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Ameliorative effects of chickpea flavonoids on
redox imbalance and mitochondrial complex |

dysfunction in type 2 diabetic rats

Yinghua Fu,*t Zhenglei Li, Shigi Xiao, Caiyun Zhao, Kegiang Zhou and Shenyi Cao

Chickpeas are an important source of flavonoids in the human diet, and researchers have demonstrated

that flavonoids have antidiabetic compositions in chickpeas. Because the NAD*/NADH redox balance is

heavily perturbed in diabetes and complex | is the only site for NADH oxidation and NAD™ regeneration, in

the present study, mitochondrial complex | was used as a target for anti-diabetes. The objective of this

study was to investigate the effects of a crude chickpea flavonoid extract (CCFE) on NAD*/NADH redox

imbalance and mitochondrial complex | dysfunction in the pancreas as well as oxidative stress in type 2
diabetes mellitus (T2DM) rats. Our results demonstrated that the degree of NAD*/NADH redox imbalance
in the pancreas of T2DM rats was alleviated by CCFE, which is likely attributed to the inhibition of the

polyol pathway and the decrease in poly ADP ribose polymerase (PARP) and sirtuin 3 (Sirt3) activities.

Moreover, mitochondrial complex | dysfunction in the pancreas of T2DM rats was ameliorated by CCFE
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1. Introduction

Diabetes mellitus, which is often responsible for severe health
problems, is a global disease that is a major cause of morbidity
worldwide." Although the treatment of diabetes with insulin
and oral drugs has remarkable therapeutic effects, macrovas-
cular, retinal, and neuropathic function complications are still
associated with patients receiving insulin injections or syn-
thetic medicine.” Improvement in the blood glucose control
through a combination of lifestyle modifications and oral
modifications may slow the rate of this progression and
enhance the quality of life for people with type 2 diabetes mel-
litus (T2DM).” The use of alternative medicine, particularly the
consumption of natural products with antidiabetic activities,
has been increasing.

Epidemiological evidence suggests that several dietary pat-
terns and abundant plant food content are favorably associ-
ated with the prevention of obesity and T2DM,*® and the
health benefits of bean or legume consumption have received
increasing attention. Among the legumes, chickpea (Cicer arie-
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through the suppression of the activity of complex |. Furthermore, CCFE treatment could attenuate oxi-
dative stress in T2DM rats, which was proven by the reduction in hydrogen peroxide (H,O,) and malon-
dialdehyde (MDA) as well as the upregulation of glutathione peroxidase (GSH-Px) and superoxide dismu-
tase (SOD) in serum. CCFE treatment significantly improved dyslipidemia in T2DM rats.

tinum L.) is the third most important grain legume in the
world in terms of total grain production.” Chickpeas are rich
in carbohydrates (starch, dietary fiber, glucose, sucrose, and
oligosaccharides) and proteins (all essential amino acids
excluding sulfur-containing amino acids) and thus serve as an
important source of nutrients in vegetarian diets.®’
Furthermore, chickpeas contain biologically active compounds
such as flavonoids. Previous studies have shown that the flavo-
noid baicalin from Scutellaria baicalensis mitigates oxidative
stress and reduces hepatic triglyceride and cholesterol levels in
diabetic rats.'® A diet rich in isoflavones has a lower risk of dia-
betes and diabetes-related complications, such as cardio-
vascular diseases."”™ Formononetin treatment reduces
insulin resistance and attenuates hyperglycemia by increasing
the expression of Sirtl in the pancreatic tissues of T2DM
rats.”® Moreover, biochanin A exerts hypoglycemic and antili-
pemic effects through mechanisms that might be associated
with the repair of pancreatic f cells in diabetic rats.* Soy iso-
flavones, namely genistein and daidzein, have been found to
regulate lipid metabolism through an AKT/mTORC1 pathway
in diet-induced obesity (DIO) male rats.'®

Complex I of mammalian cell mitochondria is a major
enzyme in the mitochondrial electron transport chain that oxi-
dizes NADH to NAD' and is a major site for the generation of
reactive oxygen species (ROS).'®'7 In diabetes, however,
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numerous branching-off glucose metabolic pathways, includ-
ing the polyol pathway and hexosamine pathway, which are
usually dormant under normal conditions, are activated or
upregulated by high levels of blood glucose.'®'® On the other
hand, complex I is able to induce ROS production that leads to
DNA oxidative damage, resulting in the excessive activation of
poly ADP ribose polymerase (PARP) in diabetes.’*?* The
outcome of the activation of the polyol pathway and PARP is
thus a redox imbalance, reflected by the decreased levels of
the NAD*/NADH ratio.”® As complex I handles the additional
amount of NADH produced by the polyol pathway, complex I
dysfunction would likely mean increased complex I activity.>*
Moreover, oxidative stress has been considered to have a great
influence on diabetes and its complications. Therefore,
efficient NADH oxidation by complex I would be beneficial for
diabetic individuals.

In the present study, after inducing diabetes in rats as a
T2DM model by feeding a high-fat diet (HFD) combined with
streptozotocin (STZ) injection, we assessed the effects of the
crude chickpea flavonoid extract (CCFE) on NAD'/NADH redox
imbalance and mitochondrial complex I dysfunction in the
pancreas of T2DM rats. Moreover, we studied the effects of
CCFE on the polyol pathway and the PARP and sirtuin 3 (Sirt3)
activities in the pancreas of T2DM rats. In addition, the effects
of CCFE on oxidative stress in T2DM rats were also observed
by measuring the protein carbonylation content in the pan-
creas and the H,0O, content, MDA content, SOD activity, and
GSH-Px activity in serum.

2. Materials and methods
2.1 Plant materials

Kabuli chickpeas were purchased from Yingge Biotechnology
Co, Ltd (Mulei, China). After removing broken and diseased
seeds, chickpeas were ground to a powder using a grinder.
Then, the powder was dried for 3 h at 50 °C and stored at 4 °C
for later use.

2.2 Chemicals and reagents

The STZ used in the present study was purchased from (Sigma
Chemicals, USA), and rutin (HPLC > 98%) was purchased
from Solarbio (Beijing, China). All the other chemicals used in
the present work were at least of analytical grade.

2.3 Extraction of CCFE

Flavonoid extraction was performed as described previously*®
with slight modifications. In brief, the powder was defatted by
homogenization with petroleum ether with a solid/liquid ratio
of 1:10 ¢ mL™" at room temperature for 12 h. Then, the
defatted samples were extracted with 70% ethanol with a solid/
liquid ratio of 1:20 g mL™" for 4 h at 70 °C. Next, the extracts
were filtered and concentrated with a rotavapor device. Finally,
the CCFE was obtained using vacuum freeze drying and was
stored at —80 °C until use. The CCFE was determined via the
aluminum nitrate coloration approach. Rutin was the reference
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standard, and the concentration of flavonoids was determined
by UV spectroscopy at a wavelength of 504 nm.

2.4 Animals

The experimental protocols were approved by the Animal
Ethics Committee of Xinjiang Medical University in China
(Approval number: IACUC20200924-22), and the use of
animals was in accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals.
Male SD rats (164 + 16 g) were purchased from the Animal
Center of the College of Medicine, Xinjiang Medical University
(Xinjiang, China). All rats were kept under controlled tempera-
tures (25 + 2 °C) and relative humidity (50-70%) on a 12/12 h
light/dark cycle with free access to water and a normal diet for
7 days before the experiment.

2.5 Establishment of the T2DM model in rats

The T2DM rat model was established according to the follow-
ing method. In brief, the rats in the normal control (NC) group
were fed a normal chow diet, whereas all the others were given
a high-fat diet (HFD) (45% of kcal from fat, Medicience Ltd,
Jiangsu, China) for 4 weeks. After fasting for 12 h, all HFD-fed
rats received a single intraperitoneal injection of STZ at a
dosage of 45 mg kg™'. STZ solutions were made fresh by dis-
solving in 0.1 mol L™ sodium citrate buffer (pH 4.5), and NC
rats received sodium citrate buffer only. One week later, the
rats were fasted for 12 h, and blood glucose levels were deter-
mined in blood collected by tail-cutting using blood glucose
test strips (PRO Doctor, Taipei). Animals with blood levels
exceeding 11.1 mmol L™ were considered to have T2DM.

2.6 Treatment of T2DM rats with CCFE

Subsequently, the confirmed T2DM rats were divided into five
groups consisting of 10 diabetic rats each: diabetic model
control (DM), positive control group (PC), and three CCFE-
treated groups. The animal experimental design flowchart is
shown in Fig. 1. For the CCFE treatment, diabetic rats were
intragastrically (ig) administered 0.244 (CCFE-L), 0.732
(CCFE-M), and 1.222 (CCFE-H) g kg™ CCFE (1 g of CCFE con-
tains 4.9242 mg of flavonoids) once a day for 6 weeks. All
T2DM rats were fed an HFD, while NC group rats were fed a
normal chow diet throughout the experimental period. All rats
were fasted for 12 h after the administration for 6 weeks.
Blood samples were collected from the abdominal aorta for
serum preparation and biochemical analysis. Then, the rats
were sacrificed, and pancreas tissue were immediately taken.

Divide into
FBG 2 11.1 mM Treatment with

groups )
45mg/kg STZ ip CCFEonceaday Killed
Adaptation
of SD rats T2DM rats R
Normal diet i ] 4
<—High-fat diet >« High-fat diet -
Start Week 1 Week 5 Week 6 Week 12

Fig. 1 Animal experimental design.
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One part of the pancreas tissue was stored at —80 °C for ana-
lysis of the NAD'/NADH ratio, complex I to V activities, PARP
activity, aldose reductase (AR) activity, and Sirt3 activity, and
the other part was fixed in 10% formalin for histopathological
examination.

2.7 Serum biochemical analysis

Serum total cholesterol (TC), triglyceride (TG), low-density lipo-
protein cholesterol (LDLC), and high-density lipoprotein chole-
sterol (HDLC) were measured using TC, TG, LDLC, and HDLC
determination kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China), respectively, according to the manu-
facturer’s instructions. Serum fasting insulin (FINS) was tested
by ELISA kits (Shanghai Jianglai Industrial Limited by Share
Ltd, Shanghai, China). The homeostasis model assessment
(HOMA)-insulin sensitivity (HOMA-IS) index and HOMA-
insulin resistance (HOMA-IR) index were calculated using the
following formulas: HOMA-IS = In [1/(FINS x FBG)], HOMA-IR
= (FINS x FBG)/22.5.

2.8 Isolation of pancreatic mitochondria

Pancreatic mitochondrial preparation from rats was achieved
using a gradient centrifugation method. Essentially, 0.1000 g
of rat pancreatic tissues was homogenized on ice with 1 mL of
the extracting solution. The homogenates were centrifuged at
600g for 10 min at 4 °C, and the precipitate was discarded. The
supernatant was further centrifuged at 11 000g for 15 min at
4 °C. The final mitochondrial pellet was either used immedi-
ately or frozen at —80 °C until use.

2.9 Measurements of the NAD*/NADH ratio, ATP, and the
mitochondrial membrane potential in the pancreas

The NAD'/NADH ratio in the pancreas was measured using a
coenzyme 1 NAD(H) content kit purchased from Solarbio
(Beijing, China) following the manufacturer’s instructions.
The ATP content and mitochondrial membrane potential in
the pancreas were determined by ATP and membrane potential
detection kits purchased from Solarbio (Beijing, China).

2.10 Enzyme activity assays

Mitochondrial complex I activity, complex II activity, complex
III activity, complex IV activity, and complex V activity were
measured by spectrophotometric methods using the complex I
enzyme activity microplate assay kit, complex II enzyme
activity microplate assay kit, complex III enzyme activity micro-
plate assay kit, complex IV enzyme activity microplate assay kit
and complex V enzyme activity microplate assay kit (Solarbio,
Beijing, China). The activities of AR, PARP, and Sirt3 and the
protein carbonylation content in pancreatic tissue were tested
by ELISA kits (Shanghai Jianglai Industrial Limited by Share
Ltd, Shanghai, China).

2.11 Measurement of MDA, H,0,, GSH-Px, and SOD

The serum malondialdehyde (MDA) content was measured by
the thiobarbituric acid (TBA) method using a kit purchased
from Solarbio (Beijing, China). The serum H,O, content and
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SOD activity were measured using kits from Solarbio (Beijing,
China). The serum GSH-Px activity was measured by the colori-
metric method using a kit purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

2.12 Isolation of pancreatic tissue and histological
examination

After euthanasia, the pancreas of the rats was quickly removed,
placed in a cold saline solution, fixed in 10% formalin for one
week at room temperature, and then embedded in paraffin
wax. Each paraffin-blocked pancreas and sections were stained
with hematoxylin and eosin before a microtome was used.
After the slides were coded, the pancreatic tissue was examined
under a light microscope.

2.13 Statistical analysis

The results are expressed as the mean + standard deviation,
and the data were analyzed by SPSS 20.0 software (SPSS, Inc.,
Chicago, IL). One-way analysis of variance (ANOVA) with the
Duncan’s multiple range test was used to compare the differ-
ences among various groups. A value of p < 0.05 was con-
sidered statistically significant.

3. Results and discussion

3.1 Effects of CCFE on fasting blood glucose (FBG) and
insulin resistance in T2DM rats

In the study, after HFD feeding for 4 weeks and STZ injection,
rats with FBG levels greater than 11.1 mmol L™ were selected
for the experiment and divided into groups. As shown in
Fig. 2A, FBG levels in the DM control group were dramatically
increased (p < 0.001) compared with those in the NC group.
After the administration of CCFE for 6 weeks, FBG levels in
CCFE-treated groups were potently reduced (p < 0.001) com-
pared with the DM control group.

Insulin resistance (IR), a hallmark of type 2 diabetes (T2D),
is characterized by a blunted ability of peripheral tissues to
regulate glucose homeostasis in response to insulin.’® As
shown in Fig. 2B-D, the FINS and HOMA-IS levels were mark-
edly reduced (p < 0.01), whereas HOMA-IR was substantially
increased (p < 0.01) in the DM control group compared with
the NC group. After the administration of CCFE, we observed a
great decrease in HOMA-IR (p < 0.01) and a significant
increase in HOMA-IS (p < 0.01 and p < 0.05) in the CCFE-L and
CCFE-M groups compared with the DM control group. These
results indicated that insulin resistance was clearly relieved
and that insulin sensitivity was elevated in T2DM rats by the
administration of CCFE.

3.2 Effects of CCFE on dyslipidemia in T2DM rats

Studies have shown that dyslipidemia is a metabolic feature of
T2D.>” As shown in Fig. 3A-D, the DM control group exhibited
significantly higher levels of TG, TC, and LDLC and a lower
level of HDLC in serum than those of the NC group, which
agreed with a previous report showing that a continuous high-
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Fig. 2 Effects of CCFE on FBG, FINS, HOMA-IR, and HOMA-IS levels in
T2DM rats. (A) FBG; (B) FINS; (C) HOMA-IS; (D) HOMA-IR. **p < 0.01 and
*+*p < 0.001, compared with the NC group; “p < 0.05, “*p < 0.01 and
A8AH < 0.001, compared with the DM control group. NC: normal control
group, DM: diabetic model control group, PC: positive control group,
CCFE-(L, M, H): (low, middle, high) dose CCFE-treated group.

fat and high-glucose diet could induce dyslipidemia in dia-
betic rats.”® After supplementation with CCFE, there was a
great decrease in TG, TC, and LDLC (p < 0.05) and a significant
increase in HDLC (p < 0.05) compared with levels in the DM
control group. These results showed that dyslipidemia in
T2DM rats could be regulated via treatment with CCFE.
Moreover, Bhathena et al.*® investigated the effects of soy iso-
flavones on diabetes and found that biochanin A possesses
excellent hypolipidemic properties. Aqueous extract of alfalfa
revealed ameliorative effects on blood lipids in alloxan-
induced diabetic Wistar rats as reported by Farsani et al.*°

3.3 CCFE ameliorated pancreatic damage in T2DM rats

It has been shown that insulin resistance is closely associated
with impaired pancreatic p-cell function.** Photomicrographs
of hematoxylin and eosin staining of the pancreas are shown
in Fig. 4. We found that HFD and STZ triggered severe injury
to the pancreas of the diabetic rats. Intact pancreatic structure
and neatly aligned islets with the clusters of purple-granulated
cells were observed in the NC group (Fig. 4A), while histo-
pathological changes characterized by the degeneration and
vacuolation of pancreatic cells, blood-filled interlobular ducts,
and a decrease in the number of islets were seen in the DM
control group (Fig. 4B). However, all these injury features were
significantly reduced in CCFE-L (Fig. 4D), CCFE-M (Fig. 4E),
CCFE-H (Fig. 4F) and the PC groups (Fig. 4C). The data demon-
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Fig. 3 Effects of CCFE on dyslipidemia in the serum of T2DM rats. (A)
TG; (B) TC; (C) LDLC; (D) HDLC. **p < 0.01, compared with the NC
group; “p < 0.05 and *“p < 0.01, compared with the DM control group.
NC: normal control group, DM: diabetic model control group, PC: posi-
tive control group, CCFE-(L, M, H): (low, middle, high) dose CCFE-
treated group.

Fig. 4 Histological sections of the pancreas of the normal control and
T2DM rats (hematoxylin and eosin histochemical staining). (A) NC; (B)
DM:; (C) PC; (D) CCFE-L; (E) CCFE-M; (F) CCFE-H. Scale bar: 50 pm. NC:
normal control group, DM: diabetic model control group, PC: positive
control group, CCFE-(L, M, H): (low, middle, high) dose CCFE-treated
group.

strated that CCFE could ameliorate pancreatic injuries in
T2DM rats and may be a potential candidate for diabetes
treatment.

3.4 Effects of CCFE on NAD'/NADH redox imbalance in the
pancreas of T2DM rats

In this study, we investigated the NAD'/NADH redox state in
the pancreas of T2DM rats. Fig. 5A shows that the ratio of

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Effects of CCFE on NAD*/NADH redox balance in the pancreas
of T2DM rats. (A) NAD*/NADH; (B) AR; (C) PARP; (D) Sirt3. *p < 0.05 and
***p < 0.001, compared with the NC group; “p < 0.05 and ““p < 0.01,
compared with the DM control group. NC: normal control group, DM:
diabetic model control group, PC: positive control group, CCFE-(L, M,
H): (low, middle, high) dose CCFE-treated group.

NAD' to NADH in the pancreas of the DM control group
decreased (p < 0.001) compared with that in the NC group,
indicating that the NAD'/NADH redox balance was perturbed
in the pancreas of T2DM rats with NADH being in excess and
NAD" being depleted. Studies have claimed that there is NAD"/
NADH redox imbalance in the diabetic pancreas and
lungs.*>?? After treatment with CCFE, the NAD*/NADH ratio in
the CCFE-M and CCFE-H groups significantly increased (p <
0.05) compared with that in the DM control group, which con-
firmed that the NAD'/NADH redox imbalance in the pancreas
of T2DM rats was alleviated by CCFE. Moreover, Ogura et al.>*
found that apigenin increased the intracellular NAD'/NADH
ratio in the kidneys of diabetic rats by inhibiting the CD38
activity. Luo et al®>® mentioned that resveratrol attenuated
ethanol-induced insulin resistance in rats by improving the
NAD'/NADH ratio.

NAD'/NADH redox imbalance is believed to mainly orig-
inate from two enzyme systems activated by persistent hyper-
glycemia. One reaction is the polyol pathway, including aldose
reductase (AR) and sorbitol dehydrogenase. This pathway
involves two consecutive reactions in which AR catalyzes the
reduction of glucose to sorbitol, which is further oxidized to
fructose by sorbitol dehydrogenase and generates NADH from
NADPH via NAD"° Fig. 5B shows that AR activity, the rate-lim-
iting enzyme of the polyol pathway,’” was indeed higher (p <
0.05) in the pancreas of the DM control group compared to

This journal is © The Royal Society of Chemistry 2022
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that in the NC group. After administration of CCFE, the AR
activity in the pancreas of the CCFE-M and CCFE-H groups
was dramatically decreased (p < 0.05) compared with that in
the DM control group, indicating that the polyol pathway in
the pancreas of T2DM rats was suppressed by CCFE, likely
resulting in a reduction in NAD' consumption (Fig. 6).
Additionally, Huang et al®® found that Phellinus merrillii
materials had inhibitory effects in vitro against R-glucosidase
and rat lens AR. Kato et al>° reported that a dietary sup-
plement of ginger extract as an AR inhibitor would contribute
to the protection against or improvement in diabetic
complications.

The second pathway is the PARP pathway, which can be
overactivated due to DNA damage caused by hyperglycemia,
resulting in the potential depletion of NAD', which would
further perturb the NAD/NADH redox balance.*’ Fig. 5C
demonstrates that PARP activity in the pancreas of the DM
control group was greatly up-regulated (p < 0.05) compared
with that in the NC group. After treatment with CCFE, the
PARP activity in the pancreas of the CCFE-H group was signifi-
cantly repressed (p < 0.05) compared with that in the DM
control group, indicating that the reduction in NAD" consump-
tion and improvement in the NAD'/NADH redox imbalance in
the pancreas of T2DM rats were achieved by CCFE (Fig. 6). Wu
et al.*' reported that the PARP-1 protein content was upregu-
lated in STZ-induced diabetic pancreas. Several pharmacologi-
cal classes of compounds, such as 3-aminobenzamide and
nicotinamide, have been shown to inhibit the catalytic activity
of PARP.*

!
[

Suppression of poly
ADP ribose polymerase

NAD*/NADH ]

¢

Correction of mitochondrial complex | dysfunction

|
' Lipid peroxidation ‘<—| Oxidative stress ‘ —>[ DNA damage
|

‘ Protein carbonylation l

|
Insulin resistance

Fig. 6 Schematic showing the potential mechanism of correcting
complex | dysfunction by CCFE. CCFE suppressed the up-regulation of
the polyol pathway and poly ADP ribose polymerase in the pancreas to
alleviate NAD*/NADH redox imbalance. Additionally, CCFE reduced oxi-
dative stress by lowering lipid peroxidation and protein carbonylation.
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Moreover, Sirt3 is an NAD'-dependent deacetylase that is
involved in redox signaling and metabolic control and is
known to be downregulated when the level of NAD" is low.*>**
Increasing the NAD' levels through various strategies could
enhance the activity of sirtuins, improve organ function and
increase longevity.*” Li et al.*® also reported that the modu-
lation of adipose tissue remodeling by activating Sirt3 could
contribute to the antihyperlipidemic and antihyperglycemic
effects of berberine. In this study, as shown in Fig. 5D, the
Sirt3 activity in the pancreas of the DM control group was
decreased (p < 0.05) compared with that in the NC group. After
treatment with CCFE, a great increase in the Sirt3 activity (p <
0.05) in the pancreas of the CCFE-H group was found com-
pared with that in the DM control group, suggesting that CCFE
was beneficial for upregulating Sirt3 activity in the pancreas of
T2DM rats due to the increase in the NAD" content.

3.5 The effects of CCFE on complexes of the mitochondrial
electron transport chain in the pancreas of T2DM rats

Complex I is a major site for NAD" recycling from NADH, and
pancreatic mitochondrial complex I activity is elevated in dia-
betes.*" The results in Fig. 7A show that complex I activity in
the pancreas of the DM control group was tremendously upre-
gulated (p < 0.01) compared with that in the NC group,
suggesting that complex I was dysfunctional in the pancreas of
T2DM rats, which meant to handle the additional amount of
NADH likely produced by the activated polyol pathway. In
addition, the mitochondrial complex I activity was upregulated
in the livers of diabetic mice and in the heart tissue of type 1
diabetes mellitus mice.”””*® After treatment with CCFE,
complex I activity in the pancreas of the CCFE-M and CCFE-H
groups decreased significantly (p < 0.05) compared with that
in the DM control group, demonstrating that dysfunction of
complex I in the pancreas of T2DM rats could be corrected by
CCFE. Iglesias et al.*® also confirmed that catechin inhibited
heart mitochondrial complex I in rats and that extracts of Ta-
ermi exhibited an inhibitory effect on complex I activity
increases in the pancreas of DM rats.>

Then, we investigated the effects of CCFE on mitochondrial
complexes II to V activities in the pancreas of T2DM rats.
Fig. 7B-E show that the activities of complexes II to IV in the
pancreas of the DM control group were significantly higher (p
< 0.01), while complex V activity demonstrated no detectable
changes compared with the activities of the NC group, which
was similar to a previous study on the lungs of diabetic rats.>!
Moreover, the NADH content in the pancreas of the DM
control group was dramatically increased (p < 0.01) compared
with that in the NC group. These results indicated that there
was an enhanced electron transport by excess NADH in dia-
betes. Moreover, Fig. 7F and G show that a marked decrease in
the ATP content (p < 0.01) and mitochondrial membrane
potential level (p < 0.05) were observed in the pancreas of the
DM control group compared with the NC group. Our results
suggested that the up-regulated activities of complexes I to IV
were not related to ATP production. Rather, more electrons
were diverted to, or leaked, likely leading to ROS production
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Fig. 7 Effects of CCFE on complexes of the mitochondrial electron
transport chain in the pancreas of T2DM rats. (A) Complex |; (B) Complex
Il; (C) Complex Ill; (D) Complex IV; (E) Complex V; (F) ATP; (G)
Mitochondrial membrane potential. **p < 0.01, compared with the NC
group; “p < 0.05 and ““p < 0.01, compared with the DM control group.
NC: normal control group, DM: diabetic model control group, PC: posi-
tive control group, CCFE-(L, M, H): (low, middle, high) dose CCFE-
treated group.

and oxidative stress in T2DM rats. After treatment with CCFE,
compared with the DM control group, the activities of com-
plexes II to IV in the pancreas of CCFE treatment groups
decreased significantly (p < 0.05), while the ATP content and
mitochondrial membrane potential level were elevated signifi-
cantly (p < 0.05) in the pancreas of the CCFE-M and CCFE-H
groups. Collectively, CCFE downregulated the levels of com-
plexes I to IV and upregulated the ATP content and mitochon-
drial membrane potential in the pancreas of T2DM rats.

This journal is © The Royal Society of Chemistry 2022
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3.6 Effects of CCFE on oxidative stress in T2DM rats

A study showed that the upregulation of the mitochondrial
electron transport chain could lead to increased ROS pro-
duction and oxidative stress in hyperglycemia.’” In the present
study, our results showed that the H,O, content (Fig. 8A) and
MDA content (Fig. 8B) in serum and the protein carbonylation
content (Fig. 8C) in the pancreas were all increased (p < 0.05)
and that the GSH-Px activity (Fig. 8D) and SOD activity
(Fig. 8E) in serum were both decreased (p < 0.01) in the DM
control group compared with the NC group, indicating that
the overflow of NADH via complex I was partially used for leak
respiration and that the increase contributed to oxidative
stress. In addition, an increase in the MDA content and a
decrease in the SOD activity were reported by An et al.>® and a
decrease in the GSH-Px activity was observed in diabetes.>
Diabetic rats had a higher protein carbonylation content than

non-diabetic rats, as described by Jang et al.>®> and Cumaoglu
et al.>®
A
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Fig. 8 Effects of CCFE on oxidative stress in T2DM rats. (A) H,O,; (B)
MDA; (C) protein carbonylation; (D) GSH-Px; (E) SOD. *p < 0.05, **p <
0.01 and ***p < 0.001, compared with the NC group; “p < 0.05 and “*p
< 0.01, compared with the DM control group. NC: normal control group,
DM: diabetic model control group, PC: positive control group, CCFE-(L,
M, H): (low, middle, high) dose CCFE-treated group.
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After the treatment with CCFE, compared with levels in the
DM control group, the MDA content in the serum and the
protein carbonylation content in the pancreas were markedly
decreased (p < 0.05), and the SOD activity in the serum was
greatly increased (p < 0.05) in the CCFE treatment groups.
Furthermore, the H,0, content in the serum of the CCFE-H
treatment group was decreased significantly (p < 0.05) and the
GSH-Px activity in the serum of the CCFE-L and CCFE-M treat-
ment groups was markedly increased (p < 0.01). These results
indicated that oxidative stress was potently attenuated in
T2DM rats by CCFE administration. Some studies have shown
decreased MDA levels and increased SOD levels in Duvalia cor-
deroyi extract-treated diabetic rats,>” and quercetin could
prevent oxidative stress in STZ-induced diabetic rats.’®
Tabassum et al.*® considered that catechin prevented protein
carbonylation in the liver. Protein carbonylation in T2DM rats
was evidently suppressed by Aronia melanocarpa berry extract
supplementation.®°

4. Conclusions

In conclusion, we presented evidence that the aberrant activity
of complex I in the pancreas of T2DM rats, which was upregu-
lated by diabetic hyperglycemia, was reduced in response to
the NAD'/NADH redox imbalance caused by the overproduc-
tion of NADH resulting from the activation of the polyol
pathway and the upregulation of PARP activity, which were
ameliorated by chickpea flavonoids. Furthermore, the upregu-
lated activities of complexes I to IV due to NAD'/NADH redox
imbalance and oxidative stress were decreased, while ATP pro-
duction in the pancreas of T2DM rats was increased by the
chickpea flavonoid treatment. These results, together with the
findings of the decreased activities of AR and PARP and the
increased activity of Sirt3 in the pancreas of T2DM rats,
provide insights into the mechanisms of correcting the NAD"/
NADH redox imbalance and complex I dysfunction in the pan-
creas of T2DM rats by chickpea flavonoids. In summary, chick-
pea flavonoids could be used as a potential natural product for
preventing diabetes and its complications.
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