that
inflammatory and immune-related pathways, such as the IL-17 signalling pathway, adipocytokine signalling pathway, MAPK
signalling pathway, and cytokine—cytokine receptor interaction, were significantly enriched (Figure 3C). GO-BP enrichment
analysis suggested that leptin and cell proliferation-related pathways, such as cellular response to leptin stimulus, leptin-
mediated signalling pathway, positive regulation of cell population proliferation, regulation of cell population proliferation,
and positive regulation of mitotic cell cycle spindle assembly checkpoint, were significantly enriched (Figure 3D).

Integrin and Transcriptome ldentification of Core Molecules

We analysed the expression correlation between proteome and transcriptome according to the differences in the expression
of genes and their encoded proteins, and the results suggested that there was a strong correlation between the expression of
matching gene—protein pairs between the two omics datasets (Figure 4A, R = 0.53). In addition, according to the screening
conditions of the two differentially expressed molecules, we obtained a total of six differentially expressed protein—gene
pairs in the same direction, including two molecules (CMPK1 and HADHB) that were upregulated simultaneously and four
molecules (UROD, ABI3BP, MFSD9, and SRRM2) that were downregulated simultaneously (Table 1). The PPI analysis of
the six molecules indicated that CMPK 1 demonstrated the highest degree of interaction with other molecules (Figure 4B).
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CMPK| Was Significantly Associated with Various Diabetes Biomarkers

We collected biomarkers closely related to the onset of T2DM from the MsigDB database (KEGG TYPE II DI
ABETES_MELLITUS) to explore the relationship between the above six molecules and diabetes. We assessed the correlation
between the six molecules mentioned above and T2DM biomarkers at the transcription and protein levels. The results suggest
that CMPK1 is significantly related to most key molecules in the pathogenesis of diabetes, including HK1, HK3, INSR, INSR1,
and the MAPK, PI3K, and mTOR signalling pathways at both the transcriptional (Figure SA and B) and protein levels.

CMPKI Expression is Upregulated in the Liver of Patients with Obese and Diabetes,

as Confirmed by Immunohistochemistry
31 liver samples from patients with obese and T2DM and 21 liver samples from patients with obese but without T2DM
were collected, and immunohistochemistry was used to measure CMPK1 protein expression (Figure 6, Table S4 and S5).

Table | Transcriptional and Protein Level Expression Information of Matched Molecules

Protein id Protein_logFC | Protein_P | mRNA id | mRNA _logFC | mRNA_P
AOAIBOGVNY | —0.2856 0.0469 UROD —0.3459 0.0451
B7Z442 —0.3851 0.0032 CYP4F2 0.3465 0.0256
D3YTG3 —0.7483 0.0441 ABI3BP —0.6607 0.0319
F272A2 —0.4611 0.0250 MFSD9 —0.3883 0.0446
I3LON7 -0.3192 0.0131 SRRM2 —0.6553 0.0129
043704 0.9058 0.0224 SULTIBI —0.6242 0.0470
P30085 0.4135 0.0379 CMPKI 0.3500 0.0197
P55084 0.4047 0.0280 HADHB 0.3154 0.0313
Q9UH92 1.0640 0.0164 MLX —0.2812 0.0426

Abbreviations: LogFC, log (fold change); P, p-value.
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Figure 5 Identification of core action molecules. (A) Correlation analysis between six common differentially expressed molecules and key diabetes molecules at the
transcriptional level. (B) Correlation analysis of six common differentially expressed molecules and key diabetes molecules at the protein level.

CMPK1 was located in the cytoplasm and nucleus; consistent with the bioinformatics analysis results, the protein
expression levels of CMPK1 in the liver of those with T2DM were upregulated, but not in those without T2DM

(Figure 6).
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Figure 6 Immunohistochemical detection of CMPK| expression in liver tissues. (A) CMPK| expression in the Non-DM2 group. (B) CMPK| expression in the DM2 group.
(C) Box plot of the average optical density (AOD) of immunohistochemical staining (*P < 0.05).

Discussion

We identified deferentially expressed proteins between the liver of obese people with and without T2DMthrough proteomics
analysis. Then, we combined these data with GEO datasets and reveal six genes differentially expressed at the genomic and
transcriptomic level through bio-informatics analyses, including 2 molecules CMPK1 and HADHB that were upregulated, and
4 molecules that were downregulated (UROD, ABI3BP, MFSD9 and SRRM2). HADHB protein is an important component of
mitochondrial trifunctional enzymes, which involved in the mitochondrial B-oxidation pathway and breaking down long-chain
fatty acids into acetyl-CoA to generate energy across tissues.”’ Uroporphyrinogen decarboxylase (UROD) can catalyze the
decarboxylation of uroporphyrinogen III to coproporphyrinogen III and also a key regulator of heme biosynthesis.*

ABI3BP is an extracellular matrix protein and its function is not well-understood.>> Major facilitator superfamily
domain-containing protein 9 (MFSD9) is an orphan protein and atypical solute carrier of MFS type.>* SRRM2 (or
SRm300) sereine/arginine repetitive matrix 2 is a nuclear-speckle marker and a RNA splicing gene, whose dysfunction is
associated with several human diseases.”’

According to bioinformatics analysis, CMPK1 has the highest interaction with other molecules, and is significantly related
to most star molecules in the pathogenesis of diabetes, including HK1, HK3, INSR, INSR1, MAPK signal, PI3K signal,
MTOR signal and protein level. Therefore, weselected CMPK 1 for experimental verification. Immunohistochemistry further
verified that the expression of CMPK1 was up-regulated in obese patients with diabetes, which was consistent with the results
of proteomics.

A literature survey revealed that this study was the first to explore the relationship between CMPK1 and obesity and
T2DM. CMPKI is an enzyme required for nucleic acid biosynthesis.”® UMP/CMP kinase is responsible for the
phosphorylation of the ribonucleotide metabolite 5-fluoro-5’-monophosphate (FUMP) in the 5-FU metabolic process
and is recognized as a key step in the conversion of 5-FU to cytotoxic metabolites.”” The discovery of CMPK1 is of great
significance for revealing the underlying relationship between obesity and T2DM and exploring an effective method for
the early prevention and diagnosis of T2DM.

It is important to acknowledge several limitations of our study. Firstly, the proteome and transcriptome samples were not
derived from the same batch, which may compromise the precision in screening biomarkers. Secondly, the proteomic analysis
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was based on only six samples, which limits the generalizability of our findings; future studies with a larger sample size would
provide more robust evidence. Lastly, there is a lack of comprehensive clinical data accompanying the transcriptome and
proteome samples, which restricts our ability to analyze the correlation between identified biomarkers and diabetes-related
clinical characteristics effectively.In conclusion, we revealed unregulated expression of CMPK1 in the liver tissue of patients
with obese and T2DM, providing new ideas for the follow-up exploration of the mechanism of action and prediction,
diagnosis and treatment strategies for patients with obese and T2DM. Next, we will verify and test the other five genes and
investigate the function of these genes in T2DM, which will provide new potential diagnostic biomarkers and therapeutic
targets for treating diabetes.
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