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Abstract: Chronic hyperglycemia increases the risk of liver damage. Oxidative stress and aberrant
inflammatory response are entangled in diabetes-associated liver injury. This study evaluated the
protective effect of the flavonoid galangin (Gal) on glucose intolerance, liver injury, oxidative stress,
inflammatory response, and Nrf2/HO-1 signaling in diabetic rats. Diabetes was induced by strepto-
zotocin (STZ), and the rats received Gal for six weeks. STZ-induced rats showed glucose intolerance,
hypoinsulinemia, elevated glycated hemoglobin (HbA1c), and decreased liver glycogen. Gal ame-
liorated glucose intolerance, reduced HbA1c%, increased serum insulin and liver glycogen and
hexokinase activity, and suppressed glycogen phosphorylase, glucose-6-phosphatase and fructose-
1,6-biphosphatase in diabetic rats. Circulating transaminases, ALP and LDH, and liver ROS, MDA,
TNF-α, IL-1β, and IL-6 were increased and GSH, SOD, and CAT were diminished in diabetic rats. In
addition, diabetic rats exhibited multiple histopathological alterations and marked collagen deposi-
tion. Treatment with Gal mitigated liver injury, prevented histopathological alterations, decreased
ROS, MDA, pro-inflammatory cytokines, Bax and caspase-3, and enhanced cellular antioxidants and
Bcl-2. Gal downregulated hepatic Keap1 in diabetic rats and upregulated Nrf2 and HO-1 mRNA as
well as HO-1 activity. Molecular modeling studies revealed the ability of Gal to bind to and inhibit
NF-κB and Keap1, and also showed its binding pattern with HO-1. In conclusion, Gal ameliorates
hyperglycemia, glucose intolerance, oxidative stress, inflammation, and apoptosis in diabetic rats.
Gal improved carbohydrate metabolizing enzymes and upregulated Nrf2/HO-1 signaling.
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1. Introduction

Diabetes mellitus (DM) is a worldwide metabolic disorder characterized by persistent
hyperglycemia leading to progressive damage of various internal tissues, including the
liver [1]. Patients with DM are at a high risk of liver impairments, including abnormal liver
enzymes, nonalcoholic fatty liver disease (NAFLD), cirrhosis, hepatocellular carcinoma,
and acute liver failure [2]. The underlying mechanism of hyperglycemia-mediated liver
injury includes the combination of increased oxidative damage and an aberrant inflamma-
tory response [3]. Oxidative stress causes damage of cellular macromolecules, including
biological membrane lipids, nucleic acids, and cellular proteins, resulting in cell injury and
death [3]. In addition, excess reactive oxygen species (ROS) is implicated in stimulating in-
flammatory process, aggravating tissue damage and organs dysfunction. Indeed, the liver
is an internal organ that plays a key role in the main metabolic pathways. It is involved in
blood glucose homeostasis by balancing the uptake and storage of glucose via glycogenesis
and its release through glycogenolysis and gluconeogenesis [4]. Defects in carbohydrate
metabolizing machinery in addition to prevalent oxidative stress in DM result in vari-
ous degrees of hepatocyte damage assigned by excess glycogen deposition, biomolecules
oxidation; prominently lipid peroxidation (LPO); enhanced hepatocyte apoptosis, and
stimulation of inflammatory process, which is furthered by necrosis, fibrosis, cirrhosis,
and liver failure [5,6]. In this context, a previous clinical study found that the prevalence
of severe liver fibrosis was 15.5% among the hospitalized patients with type 1 DM [7].
Therefore, therapeutic approaches aiming at ameliorating the imbalance in carbohydrate
metabolism and attenuating antioxidant defenses can protect against diabetes-mediated
liver injury.

The cells developed several defense mechanisms that serve to mitigate the cellular
damages and prevent several diseases. The nuclear factor (erythroid-derived 2)-like 2 (Nrf2)
has been emerged among the potential druggable targets to treat and prevent the progres-
sion of several diseases [8,9]. It elicits the expression of the antioxidant and cytoprotective
genes [8]. In its inactive state, Nrf2 is sequestered in the cytosol by Keap1 in a complex
disrupted upon exposure to ROS or electrophilic stress, leading to Nrf2 dissociation and
subsequent nuclear translocation where it binds the antioxidant response element (ARE)
and stimulate the transcription of antioxidant genes, such as, heme oxygenase (HO)-1,
superoxide dismutase (SOD), and catalase (CAT) [8]. Activation of Nrf2 by a wide range of
natural compounds protected against liver injury through attenuation of oxidative stress
and fibrosis in rodents [10–13]. On the contrary, the lack of Nrf2 accelerated the progression
of nutritional steatohepatitis and resulted in increased hepatic inflammation and fibrosis in
mice fed methionine-and choline-deficient diet [14]. Therefore, Nrf2 activation could be a
promising therapeutic approach for preventing or treating liver diseases.

Multiple studies have demonstrated that natural compounds have gained thought-
fulness as therapeutic candidates for prevention and treatment of diabetes and its com-
plications [15,16]. Galangin (Gal), an active flavonoid present in honey and the roots of
Alpinia officinarum, possesses numerous potential therapeutic effects, including antioxi-
dant, anti-inflammatory and hepatoprotective properties [10,17,18]. Gal exhibited potential
anti-hyperglycemic and anti-dyslipidemia effects in diabetic rats [19,20]. In addition,
Gal is a potential dipeptidyl peptidase-4 (DPP-4) inhibitor that enhances insulin activ-
ity and glucose uptake in skeletal muscle [21]. Gal attenuated hyperglycemia-induced
cardiomyopathy in type 1 diabetic rats by reducing oxidative damage and suppressing in-
flammation and apoptosis [18]. Furthermore, Gal exhibited hepatoprotective effects against
cyclophosphamide (CP) toxicity by preventing oxidative injury, inflammation, and hepatic
cell apoptosis [10]. Although multiple therapeutic effects of Gal have been demonstrated,
its ameliorative effects on liver injury and carbohydrate metabolizing enzymes are yet to
be investigated. This study evaluated the hepatoprotective effect of Gal in diabetic rats
emphasizing on its antioxidant and anti-inflammatory actions and its modulatory effects
on the key enzymes of carbohydrate metabolism.
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2. Materials and Methods
2.1. Animals and Experiment Design

Male Wistar rats (180 ± 10 g) were housed under standard conditions of humidity
and temperature on a 12 h light/dark cycle and supplied food and water ad libitum.

Streptozotocin (STZ, Sigma, St. Louis, MO, USA) was in 0.1 M citrate buffer (pH 4.5)
and 50 mg/kg was injected intraperitoneally (i.p.) to induce type I DM [22,23]. In parallel,
normal rats received citrate buffer. After 72 h, rats with fasting blood glucose ≥250 mg/dL,
measured by Roche Diagnostics glucometer (Mannheim, Germany), were selected for
further investigation.

A total of 24 rats (12 normal and 12 diabetic) were divided into four groups (n = 6)
as follows:

Group I (Control): normal rats received the vehicle.
Group II (Gal): normal rats received 15 mg/kg body Gal [10].
Group II (Diabetic): diabetic rats received the vehicle.
Group IV (Gal): diabetic rats received 15 mg/kg body Gal [10].
Gal was purchased from Sigma Aldrich (St. Louis, MO, USA) and dissolved in 0.5%

carboxymethyl cellulose (CMC) and supplemented via oral gavage for six weeks. After
the treatment period, the animals were anesthetized by ketamine/xylazine and blood
was collected via cardiac puncture in plain and EDTA vacutainer tubes. Immediately, the
animals were euthanized, and the liver was excised, washed with ice-cold 0.9% saline,
blotted, and weighed. Portions of liver were fixed in 10% neutral buffered formalin
(NBF), and other portions were homogenized in 10 mM ice-cold Tris–HCl buffer (pH 7.4),
centrifuged at 6000 rpm for 10 min and the clear supernatant was stored at −80 ◦C for
biochemical assays.

2.2. Oral Glucose Tolerance Test (OGTT)

Blood samples were collected from the lateral tail vein of overnight fasted rats, which
then received 3 g/kg glucose solution orally. Other blood samples were collected at 30, 60,
90, and 120 min and glucose was measured using Spinreact (Girona, Spain) kit [24].

2.3. Determination of Insulin, Glycated Hemoglobin (Hba1c) and Liver Function Markers

Serum insulin and blood HbA1c% were assayed using RayBiotech (Peachtree Corners,
GA, USA) and Biosystems (Barcelona, Spain) reagent kits. Alanine aminotransferase (ALT),
aspartate aminotransferase (AST), lactate dehydrogenase (LDH), and alkaline phosphatase
(ALP) were assayed in serum using Spinreact (Girona, Spain) kits.

2.4. Determination of Liver Glycogen and Carbohydrate-Metabolizing Enzymes

The content of glycogen [25], and activities of hexokinase [26], glucose-6-phosphatase
(G-6-Pase) [27], fructose-1,6-biphosphatase (F-1,6-BPase) [28], and glycogen phosphory-
lase [29] were determined in the liver and the released inorganic phosphorus (Pi) was
assayed according to Fiske and Subbarow [30] using Spinreact (Girona, Spain) assay kit.

2.5. Determination of Oxidative Stress and Inflammation Markers, and HO-1 Activity

ROS level was determined in the liver using H2DCF-DA [31], and the LPO marker
malondialdehyde (MDA) was determined as described by Ohkawa et al. [32]. GSH [33]
and activities of SOD [34] and CAT [35] were assayed in the liver of rats. Hepatic TNF-α,
IL-6, and IL-1β were determined using R&D Systems ((Minneapolis, MN, USA) kits and
the activity of HO-1 was determined according to Abraham et al. [36]. In this assay, the
samples were mixed with glucose-6-phosphate, hemin, nicotinamide adenine dinucleotide
phosphate (NADPH), and glucose-6-phosphate dehydrogenase, incubated at 37 ◦C for 1 h,
and the absorbance was measured at 464 nm.
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2.6. Histological and Immunohistochemical Examinations

The samples were fixed in 10% NBF for 24 h, dehydrated, embedded in paraffin, and
cut into 5-µm thick sections, which were processed for staining with hematoxylin and eosin
(H&E) and Masson’s trichrome (MT). Changes in the expression of Bcl-2, Bax, and caspase-3
were evaluated by immunohistochemistry (IHC). The sections were dewaxed, immersed in
0.05 M citrate buffer (pH 6.8) for antigen retrieval and then treated with 0.3% hydrogen
peroxide and protein block. After incubation with anti-Bcl-2 (Abcam, Cambridge, MA,
USA, Cat. no. ab182858; dilution 1: 500), anti-Bax (ThermoFisher Scientific, Waltham, MA,
USA, Cat. no. MA5-13-0300, 1: 100) or anti-caspase-3 (ThermoFisher Scientific, Waltham,
MA, USA, Cat. no. PA5-77887, dilution 1/100), the sections were rinsed with PBS and
then incubated with anti-rabbit secondary antibody (Cat# K4003, EnVision+™ System HRP
Labelled Polymer; Dako, Agilent, Santa Clara, CA, USA) for 30 min at room temperature.
The slides were visualized with DAB kit and counter-stained with Mayer’s hematoxylin.
The prepared slides were examined using a Leica microscope adapted with Leica DFC
camera (Leica Biosystems, Wetzlar, Germany).

2.7. Gene Expression

The effect of Gal on Nrf2, Keap1, and HO-1 mRNA in normal and diabetic rats was de-
termined by qRT-PCR. Total RNA, isolated using TRIzol (ThermoFisher Scientific, Waltham,
MA, USA), was purified, quantified using a nanodrop and samples with A260/A280 of
≥1.8 were reverse transcribed into cDNA. Amplification of the cDNA was carried out using
SYBR green master mix (ThermoFisher Scientific, Waltham, MA, USA) and the primers
in Table 1 in a total reaction volume of 20 µL on ABI 7500 real-time PCR System (Applied
Biosystems, Waltham, MA, USA). The obtained results were analyzed using the 2−∆∆Ct

method [37] and then normalized to β-actin.

Table 1. Primers used for qRT-PCR.

Gene Forward Primer Sequence (5′-3′) Reverse Primer Sequence (5′-3′)

Keap1 TCAGCTAGAGGCGTACTGGA TTCGGTTACCATCCTGCGAG
Nrf2 TTGTAGATGACCATGAGTCGC TGTCCTGCTGTATGCTGCTT
HO-1 GTAAATGCAGTGTTGGCCCC ATGTGCCAGGCATCTCCTTC
Actb AGGAGTACGATGAGTCCGGC CGCAGCTCAGTAACAGTCCG

2.8. In Silico Molecular Docking Study

The protein-drug interactions of Gal with Keap1 (PDB ID: 4L7B), NF-κB-DNA complex
(PDB ID: 1LE9), and HO-1 (3HOK) were studied by in silico molecular docking analy-
sis. The 3D structure of Gal was constructed by UCSF Chimera [38] and geometrically
optimized at the B3LYP level of theory with the 6-311G (d, p) basis set using gaussian
09 software package. UCSF Chimera was employed for generating the .pdb structure of
Gal and for stripping out all nonstandard residues [38]. AutoDock Vina and Autodock
Tools (ADT) v1.5.6 packages were used for the docking study [39]. The drug and proteins
were fully optimized for docking using ADT. These optimizations practicalities include
removing water molecules, eliminating nonstandard amino acids residues, adding polar
hydrogens, and adjusting the grid box configuration to the most functional active site.
PyMOL v2.4 was employed for generating images and analyzing binding modes.

2.9. Statistical Analysis

The data are presented as the mean ± standard error of the mean (SEM). Statistical
differences among groups were estimated using one-way ANOVA followed by Tukey’s
post-hoc test on GraphPad Prism 7 (San Diego, CA, USA). A p value < 0.05 was considered
statistically significant.



Processes 2021, 9, 1562 5 of 19

3. Results
3.1. Gal Ameliorates Hyperglycemia in Diabetic Rats

The anti-hyperglycemic effect of Gal was evaluated through the assessment of OGTT,
HbA1c%, and insulin. Blood glucose was significantly elevated at all time points of the
OGTT as revealed in Figure 1A and by the AUC analysis (Figure 1B; p < 0.001). HbA1c%
showed a significant increase in the blood samples collected from diabetic rats (Figure 1C).
In contrast, serum insulin was remarkably declined in STZ-induced diabetes (p < 0.001)
as depicted in Figure 1D. Gal supplementation ameliorated blood glucose (p < 0.001) and
HbA1c% (p < 0.001) and increased insulin (p < 0.01) in diabetic rats. Notably, Gal did not
affect blood glucose and insulin when supplemented to normal rats for six weeks.

Figure 1. Galangin ameliorates hyperglycemia in diabetic rats. Galangin improved glucose tolerance
(A,B), decreased HbA1c% (C), and increased insulin (D) in diabetic rats. Data are mean ± SEM, n = 6.
*** p < 0.001 versus control. ## p < 0.01 and ### p < 0.001 versus diabetic.

3.2. Gal Alleviates Liver Glycogen and Carbohydrate Metabolizing Enzymes in Diabetic Rats

Hepatic hexokinase activity (Figure 2A) was significantly reduced, whereas the ac-
tivities of G-6-Pase (Figure 2B), F-1,6-BPase (Figure 2C), and glycogen phosphorylase
(Figure 2D) were significantly upregulated (p < 0.001) in diabetic rats. Subsequently, hep-
atic glycogen was decreased (p < 0.001) in diabetic rats (Figure 2E). Gal suppressed G-6-Pase,
F-1,6-BPase, and glycogen phosphorylase, and increased hexokinase activity and glycogen
in diabetic rats, but had no effect in normal rats.



Processes 2021, 9, 1562 6 of 19

Figure 2. Galangin improves hepatic carbohydrate metabolism in diabetic rats. Galangin increased
hepatic hexokinase activity (A), decreased glucose-6-Pase (B), fructose-1,6-BPase (C), and glycogen
phosphorylase (D) and increased liver glycogen (E) in diabetic rats. Data are mean ± SEM, n = 6.
* p < 0.05, ** p < 0.01 and *** p < 0.001 versus control. ### p < 0.001 versus diabetic.

3.3. Gal Attenuates Liver Injury in Diabetic Rats

Liver function markers in serum were determined and histopathological study was
conducted to assess the protective effect of Gal on diabetes-associated liver injury. STZ-
induced rats exhibited remarkable increase (p < 0.001) in circulating ALT (Figure 3A),
AST (Figure 3B), ALP (Figure 3C), and LDH (Figure 3D). Oral supplementation of Gal
decreased these markers in the blood of diabetic animals without affecting their activities
in normal rats.
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Figure 3. Galangin ameliorates circulating transaminases ALT (A), AST (B)), ALP (C), and LDH (D)
in diabetic rats. Data are mean ± SEM, n = 6. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus control.
### p < 0.001 versus diabetic.

Microscopically, control (Figure 4A) and Gal-supplemented rats (Figure 4B) revealed
normal histological appearance with normal hepatocytes and central vein. In contrast,
diabetic rats (Figure 4C) exhibited periportal apoptosis of the hepatic cells associated with
fibroblastic cells proliferation. Diabetic rats that received Gal showed a mild degree of
periportal apoptosis with scanty fibroblastic activity. Staining of the liver with MT revealed
few collagen fibers around the portal area in the control (Figure 5A) and Gal-supplemented
rats (Figure 5B), and significant increase (p < 0.001) in collagen and periportal fibrosis in
diabetic rats (Figure 5C,E). Diabetic rats that received Gal showed marked decrease the
periportal fibrosis (p < 0.001; Figure 5D,E).

Figure 4. Photomicrographs of sections in the liver of (A) control rats showing normal hepatocytes
and central vein (arrow), (B) galangin-supplemented rats showing normal hepatic tissues (arrow),
(C) diabetic rats showing periportal apoptosis of the hepatic cells associated with fibroblastic cells
proliferation (arrow), and (D) diabetic rats treated with galangin showing mild degree of periportal
apoptosis with scanty fibroblastic activity (arrow). (H&E, Scale bar = 50 µm).
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Figure 5. Photomicrographs of MT-stained sections in the liver of (A) control and (B) galangin-
supplemented rats showing few collagen fibers around the portal area (arrow), (C) diabetic rats
showing periportal fibrosis (arrow), and (D) diabetic rats treated with galangin showing marked
decrease in collagen deposition. (Scale bar = 50 µm). (E) Image analysis showing significant increase
in collagen deposition in diabetic rats and the ameliorative effect of galangin. Data are mean ± SEM,
n = 6. *** p < 0.001 versus control and ### p < 0.001 versus diabetic.

3.4. Gal Attenuates Hepatic Oxidative Stress in Diabetic Rats

Hepatic ROS (Figure 6A) and MDA (Figure 6B) were increased in diabetic rats when
compared with the control rats (p < 0.001). In contrast, hepatic GSH (Figure 6C), SOD
(Figure 6D), and CAT (Figure 6E) were declined in diabetic rats (p < 0.001). While Gal had
no effect on these markers in normal rats, it decreased ROS and LPO and boosted GSH,
SOD, and CAT in diabetic rats.
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Figure 6. Galangin attenuates hepatic oxidative stress in diabetic rats. Galangin decreased hepatic
ROS (A) and MDA (B), and increased GSH (C), SOD (D), and CAT (E) in diabetic rats. Data are
mean ± SEM, n = 6. ** p < 0.01 and *** p < 0.001 versus control. ### p < 0.001 versus diabetic.

3.5. Gal Mitigates Hepatic Inflammation in Diabetic Rats

The anti-inflammatory effect of Gal was evaluated through measurement of hepatic
TNF-α, IL-1β, and IL-6. In addition, we conducted a molecular docking simulation study
to explore the possible interaction between Gal and NF-κB. The results showed significant
upregulation of hepatic TNF-α, IL-1β, and IL-6 in diabetic rats (p < 0.001) as depicted in
Figure 7A–C. Gal decreased these cytokines significantly (p < 0.001) in diabetic rats.
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Figure 7. Galangin mitigates hepatic inflammation in diabetic rats. Galangin decreased hepatic
TNF-α (A) IL-1β (B), and IL-6 (C) in diabetic rats. Data are mean ± SEM, n = 6. * p < 0.05 and
*** p < 0.001 versus control. ### p < 0.001 versus diabetic. (D) Molecular docking analysis revealing
the binding between galangin and NF-κB. Galangin docks into the binding site of NF-κB surrounded
by the hydrophobic residues Lys272, Arg305, Gln306, and Phe307. A polar bond was detected
between Gal and the residue Lys241.

The in-silico docking pattern for the interaction of Gal with NF-κBp50.p65 heterodimer
is represented in Figure 7D. Gal was shown to dock onto the binding site of NF-κB sur-
rounded by the hydrophobic residues Lys272, Arg305, Gln306, and Phe307. A polar bond
was detected between Gal and the residue Lys241, which is involved in DNA binding.
A strong binding of Gal to NF-κB was evaluated based on the scoring function value
(−9.5 kcal/mol).
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3.6. Gal Upregulates Nrf2/HO-1 Signaling in Liver of Diabetic Rats

The mRNA abundance of Keap1, Nrf2, and HO-1 was determined to explore the effect
of Gal on Nrf2/HO-1 signaling. Diabetes was associated with increased hepatic mRNA
abundance of Keap1 (Figure 8A) and declined expression of Nrf2 (Figure 8B) and HO-1
(Figure 8C) (p < 0.001). Supplementation of Gal downregulated Keap1 and upregulated
Nrf2 and HO-1 mRNA abundance in diabetic rats. Notably, Gal upregulated Nrf2 and
HO-1 in normal rats (p < 0.05). These findings were supported by the results of HO-1,
which was decreased in diabetic rats and increased in Gal-treated normal and diabetic rats.

To further explore the positive effect of Gal on Nrf2/HO-1 signaling, its binding
ability with Keap1 and HO-1 was shown by molecular docking simulations. As shown in
Figure 9A, Gal was shown to occupy the core cavity of Keap1, with the whole molecule
sitting in the protein’s central channel. An intensive inspection of Gal-Keap1 binding
pocket showed various electrostatic interactions, including four polar bonds with residues
Gly367 and Val606 and hydrophobic interactions with residues Leu365, Ala366, Arg415,
Gly462, Gly464, Gly509, Ala510, Ala556, Ile559, and Gly603. A stable Gal-Keap1 complex
was estimated based on the low binding energy obtained for this complex (−9.1 kcal/mol).
After removing all nonstandard residues, the 3D structures of the co-crystal HO-1/QC-80
(PDB code 3HOK) were used to investigate the binding pattern with Gal (Figure 9B). The
estimated binding energy (−7.5 kcal/mol) indicates that Gal has a strong affinity towards
HO-1. Four strong polar bonds were detected in the binding pocket of this complex with
residues Ala94, Lys148, Phe169, and Ile172. A dense network of amino acid residues with a
role in the hydrophobic interactions of this complex, including Ala94, Phe95, Gly98, Pro99,
Leu141, Gly144, Gln145, Phe167, and Thr168 were detected.

Figure 8. Galangin upregulates hepatic Nrf2/HO-1 pathway in diabetic rats. Galangin decreased
hepatic Keap1 mRNA abundance in diabetic rats (A), and increased Nrf2 (B) and HO-1 (C) mRNA
abundance, and HO-1 activity (D) in normal and diabetic rats. Data are mean± SEM, n = 6. * p < 0.05,
** p < 0.01 and *** p < 0.001 versus control. ### p < 0.001 versus diabetic.
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Figure 9. Molecular docking models of galangin with Keap1 and HO-1. (A) Galangin forms elec-
trostatic interactions with Keap1, including four polar bonds with residues Gly367 and Val606, and
hydrophobic interactions with residues Leu365, Ala366, Arg415, Gly462, Gly464, Gly509, Ala510,
Ala556, Ile559, and Gly603. (B) Galangin forms four strong polar bonds with the residues Ala94,
Lys148, Phe169, and Ile172, and hydrophobic interactions with the residues Ala94, Phe95, Gly98,
Pro99, Leu141, Gly144, Gln145, Phe167, and Thr168 of HO-1.

3.7. Gal Attenuates Apoptosis in Liver of Diabetic Rats

Hepatic Bcl-2 was decreased (Figure 10A,B), and Bax (Figure 10A,C) and caspase-3
(Figure 10A–D) were increased in diabetic rats (p < 0.001). Gal upregulated hepatic Bcl-2
and downregulated Bax and caspase-3 in diabetic rats (p < 0.001), whereas had no effect
when supplemented to normal rats.
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Figure 10. Galangin attenuates apoptosis in diabetic rats. (A) Photomicrographs of liver sections
showing marked expression of Bcl-2 and mild expression of Bax and caspase-3 in control and
Gal-treated rats, marked decrease in Bcl-2 and increased Bax and caspase-3 in diabetic rats, and ame-
liorated expression of all markers in diabetic rats treated with Gal (arrowheads) (Scale bar = 50 µm).
(B–D) Gal increased Bcl-2 (B) and decreased Bax (C) and caspase-3 (D) in diabetic rats. Bax and
caspase-3 were determined by counting the positive cells per 1000 hepatocytes, while Bcl-2 positive
staining was assessed using ImageJ (version 1.32j, NIH, Bethesda, MD, USA). The results are ex-
pressed as fold change relative to control. Data are mean ± SEM, n = 6. *** p < 0.001 versus control
and ### p < 0.001 versus diabetic.

4. Discussion

Hyperglycemia-mediated liver injury has been associated with increased ROS gener-
ation and an aberrant inflammatory response [3] and, therefore, diabetic patients have a
high prevalence of liver disease [2,40]. This study investigated the protective effect of Gal,
a flavonoid possesses antioxidant and anti-inflammatory effects in various disease models,
including diabetes [10,18,19,41], on liver injury in diabetic rats. We demonstrated that
Gal attenuated oxidative stress, inflammatory response, and liver injury, and upregulated
Nrf2/HO-1 signaling in diabetic rats.

STZ-induced diabetes was employed to investigate the hepatoprotective effect of Gal.
This model has been widely used for evaluating the in vivo anti-hyperglycemic potential
of various agents [22,23,42,43]. STZ causes pancreatic β-cell death via ROS generation,
DNA damage, PARP activation, and depletion of NAD+ [44], explaining the observed
reduction in serum insulin in this study. Besides hypoinsulinemia, rats that received STZ
exhibited hyperglycemia manifested by elevated HbA1c and glucose intolerance. Sustained
hyperglycemia can cause surplus generation of ROS leading to further destruction of the
β-cells and worsening the glycemic status [45]. Treatment with Gal ameliorated hyper-
glycemia and glucose intolerance, and increased serum insulin. HbA1c% is of prominent
value for effective diagnosis and management of chronic hyperglycemia and indicates
good glycemic control at levels lower than 7% [46]. Owing to its antioxidant efficacy, the
anti-hyperglycemic effect of Gal could be attributed to protecting pancreatic β-cell against
oxidative damage. In addition, in vitro studies using skeletal muscle cells demonstrated
the DPP-4 inhibitory activity of Gal [21]. In vivo studies using fructose-supplemented rats
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showed the effectiveness of Gal to control hyperglycemia and upregulate insulin receptor
gene expression [47].

Given the central role of the liver in maintaining glucose homeostasis, we assumed
that the anti-hyperglycemic efficacy of Gal was associated its ability to modulate the carbo-
hydrate metabolizing enzymes. Uncontrolled hepatic glycogenolysis and gluconeogenesis
are central in hyperglycemia [48], and insulin deficiency decreases peripheral glucose
utilization and increases hepatic glucose output, leading to hyperglycemia [48]. Although
Gal has been reported to increase hexokinase and pyruvate kinase activities, and stimulate
glycogen synthesis in HepG2 cells [49], its effect on carbohydrate metabolizing enzymes in
the diabetic liver is unexplored. Here, hepatic glycogen content and hexokinase activity
were declined, and glycogen phosphorylase, G-6-Pase, and F-1,6-BPase were upregu-
lated in diabetic rats as previously reported [50,51]. The decrease in hexokinase activity
occurs as a result of impaired insulin release and lead to suppressed glucose oxidation
through glycolysis, whereas F-1,6-BPase dephosphorylates F-1,6-BP into F-6-P and G-6-Pase
dephosphorylates glucose-6-phosphate into glucose, provoking gluconeogenesis [52,53].
Furthermore, hepatic glycogen phosphorylase activity has been increased in diabetic rats,
leading to glycogenolysis and decreased glycogen content. Notably, Gal suppressed glu-
coneogenesis, improved hexokinase activity and glycogen synthesis, and downregulated
G-6-Pase and F-1,6-BPase in diabetic rats. The effect of Gal on carbohydrate metabolizing
enzymes is directly attributed to improved insulin release, which is known to promote
glycogen synthase and suppress G-6-Pase and glycogen phosphorylase activities [54].

Besides its insulinotropic activity, the beneficial effect of Gal could be connected to the
radical-scavenging and anti-inflammatory properties. Chronic hyperglycemia provokes
excessive ROS production and inflammatory response, leading to liver injury [1,55,56].
Accordingly, liver injury in diabetic rats was observed in this study where liver function
markers (ALT, AST, ALP, and LDH) were increased in the circulation along with multiple
histopathological alterations, including periportal apoptosis of hepatocytes, fibroblas-
tic cells proliferation, and periportal fibrosis. Excess deposition of collagen and fibrotic
changes occur due to liver injury induced by chronic hyperglycemia-mediated oxidative
stress and inflammation [57]. Here, the diabetic liver showed surplus ROS levels associated
with increased LPO and declined GSH, SOD, and CAT. Hyperglycemia-mediated ROS can
induce LPO, oxidative damage to DNA and proteins and cell death [58]. ROS can also
activate NF-κB and increase the release of inflammatory mediators such as TNF-α, IL-1β,
and IL-6, which were increased in the liver of diabetic rats in the present study. The impli-
cation of ROS in liver injury was supported by investigations showing the hepatoprotective
activity of ROS scavengers [10,59]. Pro-inflammatory cytokines have a negative impact on
glucose tolerance. For instance, TNF-α elicits hepatic glucose production and suppresses
peripheral glucose uptake [60], and IL-1β provokes the loss of β-cell mass [61] and impairs
insulin sensitivity in hepatocytes [62]. In addition, IL-6 impairs glucose tolerance and
insulin signaling in hepatocytes [63,64]. Therefore, attenuation of inflammation and ox-
idative stress can protect against β-cell loss, hyperglycemia, glucose intolerance, and liver
injury in diabetes. Gal ameliorated circulating ALT, AST, ALP, and LDH, and prevented
hepatocellular damage in diabetic rats, demonstrating a hepatoprotective efficacy. In accor-
dance, we have reported the efficacy of Gal against CP hepatotoxicity through suppression
of oxidative stress, inflammatory response, and apoptosis [10]. Gal effectively reduced
ROS, LPO, TNF-α, IL-1β, and IL-6, and enhanced cellular antioxidants in the diabetic liver.
Consequently, Gal prevented apoptotic cell death in diabetic rats where it upregulated
hepatic Bcl-2 and decreased Bax and caspase-3. Excess ROS can provoke apoptosis by acti-
vating Bax, which induces the loss of mitochondrial membrane potential [65]. Cytochrome
c is then released into the cytosol and initiate the activation of caspase-3, which is the
executioner enzyme that elicits DNA fragmentation and cell death [66]. In contrast, Bcl-2
suppresses the release of cytochrome c and prevent cellular death via apoptosis [67].

Next, we studied the possible involvement of Nrf2/HO-1 pathway in mediating the
hepatoprotective activity of Gal in diabetic rats. Interestingly, Gal downregulated Keap-1
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and upregulated Nrf2 and HO-1 mRNA abundance and HO-1 activity in the liver of normal
and diabetic rats. Upon activation, Nrf2 promotes the expression of many antioxidant and
cytoprotective genes, including HO-1, SOD, and CAT [8,68]. The role of Nrf2 activation in
protecting against oxidative liver injury, inflammation, and apoptosis has been adequately
demonstrated [10–13]. Additionally, NRF2−/− mice are more vulnerable to hepatotoxicity
than the wild-type mice [69], and knockout of Nrf2 increased hepatocyte injury induced by
excessive iron accumulation [70]. Hence, activation of Nrf2 by Gal resulting in enhancement
of antioxidant enzymes that neutralize excess ROS and prevent liver injury. Our previous
research supports these findings where we demonstrated that Gal activates Nrf2/HO-1
pathway and prevents CP hepatotoxicity [10]. Besides attenuation of oxidative stress, Nrf2
activation might be involved in the anti-inflammatory activity of Gal. Nrf2 suppresses NF-
kB and pro-inflammatory mediators [71], and Gal downregulated NF-κB and inflammatory
cytokines, and boosted IL-10 in LPS-stimulated microglia by activating Nrf2 [72]. Although
the lack of Nrf2 and HO-1 protein expression data could be a limitation of this study, the
results of HO-1 activity confirmed the gene expression.

To figure out the binding modes of Gal with NF-κB, Keap1, and HO-1 at the molecular
level, we conducted a molecular docking simulation study. Polar bonding, hydrophobic
interactions, and drug conformation are the main factors contributing to the stability of
biological macromolecules. Polar bonding is considered to be the main factor responsible
for the binding of ligands into the active site of a specific protein. These interactions
play crucial role in binding affinity, molecular recognition, and drug configuration in the
binding pocket [73,74]. In addition, hydrophobic interactions take part in optimizing
binding of drug lipophilic surface onto the hydrophobic regions of the protein binding
cavity [75]. Therefore, a minimum energy ligand-protein interaction is essentially count
on the geometrical coincidence of the ligand with protein’s active site [75]. The results
of docking analysis showed the compatibility of Gal with the active site of Keap1. The
relatively low binding affinity (−9.1 kcal/mol) obtained for this complex suggests the
activity of Gal as Keap1 inhibitor. In addition, the resting of Gal in the central cavity
of Keap1 reflects the coincidence of the drug with the binding pocket. This coincidence
could mediate the Nrf2 activation, which is in harmony with the previous published
data [76]. Hence, Gal can interact with Keap1 and inhibit its binding with Nrf2 to assist
transcriptional expression of the antioxidative genes. To investigate the key interactions
of Gal with HO-1, we studied the binding pattern of Gal with the three-dimensional
structure of HO-1 complexed with QC-80 (PDB 3HOK). The docking model of Gal with
HO-1 was verified by redocking QC-80 with various previously published validated
inhibitors using the same technique [77]. The results of this docking model manifest the
good accommodation of Gal in the binding cavity of HO-1. Therefore, Gal is considered
to have a high drug-likeness rating because it offers a comparatively stronger binding
affinity than large number of recognized HO-1 inhibitors. The critical residues in the DNA
active site of the NF-κBp50.p65 heterodimer, particularly Lys241 and Arg305, displayed
strong electrostatic interactions with DNA [78]. Thus, reducing DNA binding interactions
is possibly results in restraining NF-κB-dependent gene expression. The interaction of Gal
with NF-κB-DNA complex suggests its ability to modulate NF-κB signaling. Inhibition of
NF-κB binding to DNA is a possible mechanism involved in the modulatory effect of Gal.
This notion is supported by the obtained interaction of Gal with several units of DNA.

5. Conclusions

The present results introduce new information on the protective efficacy of Gal against
liver injury in diabetic rats. Gal ameliorated hyperglycemia, glucose tolerance, and hy-
poinsulinemia, and improved liver glycogen and carbohydrate metabolizing enzymes in
diabetic rats. Treatment with Gal prevented histopathological alterations, ameliorated
liver function markers, and suppressed ROS, LPO, pro-inflammatory cytokines and pro-
apoptotic proteins in diabetic rats. In addition, Gal upregulated hepatic Nrf2/HO-1 path-
way and boosted antioxidant defenses. Gal has the potential to bind to and modulate the
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activity NF-κB, Keap1, and HO-1 as revealed by molecular modeling simulations. There-
fore, Gal possesses beneficial effects against oxidative stress and inflammation and can
prevent liver injury in diabetes through amelioration of hyperglycemia and upregulation
of Nrf2/HO-1 signaling. However, further studies to explore other mechanisms involved
in its protective effects are needed.
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