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Abstract

Background: The investigation of phosphoenolpyruvate carboxykinase (PEPCK) and fatty acid synthase (FASN) genes that regulate the
energy metabolism could enhance the development of preventive intervention strategies for obesity. Therefore, the purpose of this study is to
determine the expression of FASN and PEPCK genes and to investigate their potential role in obese patients with or without type 2 diabetes
mellitus (T2DM). Moreover, to explore the correlations between the clinical variables and the above -mentioned genes.

Subjects and methods: Forty obese subjects (25 obese non-diabetic and 15 obese diabetic) underwent bariatric surgery; abdominal
subcutaneous adipose tissue (SAT) biopsies were collected from them during the surgery, and 15 non-obese subjects served as controls. The
expressions of FASN and PEPCK mRNA were evaluated with quantitative real-time PCR technique, and data were analyzed using SPSS
software.

Results: There was a statistically significant increase for PEPCK and FASN mRNA in subcutaneous adipose tissue of obese subjects with
and without T2DM compared to controls (p-values < 0.001). Additionally, there was an association between FASN expressions and lipid
parameters (TC: r=-0.564*, p=0.029; TG: r=0.684**, p=0.005; LDL: r=-0.637*, p=0.011; HDL: r=0.549* p=0.034) as well as insulin
(r=0.581*, p=0.023) and HOMA-IR (r=0.549*, p=0.34) in obese diabetic patients.

Conclusions: The FASN and PEPCK genes are more expressed in subcutaneous adipose tissues of obese individuals than normal controls,
regardless of diabetes status. However, more future studies are needed with a larger sample size to assess our findings.

Keywords: obesity, body mass index (BMI), type 2 diabetes mellitus (T2DM), subcutaneous adipose tissue (SAT), phosphoenolpyruvate
carboxykinase (PEPCK), fatty acid synthase (FASN).

1. Introduction
Obesity poses a serious threat to public health and is a major contributor to the global burden of non-communicable diseases,
including cardiovascular disease, hypertension, type 2 diabetes mellitus (T2DM), and several types of cancer (1). Over the
previous four decades, the prevalence rates of obesity have tripled, and by 2045, it is predicted that 700 million people over the
world would be affected (2). Likewise, diabetes will become a more serious threat to health over the next few decades (3). Obesity
has been linked to the development of diabetes, which is a metabolic disorder (4). Thus, the introduction of new diagnostic
biomarkers is crucial for its effective therapy (5). Significant improvements have been made in the management of diabetes
mellitus, with encouraging results using a variety of treatment modalities involving gene, stem cell, and medical nutrition
therapies, nanotechnology, and alteration in lifestyle (6). Adipose tissue is a crucial metabolic and endocrine organ that serves as
an energy reservoir, controls lipid mobilization (7), and plays crucial role in glucose homeostasis (8). Increased adipocyte size
may be the cause of adipocyte malfunction, which can then have metabolic spillover effects that unintentionally cause insulin
resistance and development of diabetes (5). Also, the prevalence of diabetes has considerably grown in chronically obese people,
and has become four times greater than in the general population (9). Meanwhile eighty percent of individuals with T2DM are
obese, insulin resistance is linked to both obesity and type 2 diabetes (10). The primary enzyme that controls glycogenolysis and
gluconeogenesis is phosphoenolpyruvate carboxykinase (PEPCK). Elevated PEPCK gene expression in diabetic hepatic adipose
tissues was connected to elevated glycogenolysis (11). Since insulin controls PEPCK activity, PEPCK gene transcription was
reduced when insulin levels were high (12). PEPCK over expression in mice increases adipocyte size, fat mass, and body weight.
Accordingly, the PEPCK gene has been linked to obesity and could be a marker for the metabolic rate (13,14).An important
lipogenic enzyme is called fatty acid synthase (FASN) may have a major impact on the variability of the weight of abdominal
adipose tissue (15). Specifically, FASN is a multifunctional enzymatic complex that is crucial for controlling body weight and
preventing the onset of obesity (15-17). FASN may contribute to the microvascular dysfunction associated with diabetes mellitus
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(18). Consequently, FASN has been increasingly implicated in the pathogenesis of diabetes and insulin resistance, but the precise
mechanisms underlying its role remain undefined (19), and it is unclear whether FASN over expression during insulin-resistant
DM affects de novo lipogenesis (19). Furthermore, in obese diabetic mice, increased FASN expression is associated with hepatic
metabolic disorders, including hyperinsulinemia, dyslipidemia, and impaired insulin sensitivity (20,21). The role of FASN and
PEPCK genes in human diabetes associated with obesity remains to be deciphered; further studies in different populations are
needed to evaluate the interaction of these gene expressions with obesity related to T2DM, which may have implications for the
management of obesity associated with diabetes mellitus. Hence, in the present study, we aimed to measure the expressions of
PEPCK-C and FASN genes in subcutaneous adipose tissues of obese Egyptian patients with or without diabetes mellitus.
Additionally, the current study assessed the relationship of the mentioned genes with different clinical parameters linked to
obesity and diabetes.

2. Subjects and Methods

Subjects

Abdominal subcutaneous adipose tissue (SAT) biopsies were collected from forty obese subjects with body mass index (BMI) >
30 kg/m? who underwent bariatric surgery in surgery Unit-Kasr Al Aini Hospital, Cairo, Egypt. Beside 15 subjects none-obese
(BMI < 25 kg/m?) and non-diabetic (fasting plasma glucose < 100 mg/dL) who underwent elective surgeries matched for age and
sex were enrolled as controls. The diagnosis of obesity was according to the National Institutes of Health (22) and the diagnosis of
type 2 diabetes was based on the guidelines of the American Diabetes Association (23). The exclusion criteria of the study were
steroid treatment, kidney or liver diseases, cancer, pregnancy, and a body weight more than 160 kg to avoid super-super obesity
and its comorbidities. Participants were assigned into 3 groups as group 1: Included 15 non-obese and non-diabetic control
subjects; group 2: Included 25 obese non-diabetic subjects; group 3: Included 15 obese diabetic.

Specimen collection and preparation

Approximately 1 g of subcutaneous adipose tissue was collected at the site of the transverse abdominal incision throughout the
surgery following an overnight fast. The tissue was separated into smaller pieces, snap frozen in liquid nitrogen, and kept at
—70°C till genes investigations. Peripheral venous blood samples were collected, allowed to clot and centrifuged. The serum
samples were stored at —20°C until used for clinical measurements. Peripheral venous blood samples were collected in sodium
fluoride tubes for fasting blood glucose determination.

Blood sample collection and storage

Al participants had venous blood samples drawn, which were separated into 2 sections. After being incubated for 15 minutes at
37°C, the first portion was put into a centrifuge tube and rotated at 3,000 rpm for 10 minutes. Following separation, the sera were
kept at -80°C until the ELISA method was applied to estimate the serum levels of TNF-o and IL-6. The remaining portion was
placed in an EDTA-coated tube for whole blood DNA extraction and kept at -80°C until the TNF-o (rs1800629) was analyzed
using real-time polymerase chain reaction (RT-PCR).

Clinical investigations

All patients and controls were subjected to the following investigations using standard laboratory assays to analyze: fasting
glucose, lipid profile, liver functions (alanine aminotransferase ALT & aspartate aminotransferase AST), and kidney functions
(urea & creatinine), using commercial kits following the manufacturer’s instructions through spectrophotometer (Applied
Biosystems, USA). Low-density lipoprotein (LDL) was calculated according to the Friedewald’s equation (24). Serum human
insulin levels were determined by enzyme-linked immunosorbent assay (ELISA) (SunLong Biotech Co., LTD., China; catalogue
number: SL0933Hu). The homeostasis model assessment for insulin resistance (HOMA-IR) was calculated using HOMA
equation (25).

Ribonucleic acid (RNA) isolation and TagMan real-time reverse transcription-polymerase chain reaction (RT-PCR) of fatty acid

synthase (FASN) and phosphoenolpyruvate carboxykinase (PEPCK) genes

Subcutaneous adipose tissue (100 mg) was treated with 1 ml of TRIzol reagent (Invitrogen, Carlsbad, CA, USA) to extract the
total RNA. Using TOPscript™ cDNA Synthesis Kit (Daejeon, Korea), the total purified RNA (1 pg) was reverse transcribed into
cDNA. The RT-gPCR was carried out in duplicate for each sample using SYBR supermix (Takara, Dalian, China) according to
the manufacturer's protocols. A total reaction mixture of volume 20 pL, included 10 pL of SYBR Green master mix, 2 pL of each
primer set for each gene, and 2 pL of cDNA (100 ng/uL).

Using nuclease-free water, the final reaction volume was completed up to 20 puL. RT-qPCR reactions were done via PCR system
2700 real-time polymerase chain reaction machine (Applied Biosystems, USA). The PCR amplification: 95 °C for ten minutes,
followed by 40 cycles of 94 °C for 15 seconds, 55 °C for 30 seconds, and 70 °C for 30 seconds, then four °C permanently. The
primers used for genes detection were shown in table 1. The housekeeping gene beta-actin (B-actin) was used to normalize each
gene's expression. The fold difference in gene expression compared to the endogenous control was calculated using the 2724¢t
formula (26).
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Table 1: The primers for FASN, PEPCK, and B-actin

Primers sequences References
FASN Forward: 5'-CGCGTGGCCGGCTACTCCTAC-3' @7
Reverse: 5'- CGGCTGCCACACGCTCCTCT-3’
PEPCK F: 5'-AGAGCATAAGGGCAAGGT-3' 28)
R: 5'-GGGAGTTCTCACCAAATC-3'
B-actin F: 5'-CCACACCCGCCACCAGTTCG-3’ 28)
R: 5'-CTAGGGCGGCCCACGAGGA-3’

Statistical analysis

The statistical analysis and visualization were implemented using SPSS 22.0 (IBM, USA). The calculation of the statistical power
and the sample size was done using PASS 11. The Kolmogorov-Smirnov test was used to determine whether the data was normal.
The quantitative data were shown as medians and interquartile ranges for skewed data or mean + standard deviation (SD) for
regularly distributed data. Consequently, One-way ANOVA and Mann-Whitney U test were used as applicable to analyze
differences in subject characteristics and gene expressions between the studied groups, respectively. Qualitative data were
displayed as numbers (%) using Chi-square ((1?) test. Additionally, The Spearman correlation analysis was employed to estimate
the correlation coefficient (r) between gene expression levels and variables. Error bar graphs represented mean and 95%
confidence interval for gene expression levels among the studied groups. The P-value is considered significant if it was less than
0.05.

3. Results

Clinical variables and characteristics of the studied groups were summarized in table 2. Obese groups (non-diabetic and diabetic)
were significantly higher compared with control group regarding to BMI, fasting glucose, insulin, HOMA-IR, and lipid profile.
The mRNA expression levels of the studied genes (FASN & PEPCK) were significantly increased in obese subjects with or
without T2DM (Group 2&3) comparing to normal-weight individuals. The comparison between groups 2 and 3 revealed that
these genes expressions in group3 were more expressed than group?2 but statistically insignificant (Table 3 and Figure 1).
Associations of FASN and PEPCK genes expressions with clinical measurements are shown in tables 4 and 5, respectively.
Significant negative correlations were shown between the expression of FASN gene and insulin and HOMA-IR among the obese
non-diabetic group. Regarding obese diabetic group, there were significant associations with HOMA-IR, insulin, and lipid
parameters.

Table 2: Characteristics and clinical data of studied groups

Group 1 Group 2 Group 3
Variables (n=15) (n=25) (n=15) P value P* value
Control Obese non-diabetic Obese-diabetic
Age (year) 37.2+45 40.67+7.6 42.53+6.8 0.095 0.402
Male 6 (40%) 5 (20%) 4 (26.7%)
Gender n(%) 0.388 0.625
Female 9 (60%) 20 (80%) 11 (73.3%)
Body mass index (kg/m?) 21.88+2.187 43.39+7.43 38.23+5.108 0.000 0.009
Fasting glucose(mg/dL) 89.93+7.87 87.8418.37 113+12.82 0.000 0.000
Insulin (uIU/mL) 3.48+0.677 6.1%3.26 9.4+1.72 0.000 0.000
HOMA-IR 0.771+ 0.157 1.302+ 0.652 2.623+ 0.580 0.000 0.000
Cholesterol (mg/dL) 150.7+10.1 166.1% 41.53 227+19.82 0.000 0.000
Triglycerides (mg/dL) 95.536.599 138.7+ 47.58 171.9+ 18.96 0.000 0.004
High density lipoprotein (mg/dL) 52,73+ 4.114 57.32+ 6.694 56.53+2.722 0.029 0.646
Low density lipoprotein (mg/dL) 78.83+12.88 81.01+39.1 136.1+ 20.41 0.000 0.000
Creatinine (mg/dL) 0.894+0.1102 0.88+0.075 0.86% 0.0736 0.584 0.444
Urea (mg/dL) 21.4+3.542 19.16+ 2.656 19.33+ 2,968 0.065 0.86
Alanine aminotransferase (1U/L) 21.73+3.807 19.8+3.028 20.53+ 2.295 0.170 0.471
Aspartate aminotransferase (1U/L) 21.4+3.562 20.24+1.234 21.47+ 2532 0.199 0.126

One-way ANOVA for quantitative variables and are presented as mean + SD

Chi-square ([1?) test for qualitative variables and are represented as numbers (%)

P value: comparing the studied groups; P* value: comparing obese diabetic and obese non-diabetic groups
P and P* <0.05 are statistically significant

HOMA-IR: homoeostasis model assessment insulin resistance

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



32

M. E. Bader et.al.

Table 3: Fatty acid synthase (FASN) and phosphoenolpyruvate carboxykinase (PEPCK) genes expression among studied

groups
Variables Controls Obese non-diabetic Obese diabetic Pvalue P*value
Median IQR Median IQR Median IQR
FASN gene 1.24 0.94-1.68 4.99 341-71 7.02 3.46-8.6 0.000 0.280
PEPCK gene 1.98 1.89-2.23 194 16.2-22.5 19.7 16.9-24.9 0.000 0.472

Mann-Whitney test

Data presented as median and interquartile range (IQR)
P value relative to control group (non-obese and non-diabetic)

P* value obese diabetic group relative to obese non-diabetic group
P and P* values are considered significant if < 0.05.

Table 4: Spearman correlations analysis between the levels of the fatty acid synthase gene in subcutaneous adipose tissue
and clinical variables

Variables Control Total obese Obese non-diabetic Obese diabetic
p p p p

Body mass index (kg/m?) -0.084 0.766 -0.033 0.839 0.048 0.818 0.204 0.466
Glucose(mg/dL) -.0242 0.384 0.135 0.406 -0.017 0.937 0.156 0.579
Insulin (uWIU/mL) 0.188 0.501 -0.025 0.880 -0.445* 0.026 0.581* 0.023
HOMA-IR 0.064 0.820 0.020 0.903 -0.452* 0.023 0.549* 0.034
Total cholesterol (mg/dL) 0.114 0.686 -0.069 0.672 -0.012 0.955 -0.564* 0.029
Triglyceride (mg/dL) 0.299 0.280 0.091 0.576 -0.044 0.835 0.684** 0.005
Low density lipoprotein-c (mg/dL) 0.03 0.914 -0.045 0.783 0.034 0.871 -0.637* 0.011
High density lipoprotein-c (mg/dL) 0.023 0.936 0.055 0.738 -0.040 0.850 0.549* 0.034

Control: non-obese and non-diabetic individuals; r: correlation coefficient; p: p-value. The bold format represents the significant p values, p value is considered

significant if < 0.05.

Table 5: Spearman correlations between phosphoenolpyruvate carboxykinase gene levels in subcutaneous adipose tissue
and clinical variables

Variables Control Total obese Obese non-diabetic Obese diabetic
rp rp rp p

BMI (kg/m?) 0.408 0.131 -0.075 0.647 -0.22 0.29 0.255 0.359
FG(mg/dL) -0.49 0.064 0.081 0.618 0.073 0.73 -0.117 0.679
Insulin (u[U/mL) -0.345 0.208 -0.028 0.863 -0.049 0.814 -0.222 0.426
HOMA-IR -0.496 0.060 0.025 0.878 -0.022 0.916 -0.202 0.47
TC (mg/dL) -0.17 0.546 0.095 0.559 0.04 0.851 -0.122 0.665
TG (mg/dL) -0.179 0.523 0.153 0.347 0.266 0.199 -0.081 0.774
LDL-c (mg/dL) -0.152 0.589 0.073 0.654 -0.085 0.686 -0.025 0.929
HDL-c (mg/dL) 0.047 0.868 -0.214 0.184 -0.131 0.531 -0.193 0.49

Control: non-obese and non-diabetic; BMI: body mass index; FG: fasting glucose; HOMA-IR: homeostasis model assessment of insulin resistance; TC: total
cholesterol; TG: triglyceride; LDL-c: low-density lipoprotein cholesterol; HDL-c: high-density lipoprotein cholesterol; r: correlation coefficient; p: p-value is

considered significant if < 0.05.
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Figure 1: The relative expressions of phosphoenolpyruvate carboxykinase (PEPCK) and fatty acid synthase
(FASN) genes in studied groups
Data are represented as error bar for mean and 95% confidence interval
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4. Discussion
Obesity is one of the most common metabolic diseases and poses a significant worldwide public health concern (29-32). The
prevalence of obesity has increased at an alarming rate (33), which could result in an increase in the number of patients affected
by its complications, including the most devastating T2DM (34-36). Prior study showed a significant association between
subcutaneous adipose tissue (SAT) gene expression and obesity. Moreover, its expression level was correlated to fasting plasma
glucose level. So, the expression of different genes in SAT could be significantly increased the risk of diabetes mellitus in obese
individuals (37). Hence in the present study, we analyzed the changes in FASN and PEPCK-C genes expression in SAT of obese
patients with and without T2DM, and compared the results with those obtained from non-obese and non-diabetic subjects.
Regarding to FASN gene our data indicated that, there was over expression in mMRNA of FASN gene in obese and diabetic obese
groups than in controls. Furthermore, there was elevated in FASN expressions among obese diabetic group than obese non-
diabetic group but without significant differences. We also conducted correlation analysis to determine if and to what degree the
variability in metabolic factors explained FASN mRNA expressions and we observed an association between FASN gene and
lipid profiles as well as insulin and HOMA-IR in obese diabetic group. This could be explained by the fact that insulin increases
FASN expression and activity in human adipocytes, revealing that insulin sensitivity is important for their control and necessary
for glucose absorption and conversion to triglycerides. In rat hepatocytes and adipocytes, insulin enhances the transcription of
lipogenic genes; similar effect has also been seen in human adipocytes (38) thus, adiposity is more strongly associated with the
development of insulin resistance and T2DM. Although FASN gene expression was significantly higher in obese vs lean
individuals (39-41), it was shown that obese individuals’ SAT expressed lower FASN mRNA than slim individuals exhibited
(42). Additionally, FASN has been shown to be down-regulated with insulin resistance in obese rats (43), and had down-regulated
among insulin resistant obese patients (44). In a study by Fernandez-Real et al. (45), the authors concluded that greater
"circulatory” levels of FASN were associated with insulin resistance which may not be entirely accurate, as the same investigation
revealed an inverse association between cellular and circulating FASN suggesting FASN exhaustion rather than up-regulation.
Therefore, targeting FASN might be an impactful therapeutic approach in those obese individuals (46). Furthermore, FASN
influenced the expression of transcription factors in genes related to diabetes in a beneficial manner (19). As a result, FASN may
play a crucial role in the etiology of diabetes and insulin resistance. These findings established that FASN in islet cells is a crucial
target for the treatment of diseases caused by islet dysfunction. The results of this study need to be confirmed in DM patients in
order to assess the link between FASN gene expression and alterations of serum glucose in vivo (19). Herein our results found
that FASN gene expression was positivity correlated to insulin and HOMA-IR in diabetic obese patients. It is well-known that,
insulin resistance is related to both obesity and type 2 diabetes. Hyperinsulinemia developed as a result of increased beta cell
activity associated with insulin resistance, which stimulates the release of more insulin to maintain normal glucose tolerance (34)
and causes T2DM to develop (47). The function of beta cells and insulin secretion are compromised in obese individuals due to
elevated levels of circulating fatty acids that are brought on by adipose tissues' restricted response (48). This finding could explain
why obese individuals readily develop to T2DM.
Concerning to PEPCK, the data obtained demonstrated a considerably higher expression of this gene within obese groups with or
without diabetes in comparison to the controls. While, there was no significant deference in PEPCK expressions between the two
obese groups. Our results supported as the PEPCK-C enzyme catalyzes an irreversible step of gluconeogenesis and is therefore
crucial for maintaining glucose homeostasis, as further recognized in laboratory mice which developed T2DM after PEPCK-C
was overexpressed (20). Furthermore, prior review has revealed that overexpression of PEPCK-C boosts glyceroneogenesis and
adipose tissue fat content. As consequence, glyceroneogenesis is essential to sustaining triacylglycerol reserves in adipose tissue
and probably causes obesity (14). The result of current study is similarly to the prevailing view that the higher rates of
gluconeogenesis and glucose production noted in patients with poorly managed T2DM are caused by increased transcription of
PEPCK (49). Moreover, other investigators have demonstrated that PEPCK may have functions other than gluconeogenesis, such
as controlling of triglyceride synthesis (50,51). Recently in this regard, PEPCK expression increased in obese diabetes rats,
whereas it decreased in anti-diabetic groups (20). On the other hand, another study has revealed that in the hyperglycemia, there
were no increases in the mRNA for PEPCK (52). Additionally, a previous study has reported, the PEPCK levels did not correlate
strongly with gluconeogenesis in the mouse liver (53).

5. Conclusions

Our laboratory has assessed that PEPCK and FASN expressions are upregulated in obese patients with and without diabetes.
Thus, FASN and PEPCK are variables that could play a role in the regulation and development of obese and obese diabetic cases,
irrespective to diabetes status. Consequently, targeting subcutaneous adipose tissue for PEPCK and FASN inhibition may be a
promising therapeutic strategy for the prevention and treatment of obesity and associated diabetes consequences. However, it is
necessary to conduct more research to determine how obesity and diabetes are associated. Moreover, future intervention studies
suggested to be explored the effects of potential treatments for obesity and obesity related diabetes through assessing the changes
in FASN and PEPCK gene expression levels upon using specific treatments.

6. Limitations

There are a number of limitations to the current study that need to be considered. Firstly, the sample size was relatively small due
to difficulties in obtaining consent and obtaining adipose tissue biopsies from the selected subjects. In addition, only subcutaneous
fat that was separated from the abdomen was available, which is a quick and more easily obtained biopsy from normal and obese
subjects during elective or programmed surgery. Therefore, our analyses were limited to subcutaneous adipose tissue samples.
Finally, further larger-scale studies on different biological samples and different populations are required to clarify the
associations of FASN and PEPCK genes in obesity susceptibility and its related diabetes.
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