C @ ANNALS OF CLINICAL
GASTROENTEROLOGY AND HEPATOLOGY

The Open Access
Publisher

@HSPI

Research Article More Information

*Address for correspondence:

Folasade Omobolanle Ajao, Department of
Physiology, Ladoke Akintola University of
Technology, P.M.B. 4000 Ogbomoso, 210214, Nigeria,
Email: foajao@lautech.edu.ng

The Synergistic Effect of Combined
Linagliptin and Metformin Improves
Hepatic Function in High-fat Diet/
Streptozotocin-induced Diabetic Rats

Submitted: April 28,2025
Approved: May 31, 2025
Published: June 02,2025

How to cite this article: Ajoo FO, Adeyeye 10,
Kalejaiye NO, Mukaila SO, Agboola OS, lyedupe MO.
The Synergistic Effect of Combined Linagliptin and
Metformin Improves Hepatic Function in High-fat
Diet/Streptozotocin-induced Diabetic Rats. Ann
Clin Gastroenterol Hepatol. 2025; 9(1): 004-012.
Available from:
https://dx.doi.org/10.29328/journal.acgh.1001050

Folasade Omobolanle Ajao', Ifedolapo Opeyemi
Adeyeye', Noheem Olaoluwa Kalejaiye', Sodik
Olasunkami Mukaila', Olalekan Samson Agboola? and
Marcus Olaoye lyedupe'’

Copyright license: © 2025 Ajao FO, et al. This is

an open access article distributed under the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original

'Physiology Department, Faculty of Basic Medical Science, College of Health Science, ) '
work is properly cited.

Ladoke Akintola University of Technology, P.M.B. 4000, Ogbomoso, Oyo State, Nigeria
Keywords: Diabetes; Liver function; Dyslipidemia;

2Department of Veterinary Physiology and Biochemistry, University of Ibadan, Ibadan, Gy e e sieas el Inermmeem: e s

Nigeria Metformin
'l) Check for updates
@ OPEN ACCESS
Abstract

Background: Monotherapy for liver dysfunction in diabetes is less effective. This study investigated the effect of combined linagliptin and
metformin therapy on liver function in diabetic rats.

Methods and materials: Sixty-four matured male (200-300 g) Wistar rats were used. Diabetes was induced with 35 mg/kb.wt streptozotocin
injected intraperitoneally. The rats were grouped into eight groups (n = 8). Group I: control; Group Ii: control +10 mg/kg body weight linagliptin; Group
III: control + 200 mg/kg body weight metformin; Group IV; control +10 mg/kg body weight linagliptin + 200 mg/kg body weight metformin; Group V:
diabetic; Group VI: diabetic + 10 mg/kg body weight linagliptin; Group VII: diabetic + 200 mg/kg body weight metformin; Group VIii: diabetic +10 mg/kg
body weight linagliptin + 200 mg/kg body weight metformin. The animals were sacrificed on the last day of the experiment, blood and liver samples
were collected for biochemical assay.

Results: Insulin, blood glucose, glycated hemoglobin, total cholesterol, triglycerides, low-density lipoprotein cholesterol (LbL-cholesterol), liver
enzymes ((alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, lactate dehydrogenase, pyruvate kinase, glucose-6-
phosphatase dehydrogenase, malondialdehyde and inflammatory makers increased (p < 0.05) significantly. High-density lipoprotein-cholesterol
(HDL-cholesterol), liver antioxidant, glycogen, and glycogen synthase were reduced significantly in diabetic rats. Linagliptin and metformin
administration single and combined reduced the insulin, blood glucose, glycated hemoglobin, total cholesterol, triglycerides, LDL-cholesterol, liver
enzymes, lactate dehydrogenase, pyruvate kinase, glucose-6-phosphatase dehydrogenase, malondialdehyde, inflammatory makers and increased
the HDL-cholesterol, liver antioxidant, glycogen and glycogen synthase in diabetic rats.

Conclusion: Linagliptin monotherapy alone efficiently controls hyperglycemia and remarkably improves liver functions. Combining linagliptin and
metformin could be used as safe and effective therapy for liver dysfunction progression in diabetes.

by chronic hyperglycemia as a result of alterations in
carbohydrate, protein, and fat metabolism due to absolute
or relative insulin secretion from pancreatic beta-cells,

Introduction

The global prevalence of diabetes mellitus is continually

rising, and the data forecasted by the International Diabetes
Federation estimated that approximately 783 million
individuals will be living with diabetes by 2045 [1].

Diabetes Mellitus (DM) is a metabolic disease characterized
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insulin resistance, or a combination of both [2]. Persistent
hyperglycemia causes micro-vascular and macro-vascular
complications in diabetes, including neuropathy, nephropathy,
retinopathy, cardiovascular diseases, arteriosclerosis,
and liver diseases [3]. The overwhelming of endogenous
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antioxidant enzymes by free radicals via oxidative stress
and inflammatory responses in tissues, which are critically
implicated of organ dysfunctions related to diabetes [4,5].

The liver is a crucial organ for body glucose homeostasis
regulation [6]. Non-alcoholic fatty liver disease (NAFLD), is
a major hepatic disease that frequently develops in nearly
70% of type-2 diabetes patients, with a prevalence of 25% to
30% of the global population [7,8]. NAFLD is a multifactorial
liver disease, characterized by excessive fat deposition
in hepatocytes, independent of high alcohol intake, viral
hepatitis, and drug-induced hepatotoxicity [9]. NAFLD can
progress from mild to severe complications such as non-
alcoholic steatohepatitis (NAHS), liver fibrosis, liver cirrhosis,
and hepatocellular carcinoma [7,9,10]. Accumulation oflipid in
the liver via consuming a high-calorie diet has been suggested
to contribute significantly to the etiology of insulin resistance
in the liver and NAFLD pathogenesis. This activates a series
of oxidative and inflammatory responses that cause hepatic
damage [11]. In an animal experimental model of NAFLD, a
high-fat diet altered the hepatic histology and triggered the
progression of metabolic abnormalities in the liver [12].

Metformin is the universal first-line drug choice for treating
diabetes [13]. However, the ineffectiveness of metformin
monotherapy in managing diabetes as the disease progresses
necessitates a drug combination therapy for diabetes-related
complications [14].

Linagliptinis one ofthe recentdipeptidyl peptidase-4 (DPP-
4) inhibitors approved for the treatment of hyperglycemia
[15,16]. Linagliptin has become a significant second and third-
line oral anti-diabetic agent owing to the adverse effects and
failure of metformin to optimally manage the progression
of hyperglycemic conditions [17]. Studies have reported the
anti-inflammatory, nephroprotective, and testicular injury
amelioration of linagliptin in normal glycemic animals
without inducing hypoglycemia conditions [18-20]. Also, the
cardiovascular effect of linagliptin in adults with T2DM has
been evaluated [21]. Linagliptin monotherapy or combined
with metformin is well tolerated, produces better glycemic
control and has currently been used to manage hyperglycemia
in metformin-intolerant diabetic patients [22,23]. Previously,
linaglptin and metformin combined therapy avert liver
fibrosis in a newly diagnosed type-2 diabetes and NAFLD
[24]. Nonetheless, the potential of linagliptin and metformin
combined therapy on liver function abnormalities associated
with NAFLD in diabetes still unexplored. This present
research investigated the effect combination of linagliptin
and metformin on hepatic function in high-fat diet and
streptozotocin-induced diabetic rats.

Materials and methods

Drugs and chemicals

Metformin, linagliptin, glucose, streptozotocin, ketamine,
xylazine, phosphate buffer.

https://doi.org/10.29328/journal.acgh.1001050

Experimental animals

A total of 64 mature male Wistar rats (200-300 g) were
procured from the Animal House of Physiology Department,
Ladoke Akintola University of Technology (LAUTECH),
Ogbomoso, Oyo State, Nigeria. The animals were acclimatized
for a week and kept in clean, hygienic polypropylene cages
fed with a pelletized mash grower’s feed and water ad libitum
under a standard pathogen-free environmental condition,
temperature (25 °C + 2 °C), relative humidity (45% * 5%)
and (12:12 hour’s) light/dark cycles. After the acclimatization
period, the animals were fed with a high-fat diet (HFD)
containing 45% (kcal %), 40% carbohydrate and 15% protein
for 8 weeks. All experimental procedures were performed
according to the protocol of the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals
and approved and assigned the ethical approval number
ERCFBMSLAUTECH: 041/06/2024 by LAUTECH Faculty of
Basic Medical Science Research Ethical committee.

Diabetes induction

The HFD was withdrawn from the animals, and allowed the
animals to fast overnight (12 hours) prior to Streptozotocin
(STZ) injection. After the fasting period, the rats were injected
intraperitoneally with a single dose of freshly prepared STZ
(35 mg/kg body weight) and given a 2% glucose solution to
inhibit drug-induced hypoglycemic death. Diabetes induction
was confirmed 72 hours post-STZ injection via tail vein blood
sampling and glucometer analysis and the blood glucose
level was taken with a one-touch Accu-chek glucometer.
Animals with fasting blood glucose levels = 200 mg/dL were
considered diabetic and selected for the experiment.

Animal grouping

Diabetic rats and non-diabetic rats (control) were
randomly assigned into 4 groups each, 8 rats/group treated
with metformin (Met) and linagliptin (Lina) as detailed below:

Group I: Control (non-diabetic rats)
Group II: Control + 10 mg/kg body weight Lina
Group III: Control + 200 mg/kg body weight Met

Group IV: Control + 10 mg/kg body weight Lina + 200 mg/
kg body weight Met

Group V: Diabetic (untreated)
Group VI: Diabetic + 10 mg/kg body weight Lina
Group VII: Diabetic + 200 mg/kg body weight Met

Group VIII: Diabetic + 10 mg/kg body weight Lina + 200
mg/kg body weight Met

The treatment phase lasted for 6 weeks. Food and water
intake were recorded daily, while body weight and blood
glucose were recorded weekly throughout the experiment.
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Biochemical assay

The rats were fasted overnight (12 hours) and
anesthetized with ketamine (40 mg/kg body weight) xylazine
(20 mg/kg body weight) at the end of the experiment. The
animals were sacrificed by cervical dislocation and fasting
blood samples were collected from the apex beat of the
rats’ hearts. The liver was isolated immediately after blood
collection, rinsed in normal saline and homogenized in a
freshly prepared cold phosphate-buffered. The blood samples
were centrifuged at 3,500 rpm for 15 minutes at -4 °C and the
liver tissues homogenates were centrifuged at 5000 rpm for 10
minutes at -4 °C. The clear supernatant serum obtained from
the blood and plasma obtained from the liver homogenates
after centrifugation were used to determine the biochemical
parameters

Fasting blood glucose levels were determined using the
glucose-oxidase/peroxidase (GOD-POD) method with a digital
Accu-Chek glucometer and test strips via pricked tail vein
blood.

Glycated hemoglobin (HbA1lc) was estimated using a rat
glycated hemoglobin assay kit (Fortress, UK) according to the
manufacturer’s instructions.

Enzyme-linked immunosorbent assay (ELISA)
was employed to determine the serum insulin, tumor
necrosis factor-alpha (TNF-a), interleukin-138 (IL-1f),
and interleukin-6 (IL-6), using the specific parameters rat
ELISA kit (Elabscience, China) followed the protocol of the
manufacturer’s instructions.

Enzymatic colorimetric method was used to estimate
serum total cholesterol (TC), triglycerides (TG), and high-
density lipoprotein cholesterol (HDL-C), with commercially
available assaykits (Fortress, UK) following the manufacturer’s
protocol. Friedewald et al. formula [25], was used to estimate
the LDL-C as follows: LDL-c = TC - HDL - TG/5.

Liver alanine aminotransferase (ALT), and aspartate
aminotransferase (AST) levels were measured by enzyme-
linked immunosorbent assay (ELISA) using ALT and
AST rat ELISA kit. Liver lactate dehydrogenase (LDH)
and alkaline phosphatase (ALP) activity were assessed
spectrophotometrically with available commercial kit
(Fortress, UK). The enzymatic colorimetric method was
used to determine liver glucose-6-phosphate dehydrogenase
(G6PD) [26]. Liver glycogen and glycogen synthase were
estimated based on the modified method of Tan et al. [27].
Liver pyruvate kinase was measured based on the Krishnan
et al. [28] adopted method.

ELISA was used to assess the liver malondialdehyde
(MDA), catalase (CAT), and reduced glutathione (GSH)
activity via available commercial assay Kkits according to the
manufacturer’s instructions, and glutathione disulfide (GSSG)
was determined via the spectrophotometric technique.

https://doi.org/10.29328/journal.acgh.1001050

Statistical analysis

Data were expressed as the standard error of the mean and
analyzed with GraphPad Prism software (version 5.0) using
one-way analysis of variance (ANOVA) followed by Bonferroni
posthoc multiple test for group statistical significant
comparison. Differences were considered statistically

significant at p < 0.05.
Results

Effect of combined linagliptin and metformin on body
weight, liver weight, food intake, and water intake in
HFD/STZ-induced diabetic rats

The body and liver weight of the diabetic rats significantly
(p < 0.05) decreased, and the food and water intake increased
significantly in comparison with the treated and non-treated
control rats. Treatment with linagliptin and metformin, both
singly and in combination, improved the body and liver
weight and normalized the food and water intake compared
with untreated diabetic rats (Table 1).

Effect of combined linagliptin and metformin on
insulin, blood glucose and glycated hemoglobin in
HFD/STZ-induced diabetic rats

There was a significant (p < 0.05) increase in insulin,
blood glucose, and glycated hemoglobin (HbA1c) in diabetic
rats compared with treated and non-treated control rats.
The combined and single administration of linagliptin and
metformin to the diabetic rats reduced the insulin, blood
glucose and HbA1c levels compared with non-treated diabetic
rats (Table 1).

Effect of combined linagliptin and metformin on
liver function in HFD/STZ-induced diabetic rats

The diabetic rats had a significant (p < 0.05) increase
in aspartate aminotransferase, alanine aminotransferase,
and alkaline phosphatase compared with the treated and
non-treated control rats. Administration of linagliptin and
metformin in single and combined reduced the liver level of
aspartate aminotransferase, alanine aminotransferase, and
alkaline phosphatase in the diabetic rats compared with the
non-treated diabetic rats (Figure 1 A-C).

Effect of combined linagliptin and metformin on
lipid profile in HFD/STZ-induced diabetic rats

The levels of total cholesterol, triglycerides, and low-
density lipoprotein cholesterol were significantly (p < 0.05)
higher, and high-density lipoprotein cholesterol level was
significantly lower in the diabetic rats compared with
the treated and non-treated control rats. Linagliptin and
metformin administration in single and combined to diabetic
rats significantly lowered the total cholesterol, triglycerides,
and low-density lipoprotein cholesterol levels, and increased
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Table 1: Effect of combined linagliptin and metformin on insulin, blood glucose, glycated hemoglobin, body weight, liver weight, food and water intake in high-fat diet/streptozotocin-
induced diabetic rats - changes in metabolic parameters following treatment.

Groups

Control +

Control + 200

Control + 10 mg/kg body

Diabetic

Diabetic + 10

Diabetic+ 200 mg/

Diabetic + 10 mg/

kg body weight Lina

Control 10 m_g/kg F)ody mg/_kg body | weightLina + 200 mg/kg control lng(kg b(_)dy kg body weight +200 mg/kg body
weight Lina weight Met body weight Met weight Lina Met .
Parameters weight Met
Se?ﬁé‘;i‘;lm 434£005 533027 4.29£0.22 4.50 % 0.29 1158+0.69% = 4.97+0.57 5.61 +0.48" 5.53 + 0.55¢
S‘E;‘l‘g"/‘;gc 7020+1.69  72.00+221 | 74.40+3.04 76.20 + 1.74 259.40+3.57¢ | 121.00£332" | 12640 %530 108.09 5.15¢
Ser“‘(':;;bmc 626+029 @ 7.15%0.15 7.37 %017 7.29£0.81 12,20 + 0.36% 7.93 % 0.47" 6.25 + 0.58" 7.67 +0.366
0
Foodintake g0, 066 27204086 | 29.80+0.66 25.60 + 1.69 39.40+0.87% | 2820 0.80" 31.80 + 1.08" 30.80 + 1.20°
(g/day/rat)
Waterintake | 0.0, 128 | 37604225 = 35.00+1.00 38.60+ 1.17 58.60+1.17% | 39.80 + 1.56" 38.20 + 1.28" 30.40 + 1.17¢
(ml/day/rat)
Body weight (g) 303.60 +5.19| 293.00+2.09 | 297.40 +2.50 289.00 + 3.06 190.60 £ 1.36* = 233.4+3.95 255.40 £ 3.69" 237.60 + 2.50°
Liver weight () 440026 = 4.10%1.12 4.24£0.23 4.50 £ 0.23 3.50 £ 0.10% 3.86+0.13 3.94 £ 0.09" 4.36 £ 2.23
The data values are presented as SEM (n = 8). *significant at p < 0.05 vs. control; significant at p < 0.05 vs. diabetic group; ‘significant at p < 0.05 vs. treated linagliptin and metformin-
alone diabetic groups.

the high-density lipoprotein cholesterol level in comparison

A with untreated diabetic rats (Figure 2 A-D).

Effect of combined linagliptin and metformin on
liver oxidative stress and antioxidants enzymes in
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- There was a significant (p < 0.05) elevation in the liver
10 oxidative stress marker malondialdehyde and a reduction in
5 catalase, reduced glutathione (GSH), and glutathione disulfide
o . . R — (GSSG) in the diabetic rats compared in comparison with the

Control  Control + control + Control + Diabetic Diabetic + Diabetic + Diabetic +
Lina  Met  Lina f Met Lina  Met - Lina  Met treated and non-treated control rats. Diabetic rats treated

Linagliptin (lina): 10 mg/kgb.wt; Metformin (met): 200 mg/kgb.wt with Single and combined llnagllptln and metformin had a

significant reduction in liver malondialdehyde and an increase
in catalase, GSH, and GSSG compared with the untreated
diabetic rats (Table 2).
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40

Effect of combined linagliptin and metformin
on inflammatory markers in HFD/STZ-induced
diabetic rats
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The levels of tumor-necrosis factor-alpha, interleukin-1,

Control  Control + control + Control + Diabetic  Diabetic + Diabetic + Diabetic +

and interleukin-6 significantly (p < 0.05) elevated in the
C N diabetic rats compared with non-treated and treated control
90 rats. The single and combined administration of linagliptin
80 and metformin to the diabetic rats significantly decreased the
g ;2 ¢ G 0 tumor necrosis factor-alpha, interleukin-1f, and interleukin-6

= so . = compared to the non-treated diabetic rats (Table 2).
. Effect of combined linagliptin and metformin on
20 liver glycogen and glucose metabolism enzymes

i in HFD/STZ-induced diabetic rats

Diabetic Diabetic + Diabetic + Diabetic +
Lina Met  Lina + Met

Control +
Lina + Met

control +
Met

Control +
Lina

Control

Liver glycogen and glycogen synthase reduced (p < 0.05)
significantly and lactate dehydrogenase (LDH), glucose-
6-phosphate dehydrogenase (G6PD) and pyruvate kinase
increased significantly in diabetic rats in comparison with
treated control and non-treated control. Administration of
linagliptin and metformin singly and combined to the diabetic
rats increased the liver glycogen and glycogen synthase and
significantly reduced the LDH, G6PD, and pyruvate kinase
compared with untreated diabetic rats (Table 3).
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Linagliptin (lina): 10 mg/kgb.wt; Metformin (met): 200 mg/kgb.wt

Figure 1: Effect of combined linagliptin and metformin on liver enzymes
in high-fat diet/streptozotocin-induced diabetic rats. (A) Aspartate
aminotransferase (AST), (B) Alanine aminotransferase (ALT), and (C)
Alkaline phosphatase (ALP). Treatment significantly reduced liver enzyme

levels in diabetic rats, indicating hepatic protective effects of the
combined therapy. Values are expressed as mean + SEM (n=8). 'significant
at p < 0.05 compared with control; ®significant at p < 0.05 compared with
untreated diabetic group; 2significant at p < 0.05 compared linagliptin
and metformin-alone treated diabetic groups.
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Figure 2: Effect of combined linagliptin and metformin on lipid profile in
high- fqt dlet/streptozotocm induced diabetic rats. (A) Total cholesterol
(TC) B) Triglycerides (TG

(LbL-c), qnd?

C) Low-density lipoprotein cholesterol
) High-density lipoprotein cholesterol (HDL-C). Combined
treatment |mproved lipid profile by lowering TC, TG, LDL-C and increasing
HDL-C levels in diabetic rats. Values are expressed as mean * SEM (n
= 8). ¥significant at p < 0.05 compared with control; Ssignificant at p <
0.05 compared with untreated diabetic group; Ssignificant at p < 0.05
compared linagliptin and metformin alone-treated diabetic groups.
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Discussion

Diabetes is a disease of metabolic abnormalities frequently
marked by hyperglycemia that causes many pathological
conditions over time. Studies have reported that Non-
alcoholic fatty liver disease (NAFLD) is the most common liver
complication associated with diabetes with a lack of novel
therapy [29]. Despite the liver’s essential role in regulating
glucose and lipid metabolism, liver therapy in diabetes is
still challenging [6,30]. This study investigates the single and
combined potential of linagliptin and metformin in improving
liver function in diabetic rats.

Diabetes disrupts glucose utilization for energy, causing
catabolism of structural proteins and muscle tissue which
leads to body weight reduction in diabetes [31]. Consistent
with the study of Kondalkar et al. [32], diabetic rats exhibited a
reduction in body and liver weights accompanied by elevated
insulin, blood glucose, polyphagia, and polydipsia in this
study. An increase in insulin level observed is a compensatory
mechanism to elevated blood glucose. Several diabetes
drugs have been studied for anti-hyperglycemic effects via
stimulating the glucose-utilizing organs to insulin action
for glucose uptake, and inhibiting hepatic gluconeogenesis,
and increasing hepatic glycogenesis [33,34]. Linagliptin and
metformin alone and co-administration improve the body and
liver weight of diabetic rats and restore the insulin and blood
glucose to the normal circulating level. In harmony with the
report of Lv et al. [23], the combined therapy demonstrated
significant hypoglycemic efficacy and could be linked to the
mechanism previously reported above.

Glycated hemoglobin (HbA1c), the standard and predictor
biomarker for diagnosing and assessing glycemic control, has
been elevated in diabetic patients [35]. The level of HbAlc
increased in the diabetic rats of the present study, parallel
with the Alatawi et al. findings [36]. The combination of
linagliptin and metformin lowered the HbAlc in the rats,
indicating the combined treatment efficiently regulated insulin
action and facilitated target organ responsiveness to insulin
thereby lowering blood glucose and subsequently reducing
hemoglobin glycation for HbAlc production, which is also in
harmony with Lv et al. [23] findings on normalizing of glycated
hemoglobin with combined linagliptin and metformin.

Liver impairment is a critical complication associated
with chronic hyperglycemia in diabetes [6]. Elevated liver
enzymes including alanine aminotransferase, aspartate
aminotransferase, and alkaline phosphatase are biomarkers
of liver injury in diabetes [37]. This study observed liver
damage in diabetic rats marked by an increase in alanine
aminotransferase, aspartate aminotransferase, and alkaline
phosphatase which is consistent with the findings of Attia etal.
[38]. The increase in liver enzymes could result from the
deficit in hepatic glucose utilization which stimulated the
release of the enzymes from the liver [39]. The combined
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Table 2: Effect of combined linagliptin and metformin on oxidative stress and inflammatory markers in high-fat diet/streptozotocin-induced diabetic rats — modulation of oxidative
and inflammatory responses following treatment.

Control + 10 mg/kg
body weight Lina

Diabetic + 10 mg/
kg body weight Lina
+ 200 mg/kg body
weight Met

Diabetic + 10
mg/kg body
weight Lina

Diabetic + 200
mg/kg body
weight Met

Control + 200
mg/kg body
weight Met

Control + 10
mg/kg body
weight Lina

Groups Diabetic

Control
control

+ 200 mg/kg body
weight met

Parameters

Liver MDA (uM) 1.17+£0.01 1.12 £ 0.04 0.87 £0.03 0.98 £0.07 2.04+0.16 1.08 = 0.04¢ 1.17 £ 0.09¢ 1.13 £ 0.09¢
Liver CAT, 30.58+0.75 30.23 £1.03 31.82£0.95 28.09 +1.39 14.59 + 0.49 29.00 +1.73¢ 28.68 + 1.09* 29.62 + 2.33°
(u/mg protein)
Liver GSH (mM) 0.18 £0.01 0.19+0.02 0.18£0.01 0.18 £0.02 0.10+0.02° 0.19 £ 0.04« 0.19 £ 0.02« 0.20+0.03%
Liver GSSG (mM) 0.03+0.00 0.03 +0.00 0.04 +0.00 0.03 +0.00 0.01 +0.00" 0.04 = 0.00* 0.03 +0.00* 0.03 +0.00°
Ser(t;r;l/’rl“nl\ll;—tx 363.22+3.66  371.42+5.01 328.33+5.79 386.56 + 5.45 844.03+4.78" | 328.31+9.33¢ 370.95 + 3.29¢ 383.01 +5.38°
Serum IL-1B (pg/ml) | 58.69 + 4.94 45.76 £2.27 42.82+1.92 45.67 £ 4.84 68.35 +3.52 46.04 £ 6.79¢ 49.86 + 0.89° 46.95 + 5.12°
Serum IL-6 (pg/ml) | 15.46 +0.58 16.99 +0.82 16.79+ 091 16.73 + 0.64 33.97+0.81 15.66 + 1.30* 16.04 + 0.70* 15.58 + 1.44F
Values are expressed as SEM (n = 8). *significant at p < 0.05 against normal control; “significant at p < 0.05 against with untreated diabetic group; fsignificant at p < 0.05 against
linagliptin and metformin-alone treated diabetic groups.
Table 3: Effect of combined linagliptin and metformin on glycogen content and glucose metabolism enzymes in high-fat diet/streptozotocin-induced diabetic rats — improvement
in hepatic glucose metabolism following treatment.

Diabetic +
Diabetic + Diabetic + 10 mg/kg body
10 mg/kg body 200 mg/kgbody weightLina + 200

Control +
10 mg/kg body
weight Lina + 200

Control +

Control + 200 mg/kg

10 mg/kg body Diabetic

Control
control

body weight

Parameters

weight Lina

Met

mg/kg body weight

Met

weight Lina

weight Met

mg/kg body weight
Met

Liver glycogen 445+1.21 5.73+0.82 6.15+0.30 511+1.24 2.39£0.28* 5.09 + 1.02Y 5.33 £1.33Y 6.11 £0.14°
Liver LDH (U/L) 593.48 £ 23.98  412.62 +54.58 | 491.02 +42.26 518.78 + 52.38 905.70 + 18.31% | 524.78 +31.01Y | 487.64 +17.09" 565.67 £65.28¢
Liver G6PD (U/L) 85.80 +44.05  68.37 +13.08 64.48 +20.11 88.39 +8.53 162.44 + 7.86% 85.31+7.21¥ 101.69 + 52.47Y 95.73 + 5.85¢
Liver ‘E’r:;‘;alt;i)kmase 083015  0.76+0.18 0.87 £0.08 0.76 £ 0.16 1.54 +0.267 0.87 £ 0.06" 0.94%0.11 0.86 % 0.15¢
Liver glycogen synthase |y 1, g31 1634007 148+032 1.49£0.05 0840047 | 156%017" 1.62+0.26° 1.54£0.210
(um/mg protein)
Data are presented as mean = SEM (n = 8). “significant at p < 0.05 compared with control; significant at p < 0.05 compared with diabetic group; %significant at p < 0.05 compared
linagliptin and metformin alone diabetic groups.

treatment with linagliptin and metformin effectively
diminished the liver enzyme biomarkers superiorly to the
effect observed in linagliptin and metformin monotherapy,
implies the liver protective effect of the combined treatment
which supports the findings of Li et al. [24] on attenuation of
liver fibrosis in newly diagnosed T2DM patients with NAFLD
treated with combination of linagliptin and metformin.

Lactate dehydrogenase is a key energy metabolism
enzyme. In diabetic individuals, disruptions in the level of this
enzyme have been reported. Increased lactate dehydrogenase
activity associated with metabolic impairments, including
altered glucose uptake and impaired lactate synthesis,
consequently triggered diabetic-related complications
[40], which is consistent with our findings, where liver
lactate dehydrogenase levels were elevated in diabetic rats.
Glucose-6-phosphate dehydrogenase (G6PDH) is an enzyme
that catalyzes the pentose phosphate to reduced form
Nicotinamide Adenosine Dinucleotide Phosphate (NADPH),
which regulates redox reaction in many cells, and alteration
in G6PDH activity can cause oxidative stress-induced tissue
injury [41]. A decrease in liver G6PDH activity in diabetics
which leads to elevated oxidative stress in the cells has been
reported [42], contrary to our finding, the diabetic rats had
elevated G6PDH in the liver. Pyruvate kinase is another
important glycolysis enzyme that facilitates the breakdown
of phosphoenolpyruvate to pyruvate with the production of
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ATP energy [43]. Many findings have documented a decline in
pyruvate kinase activity in diabetic rats [44], which is contrary
to the result of the present findings, the level of pyruvate
kinase remarkably increased in the liver of diabetic rats.
Glycogen synthase/phosphorylase are two major controlling
enzymes crucial for glycogen synthesis and lysis [45]. Glycogen
synthesis and formation are critically influenced by high
levels of glycogen synthase and uncontrolled hyperglycemia
causes a diminution in glycogen synthase levels in muscle
and liver resulting in lower glycogen storage [46]. In line with
the findings of Govindarajan et al. [47], this study observed
a decrease in glycogen synthase in the diabetic liver, which
may contribute to decreased hepatic glycogen storage.
The abnormalities in the glucose metabolism enzymes and
reduced liver glycogen may be attributed to impaired liver
insulin insensitivity and glucose utilization. The combination
of linagliptin and metformin reduces LDH, G6PDH, and
pyruvate kinase levels and ameliorates liver glycogen
synthase, suggesting the potential of the combined treatment
to regulate glucose metabolic enzymes to increase hepatic
glycogen storage via inhibition of excessive breakdown
of glycogen into glucose which consequently lowered the
elevated blood glucose and which is consistent with the report
of Unger and Cherrington [48].

Lipid profile abnormalities known as dyslipidemia is
usually characterized by elevated levels of circulating blood
total cholesterol, triglycerides, low-density lipoprotein-
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cholesterol and reduced high-density lipoprotein-cholesterol
are metabolic derangements linked to etiology of cardio-
vascular disease in diabetes [49]. Non-alcoholic fatty liver
disease in diabetes has been reported as a contributing factor
to the increase in total cholesterol, triglycerides, low-density
lipoprotein-cholesterol and reduced high-density lipoprotein-
cholesterol [50]. In agreement with the Komorizono et al.
[51] and Lin et al. [52] reports, linagliptin and metformin
combination therapy had anti-dyslipidemic efficacy than
single drug therapy by lowering the total cholesterol and low-
density lipoprotein-cholesterol considerably and improving
the high-density lipoprotein-cholesterol in diabetic rats of this
study and this lipid-lowering effect of combined therapy could
be attributed to the synergistic action on insulin to stimulate
the metabolism of fatty acid and triglycerides to reduce
hepatic lipid deposition.

Diabetes-induced oxidative stress causes overproduction
of reactive oxygen species and a diminished antioxidant
defense system is implicated in the progression of micro
and macro-vascular complications in diabetic patients [53].
Research has documented that elevated circulating liver
enzymes in diabetes are a consequence of free radicals
overwhelming liver antioxidant capacity leading to tissue
injury [54]. Malondialdehyde, which is the product of lipid
peroxidation serves a marker of oxidative stress, dominating
the activity of catalase, reduced glutathione, and reduced
disulfide antioxidant in current diabetic rats’ liver, consistent
with Zeng et al. finding [55]. The combination of linagliptin
and metformin remarkably reverses the malondialdehyde and
improves the antioxidant defense enzyme activity in the liver,
demonstrating superior antioxidant efficacy of the combined
treatment over monotherapy.

Chronic hyperglycemia-induced dyslipidemia-triggered
oxidative stress production is considered a crucial process
linked with the pathogenesis of the inflammatory response
in diabetes. upregulation of tumor necrosis factor-alpha,
interleukin-1f, and interleukin-6 in the blood contributes to
the development of NAFLD via stimulating the inflammatory
pathways that disrupt the insulin signal [56]. The serum
concentration of pro-inflammatory cytokines tumor necrosis
factor-alpha, interleukine-1B, and interleukine-6 in the
diabetic rats of this study increased which is in line with
the previous finding of Lodhi et al. [57]. Both the single
and combined administration of linagliptin and metformin
produced anti-inflammatory properties, this finding supports
other reports [18]. Although linagliptin monotherapy most
effectively down-regulates the tumor necrosis factor-alpha,
interleukin-1f3, and interleukin-6, while the combined therapy
demonstrated minimal efficacy. This anti-inflammatory
property could be linked to the suppression of hyperglycemia
and oxidative stress processes in the liver.

Conclusion

Linagliptin monotherapy exhibited superior anti-
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hyperglycemic properties, excellently improved liver
functions, and efficiently attenuates liver damage via
enhancing the hepatic antioxidant capacity, suppressing the
hepatic oxidative stress and inflammatory markers. Metformin
demonstrated comparatively lower hypoglycemic and
hepatic protective efficacy than linagliptin. The combination
of these drugs may serve as a novel therapeutic approach
for improving liver function in diabetes with fewer adverse
effects than monotherapy.
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