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Background: Type 2 diabetes (T2D) is aglobal health burden that accounts for about 90% 
of all cases of diabetes. Injury to the kidneys is aserious complication of type 2 diabetes. 
Maackiain, apterocarpan extracted from roots of Sophora flavescens, has been traditionally 
used for various disease conditions. However, nothing is known about its possible potential 
effect on HFD/STZ-T2D-induced nephrotoxicity.
Methods: In this study, T2D rat model is created by high-fat diet (HFD) for 2 weeks with 
injection of asingle dose of streptozotocin (35mg/kg body weight). T2D rats were orally 
administered with maackiain (10 and 20mg/kg body weight) for 7 weeks.
Results: Maackiain suppressed T2D-induced alterations in metabolic parameters, lipid 
profile and kidney functionality markers. By administering 10 and 20mg/kg maackiain to 
T2D rats, it was able to reduce lipid peroxidation while improving antioxidant levels (SOD, 
CAT, and GSH). Furthermore, the present study demonstrated the molecular mechanisms 
through which maackiain attenuated T2D-induced oxidative stress (mRNA: Nrf2, Nqo-1, Ho- 
1, Gclc and Gpx-1; protein: NRF2, NQO-1, HO-1 and NOX-4), inflammation (mRNA: Tlr, 
Myd88, IκBα, Mcp-1, Tgf-β, col4, Icam1, Vcam1 and E-selectin; Protein: TLR4, MYD88, 
NF-κB, IκBα, MCP-1; levels: TNF-α and MCP-1) and apoptosis (mRNA: Bcl-2, Bax, Bad, 
Apaf-1, Caspase-9 and Caspase-3; protein: Bcl-2, Bax, Caspase-3 and Caspase-9) mediated 
renal injury. Additionally, significant improvement in kidney architecture was observed after 
treatment of diabetic rats with 10 or 20mg/kg maackiain.
Conclusion: Maackiain protects the kidney by decreasing oxidative stress, inflammation, 
and apoptosis to preserve normal renal function in type 2 diabetes.
Keywords: high-fat diet, streptozotocin, oxidative stress, inflammation, apoptosis, kidney

Introduction
Diabetes is aserious public health threat that respects no socioeconomic status globally 
in developed and developing countries.1 Diabetes is ametabolic disorder that occurs 
when the pancreas is unable to produce insulin or the body is unable to use insulin 
efficiently. According to the most recent assessments of the Global Diabetes 
Organization, 463million adults now have diabetes, with this number expected to rise 
to 578million by 2030 and 700million by 2045.2 Type 2 diabetes is amore common 
condition in adults where the body cannot effectively use insulin to make glucose into 
energy. It accounts for around 90% of all diabetes cases and is linked to multiple 
comorbidities and complications. Hyperglycemia affects the heart, blood vessels, eyes, 
nerves and teeth, including kidneys. Microvascular alterations in the kidneys caused by 

Correspondence: Junying Li  
Department of Nephrology, The Affiliated 
Hospital of Qingdao University Pingdu 
District, No.369 Shanghai Road, Qingdao, 
Pingdu City, Shandong, 266000, People’s 
Republic of China  
Email lijunying2020@sina.cn

Drug Design, Development and Therapy 2021:15 4339–4358                                            4339
© 2021 Guo et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Drug Design, Development and Therapy                                               Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 16 July 2021
Accepted: 1 September 2021
Published: 14 October 2021

D
ru

g 
D

es
ig

n,
 D

ev
el

op
m

en
t a

nd
 T

he
ra

py
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

mailto:lijunying2020@sina.cn
http://www.dovepress.com/permissions.php
https://www.dovepress.com


various mechanisms often result in diabetic kidney disease, 
also known as diabetic nephropathy.3,4

Among various pathophysiological processes involved 
in the pathogenesis of diabetic nephropathy, oxidative 
stress, inflammation, and apoptosis have been considered 
significant contributors.5 Earlier evidence pointed out the 
contributory roles of elevated levels of reactive oxygen 
species and suppressed antioxidant defenses in the devel
opment of diabetic kidney disease.6,7 Recent reports also 
highlighted the role of Nrf2/Keap1/ARE pathway at the 
transcriptional level to regulate cellular oxidative and anti- 
oxidative status.8 Furthermore, nuclear factor erythroid 2– 
related factor 2 (Nrf2) knockout in streptozotocin-induced 
mice showed high levels of reactive oxygen species (ROS) 
with greater oxidative DNA damage and renal injury.9 

Studies also reported the involvement of diabetes- 
mediated oxidative stress in instigating the inflammatory 
pathways for the progression of kidney damage.5,10 

Inflammation has been recognized as an underlying 
mechanism that plays acritical role in the progression 
and pathogenesis of diabetic kidney disease.11 It is also 
noteworthy to mention the involvement of TLR4/MyD88/ 
NF-κB signaling pathway and its effector mediators such 
as proinflammatory cytokines, chemokines, pro-fibrotic 
factors and adhesion molecules inactivation of 
inflammation.12,13 However, oxidative stress and inflam
mation work in coordination to activate amitochondria- 
dependent apoptotic pathway, which further damages the 
diabetic kidney and ultimately results in renal failure.5 So 
agents which counteract oxidative stress, inflammation and 
apoptosis might prevent diabetes-mediated renal damage.

Although there are many treatment modalities, includ
ing western medications, available to treat and manage 
type 2 diabetes-mediated complications and kidney 
damage, management with lesser side effects at affordable 
cost is still abig challenge for researchers. Nowadays, 
much emphasis has been given to herbal medication due 
to its relatively safe nature, less side effects and availabil
ity at low cost.14,15 Sophora flavescens is one such well- 
known Chinese herbal medicine. It has also history in 
traditional medicines of Japan, Korea, India, and some 
countries of Europe that are prescribed for various ail
ments such as skin burns, asthma, and jaundice dysentery, 
ulcers, fever and inflammatory disorders.16 Maackiain, 
apterocarpan isolated from the roots of S.flavescens, has 
abroad spectrum of biological activities including anti- 
cancer,17 anti-allergic,18 and inhibitory activity on mono
amine oxidaseB19 and anti-inflammatory properties.20

Taking into consideration the diabetes-induced kidney 
problems as well as the safety properties of maackiain, the 
current study was designed to investigate the possible protec
tive effect of maackiain on type 2 diabetes-induced renal 
dysfunctions and to characterize the anti-oxidative, anti- 
inflammatory, and anti-apoptotic mechanisms through which 
it protects renal injury using arat as an exploratory model.

Materials and Methods
Chemicals
Maackiain (MN) (<98%) was procured from Ruicong Ltd 
(Shanghai, China) and streptozotocin (STZ; <98%) was 
procured from Sigma-Aldrich, Inc., (St.Louis, MO, USA). 
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All of the other chemicals and reagents used in this 
research were obtained locally.

Animals
Adult male healthy Swiss Albino mice and Sprague-Dawley 
(SD) rats with body weights ranging from 25 ± 03 gand 200 
± 20 g, respectively, were obtained from the Institute of 
Experimental Animals, Qingdao No.9 People’s Hospital, 
China. Initially, after procurement, animals were shifted to 
aquarantine room to check the health status of animals by 
the veterinarian. After one week of acclimation to experi
mental room conditions, healthy animals were subjected to 
experiments. Animals were maintained in standard experi
mental room conditions (22 ± 3°C temperature, 50 ± 10% 
humidity, 12 hours lighting) and had to access to ad libitum 
irradiated standard rodent diet and autoclaved water before 
dietary manipulation. All animal experiments were approved 
and carried out in compliance with Institutional Animal Care 
Guidelines (approval no.202009673590; Experimental 
Animal Ethics Committee, Qingdao No.9 People’s 
Hospital, Shandong, China).

Induction of Type 2 Diabetes in 
Experimental Animals
Type 2 diabetes was induced in rats as described previously 
by Srinivasan etal21 and Mahmoud etal.22 Induction of type 
2 diabetes in rats using ahigh fat diet [29.5% tallow of beef; 
22% casein; 23% starch; 17.9% cellulose; 4% lcysteine; 
0.3% choline chloride; 1.8% vitamin mixture; 1.5% salt 
mixture (AIN-93 ViX))] for 2 weeks and asingle low dose 
of STZ, 35mg/kg body weight dissolved in freshly prepared 
0.1 M cold citrate buffer (pH 4.5) through intraperitoneal 
route administered intraperitoneally. After aweek of STZ 
injection, rats with fasting blood glucose levels more than 
12.5 mmol/L were classified as type 2 diabetic and used in 

the study. However, control rats received anormal diet (56% 
starch; 18.5% protein; 8% fat; 12% fibre) and afreshly pre
pared 0.1 Mcold citrate buffer (pH 4.5) through intraperito
neal route.

Acute Oral Toxicity Study
The acute toxicity of maackiain was investigated using 
OECD [1998] Guideline 425 in Swiss Albino male mice 
after oral administration up to amaximum dosage of 
2000mg/kg. The animals were constantly monitored for 
two hours to assess their behavioral, neurological, and 
autonomic features.23

Experimental Design
The rats were divided randomly into four groups of ten 
individuals each:

Group 1: Normal control rats received 1% sodium 
carboxymethyl cellulose (Na-CMC) vehicle

Group 2: Type 2 diabetic rats received 1% Na-CMC 
vehicle

Group 3: Type 2 diabetic rats received 10mg/kg/bw of 
maackiain

Group 4: Type 2 diabetic rats received 20mg/kg/bw of 
maackiain

Doses of maackiain were selected based on earlier 
study.24 Meanwhile, groups 2 to 4 proceed with HFD for 
7 weeks of treatment. Maackiain was maackiain suspended 
in 1% Na-CMC and administered orally with an oral 
gavage tube everyday for 7 weeks. The details are pre
sented in Figure1.

Assessment of Bodyweights, Feed and 
Water Intake and FBG Levels
Daily feed and water consumption and weekly body 
weight and fasting blood glucose levels were observed 

Figure1 Schematic representation of experimental design of the study. 
Abbreviations: HFD, high-fat diet; STZ, streptozotocin; HFD, high-fat diet; FBG, fasting blood glucose.
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throughout the study period. On the lastday of the experi
ment, urine was collected in metabolic cages and animals 
were anesthetized (xylazine-12.5mg/kg/bw and ketamine 
−87.5mg/kg/bw, i.p), blood was collected via cardiac 
puncture and centrifuged at 2000g for 15 minutes to sepa
rate serum for biochemical analysis, and animals were 
sacrificed via cervical dislocation.

According to the manufacturer’s instructions, insulin 
serum concentrations were determined using arat enzyme- 
linked immunoassay (ELISA) test kit (Elabscience 
Biotechnology Co. Ltd., Wuhan, China). Glycated hemo
globin (HbA1c) and the serum concentrations of total 
cholesterol (TC), triglycerides (TG), high-density lipopro
tein (HDL), low-density lipoprotein (LDL) (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) were 
measured by using the automatic Beckman Coulter analy
zer. Homeostatic Model Assessment of Insulin Resistance 
(HOMA-IR) and HOMA β-cell function was calculated 
using the formula.25

Kidneys were taken immediately after necropsy and 
fixed in 10% neutral formalin buffer for histological exam
inations and biochemical and molecular studies stored at 
−80°C till further use.

Determination of Renal Functional 
Biomarkers
Renal functional assessment biomarkers such as serum 
creatinine (µmol/L), albumin (g/dL), urea (mg/dL) and 
uric acid (µmol/L) were evaluated using commercially 
available colorimetric assay kits (Elabscience 
Biotechnology Co. Ltd., Wuhan, China). BUN is calcu
lated by using the following formulae:

Urea mmol=L½ �¼ BUN mg=dL½ �x10 dL=L½ �=14x2 
mg N=mmol urea½ �

Further, Urinary protein concentrations (mg/day) were 
evaluated by bicinchoninic acid (BCA) assay method 
using BSA as standard (Thermo Fisher Scientific Inc., 
Waltham, MA, USA).

Determination of Oxidative and 
Antioxidative Status in Kidneys
The levels of lipid peroxidation products (MDA) and 
antioxidant defenses such as superoxide dismutase 
(SOD), catalase (CAT), and glutathione (GSH) were mea
sured in 10% kidney tissue homogenate supernatant sam
ples using commercially available kits (Nanjing Jiancheng 

Bioengineering Institute, Nanjing, China). The Bradford 
protein assay kit assessed total protein concentrations 
(Sigma-Aldrich, St.Louis, MO, USA).

Reverse Transcription Quantitative 
Real-Time PCR (RT-qPCR) Analysis
Following the animals’ euthanasia, the extracted kidneys 
were stored in RNA later solution to preserve the RNA’s 
integrity. Total RNA was extracted using the TRIzol® 

Reagent, quantified with ananodrop, and Complementary 
DNA (cDNA) was synthesized using aHigh-Capacity 
RNA-to-cDNA kit (Applied Biosystems, Ca, USA). PCR 
was carried out using SYBR™ Green PCR Master Mix 
(Applied Biosystems, Foster City, CA, USA) and was 
performed in StepOnePlus Real-time PCR system 
(Applied Biosystems, Foster City, CA, USA). Table1 con
tains the primer sets used in RT-qPCR. After normalization 
to the housekeeping gene, ie, β-actin, the relative expres
sion of each gene was measured. Three duplicates of each 
reaction were maintained to ensure the reproducibility of 
the findings.26

Determination of Levels of TNF-α and 
MCP-1 Levels and NF-κB p65 DNA 
Binding Activity
Using ELISA kits, cytokines (tumor necrosis factor; TNF-α 
and monocyte chemoattractant protein-1; MCP-1) levels 
were quantified in kidney homogenates according to the 
manufacturer’s instructions (Elabscience Biotechnology 
Co. Ltd., Wuhan, China). According to the manufacturer’s 
instructions, the DNA-binding activity of NF-κB was deter
mined using the TransAM® NF-B p65 transcription factor 
assay kit (Cat. No.40596, Active Motif, Tokyo, Japan). The 
optical density of protein-bound NF-κB was measured at 
450 nm. The TransAM format is perfect for assaying tran
scription factor binding to aconsensus-binding site.

Histopathological Analysis
Left kidneys from both control and treatment groups were 
immediately fixed in 10% neutral formalin buffer until 
further investigation. On theday of processing, tissues 
were appropriately trimmed, subjected to aseries of alco
hol washes, embedded in paraffin, microtomed into 5m 
thick sections, and then stained with hematoxylin and 
eosin (H&E), Picro-Sirius Red (PSR) (ab246832) stains, 
and atrichrome stain kit (ab150686) (Abcam, Cambridge, 
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UK). An Olympus phase contrast microscope was used to 
examine and capture the pictures.

Immunohistochemistry
Immunohistochemistry was performed using the method 
described by Giribabu etal.27 Kidney sections were deparaffi
nized, rehydrated, and antigen-retrieved using a10 mM sodium 
citrate buffer solution (pH 6.0) for immunohistochemical 
investigations. Endogenous peroxidase activity was sup
pressed with 0.3% Hydrogen peroxide (H2O2) prior to sections 
being incubated overnight at 4°C with primary antibodies such 
as Anti-Nrf2 (ab62352), anti-NOX-4 (ab109225), anti-Keap-1 
(ab218815), anti-NF-κB (ab16502), anti-MCP-1 (ab25124), 
anti-BCL-2 (ab194583) and anti-BAX (ab32503), anti- 
Caspase-9 (ab184786) (1:1000; Abcam, Cambridge, UK) 
diluted in 5% bovine serum albumin (BSA). After incubation, 
slides were rinsed three times in PBS, incubated for 1hour with 
the appropriate secondary antibody for 60 min, stained with 3ʹ- 
Diaminobenzidine (DAB), and counterstained with hematox
ylin. The images were examined and captured using an 
Olympus phase-contrast microscope.

Immunofluorescence
Immunofluorescence was performed in accordance with 
the method described by Khalil etal.28 On the kidney 
sections, immunofluorescence staining was performed 
after deparaffinization, rehydration, antigen retrieval with 
10 mM sodium citrate buffer (pH 6.0), and blocking with 
5% BSA. Following blocking, sections were incubated 
(anti-NQO-1: ab80588; anti-HO-1: ab189491; anti-TLR4: 
ab217274; anti-MYD88: ab219413; anti-IKB alpha: 
ab32518; and anti-Caspase-3: ab184787) overnight at 
4oC with 1:1000 dilutions of primary antibodies in the 
serum. Following PBS washes, kidney sections were incu
bated with asecondary antibody conjugated with DyLight 
488/594 (1:1000; Abcam, Cambridge, UK) at room tem
perature in the dark. The slices were mounted using 
UltraCruz (Santa Cruz, CA, USA) media containing 
4′,6-diamidino-2-phenylindole (DAPI) for nuclear staining 
and sealed with acoverslip. Finally, images were viewed 
and captured using fluorescence microscopy (Leica DM 
IRB, Germany).

Data Analysis
The data were analyzed using SPSS Statistics 22 software 
(IBM, Armonk, NY, USA). The data were expressed as mean 

Table1 PCR Primers Used in This Paper

Nrf2 F: 5′CCTATGCGTGAATCCCAAT3′
R: 5′TGTGAGATGAGCCTCTAAGCG3′

Keap1 F: 5′ATGTTGACACGGAGGATTGG3′
R: 5′TCATCCGCCACTCATTCCT3′

Nqo-1 F: 5′GCGAGAAGAGCCCTGATTGT3′
R: 5CTTCAGCTCACCTGTGATGTCAT3′

Ho-1 F: 5′CAAGCCGAGAATGCTGAGTT3′
R: 5′CAGGGCCGTGTAGATATGGTA3′

Gclc F: 5′ TCGCCTCCGATTGAAGATG3′
R: 5′ TACTATTGGGTTTTACCTGTGCC3′

Gpx1 F: 5′ CAGTTCGGACATCAGGAGAAT3′
R: 5′ AGAGCGGGTGAGCCTTCT3′

Tlr4 F: 5′ GTGGAAGTTGAACGAATGGA3′
R: 5′ TGGATGATGTTGGCAGCA3′

Myd88 F: 5′ TCGCGCATCGGACAAACG3′
R: 5′ GCAATGGACCAGACACAGGT3′

Col4 F: 5′ TACTGGCAGAGCCCTTGAGCC3′
R: 5′ CATTCTTTCTGGATTTAGTGAAGC3′

Tgf-β F: 5′ GACCTCAATTGCGAGCTTTC3′
R: 5′ AGTCCTCCTTCCGCCTTTAG3′

Mcp-1 F: 5′TCTCTTCCTCCACCACTATGCA3′
R: 5′GGCTGAGACAGCACGTGGAT3′

Vcam-1 F: 5′TGACAAGTCCCCATCGTTGA-3′
R: 5′ACCTCGCGACGGCATAATT3′

Icam-1: F: 5′CCTGTTTCCTGCCTCTGAA3′
R: 5′GTCTGCTGAGACCCCTCTTG3′

E-selectin: F: 5′TGAACTGAAGGGATCAAGAAGACT3′
R: 5′GCCGAGGGACATCATCACAT3′

Bcl2 F: 5′ CCTGAGAGCAACCGAACG3′
R: 5′ CCTGAGAGCAACCGAACG3′

Bax F: 5′ CACCAGCTCTGAACAGATC3′
R: 5′ CTTCTTCCAGATGGTGAGC3′

Bad F: 5′ CCCCCCAATCTCTGGGCAGCG3′
R: 5′ TCACTGGGAGGGGGTGGAGCC3′

Apaf-1 F: 5′ GTAGACGGCTTTCTCCGCTC3′
R: 5′ CGGATCCAGGACACAAAAGC3′

Caspase-9 F: 5′ ATGCAGGTCCCTGTCATG3′
R: 5′ GCTTGAGGTGGTTGTGGA3′

Caspase-3 F: 5′ GAGCTTGGAACGCGAAGAAA3′
R: 5′ CCATTGCGAGCTGACATTCC3′

β-actin F: 5′GTGCTATGTTGCTCTAGACTTCG3′
R: 5′ATGCCACAGGATTCCATACC3′
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standard deviation (S.D). One-way analysis of variance 
(ANOVA) and Tukey’s post hoc test was used to determine 
the significance of differences between groups. Aprobability 
value of less than 0.05 was considered significant.

Results
Effects of Maackiain on Acute Oral 
Toxicity Test
Maackiain was found to be safe following oral adminis
tration up to 2000mg/kg. No mice mortality was observed 
within 24 hours of the observational study.

Effects of Maackiain on Body Weights, 
Feed and Water Intake of HFD/ 
STZ-Induced Type 2 Diabetic Rats
The changes in weekly body weights and feed and water 
consumption of control and experimental rats are shown in 
Figure2A–C. When HFD-fed rats were compared to normal 
diet-fed rats, their body weights increased significantly 
(p<0.001), while body weights dropped dramatically after 
STZ injection. As diabetic rats were given 10 (p<0.05) or 20 
(p<0.05)mg/kg bw maackiain, their body weights increased 
substantially when compared to non-diabetic rats. Diabetic 
rats consumed significantly more feed (p<0.001) and water 
(p<0.001) than control rats, while treatment with maackiain 
10 (p<0.05) or 20 (p<0.001)mg/kg bw dramatically 
decreased diabetic rats’ feed and water intake.

Effects of Maackiain on Metabolic 
Parameters in Type 2 Diabetic Rats
Weekly FBG levels in diabetic rats did not decrease signifi
cantly when compared to control rats until the end of the 
experiment, whereas 7 weeks of treatment with 10 or 20mg/ 
kg maackiain resulted in asignificant (p<0.001) decrease in 
FBG levels to near normal levels when compared to diabetic 
rats at the same levels (Figure2D). Serum insulin levels in 
diabetic rats were significantly (p<0.001) lower than in con
trol rats, however, treatment of 10 (p<0.05) or 20 (p<0.05) 
mg/kg maackiain resulted in asignificant rise in insulin 
levels when compared to diabetic animals (Figure2E). 
Diabetic rats also showed adramatic increase in HOMA-IR 
(p<0.001) (Figure2F) and drastic decline in HOMA-β cell 
function (p<0.001) (Figure2G) with respect to controls, 
however, after treating diabetic rats with either 10 
(p<0.001) or 20 (p<0.001)mg/kg maackiain showed asigni
ficant drop in HOMA-IR and rise in HOMA-β cell function. 

The percentage of glycated hemoglobin (HbA1c) 
(Figure2H) is within normal limits in controls, abnormally 
high in diabetic rats (p<0.001), while treatment with either 
10 (<p0.05) or 20 (p<0.05)mg/kg maackiain resulted in 
significant improvement.

Effects of Maackiain on Lipid Markers in 
Type 2 Diabetic Rats
When diabetic rats were compared to normal control rats, 
there were significant increases in total cholesterol (p<0.001) 
(Figure2I), triglycerides (p<0.001) (Figure2J), and LDL 
(p<0.05) (Figure2L), as well as asignificant decrease in 
HDL (p<0.05) (Figure2K). Treatment with 10 (p<0.05) or 
20 (p<0.001 for TC and TG; p<0.05 for LDL and HDL)mg/ 
kg maackiain for seven weeks significantly reduced the lipid 
metabolic alterations observed in diabetic rats.

Effects of Maackiain on Kidney Function 
Biomarkers in Type 2 Diabetic Rats
Diabetic rats exhibited significantly higher levels of renal 
functioning markers such as BUN (p<0.001) (Figure3A), 
serum creatinine (p<0.001) (Figure3B), 24 hrs urinary pro
tein (p<0.001) (Figure3C), serum albumin (p<0.001) 
(Figure3D), serum urea (p<0.001) (Figure3E) and urinary 
uric acid (p<0.001) (Figure3F) than control rats. Treatment 
of diabetic rats with 10 (p<0.05) or 20 (p<0.001)mg/kg 
maackiain significantly improved renal function by signifi
cantly decreasing the above-mentioned parameters.

Effect of Maackiain on Histopathology of 
Kidney
Histopathological analysis of kidney tissue by H&E 
(Figure4A), PSR (Figure4B), MT (Figure4C) staining 
depicted in Figure4. Histological sections of the normal 
kidney displayed normal architecture with glomeruli and 
tubules in the kidney cortex. Diabetic rat kidney sec
tions presented with thickened glomerular basement 
membrane, increased glomerular space, degenerated glo
meruli, sclerotic glomeruli, tubular degeneration and 
interstitial fibrosis. However, kidney sections from 
10mg/kg maackiain treated diabetic rats revealed mod
erate improvement through reduced thickening of the 
glomerular basement membrane, reduction in sclerotic 
glomeruli and interstitial fibrosis. While, kidney sections 
from 20mg/kg maackiain treated diabetic rats showed 
significant improvement, showing glomerular and tubu
lar structures near normal limits.
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PSR and MT observed collagen deposition in the 
tissues; the blue and red staining indicated collagen 
involvement, respectively. Collagen fibers were not 
seen in the renal interstitial control group, but higher 
collagen fibers were observed in diabetic groups. 
However, 10 and 20mg/kg maackiain treated diabetic 
rats were shown to have reduced collagen deposition.

Effect of Maackiain on Oxidative and 
Antioxidative Status in Type 2 Diabetic 
Rat’s Kidney
The findings of this research showed dysregulation of 
oxidative and anti-oxidative state in diabetic rats, as 
shown by asignificant (p<0.05) rise in MDA (Figure5A) 

Figure2 The effects of maackiain metabolic parameters in HFD & low STZ induced diabetic rats. (A) Weekly body weights; (B) Food intake; (C) Water intake; (D) Fasting 
blood glucose levels (FBG); (E) serum insulin; (F) HOMA-IR; (G) HOMA-β cell function; (H) Glycated hemoglobin (HbA1c); (I) Total cholesterol (TC); (J) Triglycerides 
(TG); (K) High density lipoproteins (HDL); (L) Low density lipoproteins (LDL). The data were expressed as the mean ± S.D, n=6, **p < 0.001 and *p < 0.05 versus NC; 
^^p<0.001 and ^p< 0.05 versus DC. 
Abbreviations: NC, normal control; DC, diabetic control; DC+10 maackiain, 10 mg/kg/bw maackiain treated diabetic rats; DC+20: 20 maackiain, 20 mg/kg/bw maackiain 
treated diabetic rats.
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and asignificant reduction in SOD (Figure5C) and CAT 
(Figure5D) and GSH (Figure5B) levels. On the other hand, 
diabetic rats treated with either 10 or 20mg/kg maackiain 
demonstrated significant (p<0.05) improvement in the 
form of decreased lipid peroxidation products (MDA) 
and increased antioxidant defense activities such as SOD, 
CAT and GSH levels.

Figure5E depicts the gene expression of the Nrf- 
2-Keap-1 signaling pathway from control and experimen
tal rats. The mRNA levels of Nrf2, Nqo1, Ho-1, Gclc and 

Gpx1 were significantly (p<0.05) reduced in diabetic rats, 
while Keap1 (p<0.001) was significantly elevated. 
Besides, diabetic rats treated with 10 or 20 maackiain 
showed significantly (p<0.05) increased mRNA expression 
levels of Nrf2, Ho-1, Gclc and Gpx with decreased Keap1 
as compared to diabetic rats.

Immunohistochemistry (Nrf2, NOX-4, and Keap1) and 
immunofluorescence (NQO-1 (red color) and HO-1 (green 
color) studies confirmed the gene expression data, reveal
ing decreased Nrf2 (Figure6A), NQO-1 (Figure6B), HO-1 

Figure3 The effects of maackiain serum and urinary renal markers in HFD & low STZ induced diabetic rats. (A) Blood urea nitrogen (BUN); (B) Serum creatinine; (C) 24- 
hour urine protein; (D) Serum albumin; (E) Serum urea; (F) Urinary uric acid. The data were expressed as the mean ± S.D, n=6, **p < 0.001 versus NC; ^^p<0.001 and ^p< 
0.05 versus DC. 
Abbreviations: NC, normal control; DC, diabetic control; DC+10 maackiain, 10 mg/kg/bw maackiain treated diabetic rats; DC+20: 20 maackiain, 20 mg/kg/bw maackiain 
treated diabetic rats.

https://doi.org/10.2147/DDDT.S326975                                                                                                                                                                                                                               

DovePress                                                                                                                                     

Drug Design, Development and Therapy 2021:15 4346

Guo et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


(Figure6B), NOX-4 (Figure6C), and with increased Keap- 
1 (Figure6D) protein distributions in the cortical and glo
merular regions. In contrast, diabetic rats receiving either 
10 or 20mg/kg maackiain, Nrf2, NQO-1, HO-1, and NOX- 
4 proteins were increased, while the distribution of Keap-1 
protein was decreased.

Effect of Maackiain on Inflammatory 
Status in Type 2 Diabetic Rat’s Kidney
The inflammatory markers such as relative mRNA expression 
levels assessed by RT-qPCR, levels of cytokines and chemo
kines and activity of NF-κB p65 in kidney were depicted in 
Figures7 and 8. The mRNA expression levels of Tlr4 
(Figure7A), Myd88 (Figure7B), ikbα (Figure7C), Col-4 
(Figure8A), Tgf-β (Figure8B), Vcam (Figure8C), Mcp-1 
(Figure8D), E-Selectin (Figure8E) and Icam (Figure8F) and 
levels of TNF-α (Figure7E) and MCP-1 (Figure7F) and activ
ity of NF-κB p65 (Figure7D) were significantly elevated in 

diabetic rats in comparison with same parameters in the control 
group. Contrary to that, those inflammatory markers’ expres
sion levels and activities were significantly (p<0.05) reduced 
after treating diabetic animals with either 10 or 20mg/kg 
maackiain than diabetic rats.

Additionally, immunofluorescence and immunohisto
chemistry experiments were used to determine the protein 
distribution pattern shown in Figure9. The protein expression 
levels of TLR4 (red color) (Figure9A), MYD88 (green color) 
(Figure9A), NF-κB p65 (Figure9B), IKBα (red color) 
(Figure9C) and MCP-1 (Figure9D) were elevated in diabetic 
rats, but those protein distributions were decreased in dia
betic rats treated with either 10 or 20mg/kg maackiain.

Effect of Maackiain on Apoptotic Status in 
Type 2 Diabetic Rat’s Kidney
In diabetic rats’ kidneys, Bax (Figure10B), Bad (Figure10C), 
Apaf-1 (Figure10D), Caspase-3 (Figure10E) and Caspase-9 

Figure4 The effects of maackiain histopathology in HFD & low STZ induced diabetic rats. (A) Hematoxylin and Eosin (H&E) staining; (B) Picro Sirius Red (PSR) staining; (C) 
Masson’s Trichrome (MT) staining; H& E(Black color arrow shows necrosis, Green color arrow shows thickened glomerular basement membrane, blue color arrow shows 
increased glomerular space). PSR and MT (Blue color triangle shows collagen deposition and yellow color arrow also shows collagen deposition). Magnification = x40; Scale 
bar = 100µm. 
Abbreviations: NC, normal control; DC, diabetic control; DC+10 maackiain, 10 mg/kg/bw maackiain treated diabetic rats; DC+20: 20 maackiain, 20 mg/kg/bw maackiain 
treated diabetic rats.
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(Figure10F) gene expression levels were upregulated, while 
Bcl-2 (Figure10A) gene expression levels were reduced. When 
compared to untreated diabetic rats, 10 or 20mg/kg maackiain 
treatment resulted in areduction in Bax, Bad, Apaf-1, Caspase- 
3, and Caspase-9 mRNA expression but an increase in Bcl-2 
mRNA expression. In comparison to untreated diabetic rats, 
maackiain administration at 10 or 20mg/kg resulted in ade
crease in Bax, Bad, Apaf-1, Caspase-3 and Caspase-9 but an 
increase in Bcl-2 mRNA expression levels.

The findings of gene expression investigations in dia
betic rats’ kidneys were reproduced in immunohistochem
istry [decreased Bcl-2 protein distribution (Figure11A) and 

elevated Bax (Figure11B) and Caspase-9 (Figure11D)] and 
immunofluorescence [increased caspase-3 protein distribu
tion] (Figure11C) in diabetic rat’s kidney. However, treat
ment with either 10 or 20mg/kg maackiain increased Bcl-2 
protein distribution levels in the kidneys of only diabetic 
rats while decreasing Bax, Caspase-3, and Caspase-9 pro
tein distribution levels.

Discussion
The present study attracts special attention due to the 
unavailability of information on the possible effects of 
maackiain against HFD/STZ-induced type 2 diabetes- 

Figure5 The effects of maackiain on renal oxidative stress and antioxidant status in HFD & low STZ induced diabetic rats. (A) Lipid peroxidation product malondialdehyde 
(MDA) levels; (B) Reduced glutathione (GSH) content; (C) Superoxide dismutase (SOD) activity levels; (D) Catalase (CAT) activity levels in experimental rats kidney; (E) 
mRNA levels of Nrf2, Keap1, Nqo1, Ho-1, Gclc, Gpx in experimental rats kidney. The data were expressed as the mean ± S.D, n=6, **p < 0.001 and *p < 0.05 versus NC; 
^^p<0.001 and ^p< 0.05 versus DC. 
Abbreviations: NC, normal control; DC, diabetic control; DC+10 maackiain, 10 mg/kg/bw maackiain treated diabetic rats; DC+20: 20 maackiain, 20 mg/kg/bw maackiain 
treated diabetic rats.
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induced renal complications. The study provided clear 
evidence of significant protection against diabetes- 
mediated alterations in metabolic profile, lipid profile, 
and kidney dysfunction. Furthermore, maackiain treatment 
resulted in significant attenuation in oxidative stress, 
inflammation and apoptosis in kidneys of diabetic rats. 
Additionally, this study demonstrated the molecular 
mechanisms by which maackiain protects against HFD/ 

STZ type 2 diabetes-induced oxidative stress (Nrf2/ 
Keap1/ARE), inflammation (TLR4/MYD88/NF-κB) and 
apoptosis (intrinsic pathway) mediated renal damage.

Type-2 diabetes is characterized by chronic hypergly
cemia and hypoinsulinemia and enhanced insulin resis
tance and β-cell dysfunction.29,30 Elevated glucose and 
glycated haemoglobin levels throughout the experimental 
period and reduced serum insulin levels, arise in HOMA- 

Figure6 The effects of maackiain on Nrf2/Keap-1 pathway protein destruction in HFD & low STZ induced diabetic rats. (A) Immunohistochemistry results of Nrf2; (B) 
Immunofluorescence double staining results of NQO-1 (red color) and HO-1 (green color); (C) Immunohistochemistry results of NOX-4; and (D) Keap-1. Magnification = 
x40; Scale bar = 100µm. 
Abbreviations: NC, normal control; DC, diabetic control; DC+10, 10 mg/kg/bw maackiain treated diabetic rats; DC+20, 20 mg/kg/bw maackiain treated diabetic rats.
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IR, and areduction in HOMA-cell function were all indi
cators of hyperglycemia hypoinsulinemia, high insulin 
resistance, and low β-cell function, respectively. Similar 
findings were observed in astudy conducted by Mahmoud 
etal22 in HFD/STZ-induced diabetic rats. However, asigni
ficant dose-dependent reversion in all these parameters 
was observed in HFD/STZ-induced diabetic rats after 
treating animals with 10 or 20mg/kg, indicating the anti- 
diabetic effect of Maackiain. The possibility of the anti- 
diabetic effect of flavonoids from S.flavescens is revealed 
from in silico molecular modeling and docking studies by 
interrupting Na+-glucose cotransporter activity in type 2 
diabetes.31 The results of this study are well supported by 

findings of Shao etal,32 which revealed an inhibitory effect 
of S.flavescens extract against ahigh-fat diet and low-dose 
streptozotocin-induced metabolic alterations (increase in 
fasted blood glucose levels and worsened lipid profile, 
glycosylated serum protein, glycosylated hemoglobin 
index with pancreas damage). Additionally, the anti- 
diabetic effect of maackiain was evidenced via AMP- 
activated protein kinase activity.33

Dyslipidemia is another complication that is commonly 
associated with type 2 diabetic condition.34,35 

Dyslipidemia in the diabetic milieu is responsible for 
developing diabetic nephropathy30 and is considered apo
tential risk factor for cardiovascular diseases.36 Usually, in 

Figure7 The effects of maackiain on renal inflammatory marks in HFD & low STZ induced diabetic rats. mRNA levels of (A); Tlr4; (B) Myd88 (C) Ikbα; (D) renal NF-κB p65 
(ELISA results); (E) renal TNF-α (ELISA) levels; (F) renal MCP-1 (ELISA) levels. The data were expressed as the mean ± S.D, n=6, **p < 0.001 versus NC; ^^p<0.001 and ^p< 
0.05 versus DC. 
Abbreviations: NC, normal control; DC, diabetic control; DC+10 maackiain, 10 mg/kg/bw maackiain treated diabetic rats; DC+20: 20 maackiain, 20 mg/kg/bw maackiain 
treated diabetic rats.
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biological conditions, insulin acts on lipoprotein lipase to 
convert triglycerides to fatty acids and glycerol. Fatty 
acids generated from triglycerides undergo either re- 
esterification or oxidation for storage in adipose tissue or 
for fuel in muscle, respectively. It is reported that insulin 
resistance suppresses lipoprotein lipase activity and leads 
to acondition of triglyceridemia.37 Furthermore, LDL 
transports cholesterol from the liver to other bodily 
tissues38 and vice versa HDL transports cholesterol from 
bodily tissues to liver39 to prevent cholesterol deposition. 
In the present study, HFD/STZ-induced diabetic rats pre
sented with significantly increased total cholesterol, trigly
cerides and LDL levels with asignificant decrease in HDL 
levels. The results are in consonance with the findings of 

earlier reports.40,41 Furthermore, Hirano42 reported abnor
mal lipoprotein metabolism in diabetic nephropathy 
patients and managing dyslipidemia is particularly impor
tant otherwise, it leads to cardiovascular disease. 
Treatment of diabetic rats with either 10 or 20mg/kg 
maackiain resulted in significant improvement in dyslipi
demia through asignificant decrease in total cholesterol, 
triglycerides, and LDL levels with significant increase in 
HDL levels due to its insulinotropic effect or insulin 
secretagogue activity. These findings provided evidence 
that maackiain protects against diabetic kidney disease 
by improving lipid profile. The present findings support 
the earlier observations of Kim etal,43 who reported hypo
lipidemic effects (significant reduction in elevated TC, TG, 

Figure8 The effects of maackiain on renal inflammatory marks in HFD & low STZ induced diabetic rats. mRNA levels of (A) Col4 (B) Tgf-β; (C) Vcam; (D) Mcp-1; (E) 
E-Selectin; (F) Icam gene in rental tissue of experimental rats. The data were expressed as the mean ± S.D, n=6, **p < 0.001 versus NC; ^^p<0.001 and ^p< 0.05 versus DC. 
Abbreviations: NC, normal control; DC, diabetic control; DC+10 maackiain, 10 mg/kg/bw maackiain treated diabetic rats; DC+20: 20 maackiain, 20 mg/kg/bw maackiain 
treated diabetic rats.
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and LDL-C levels and significant elevation in reduced 
HDL-C levels) of S.flavescens in poloxamer 407-induced 
hyperlipidemic and cholesterol-fed rats.

Evaluation of functional kidney biomarkers gives 
essential information related to the functioning of 
kidneys.44,45 In the present study, dysfunctioning of kid
neys in diabetic rats was evident from the findings of 
kidney functionality assessment markers such as increased 
serum levels of BUN, urea, creatinine, albumin, 24 hrs 
urinary protein and urinary uric acid. The findings are in 

line with earlier observations of Wen etal,46 who reported 
that type 2 diabetic rats experienced kidney dysfunction 
through impairment in functional kidney markers. 
However, 10 or 20mg/kg maackiain treatment to diabetic 
rats dose-dependently decreased the serum levels of BUN, 
urea, creatinine, albumin, 24 hrs urinary protein, and urin
ary uric acid depicting significant improvement in kidney 
functional alterations induced by type 2 diabetic condition.

Numerous scientific studies have shown that oxida
tive stress is responsible for the pathophysiology of the 

Figure9 The effects of maackiain TLR4/MYD88/NF-κB pathway protein destruction in HFD & low STZ induced diabetic rats. (A) Immunofluorescence double staining 
results of TLR4 (red color) and MYD88 (green color); (B) Immunohistochemistry staining results of NF-κB p65; (C) Immunofluorescence single staining results of IKBα (red 
color); (D) Immunohistochemistry staining results of MCP-1. Magnification = x40; Scale bar = 100µm. 
Abbreviations: NC, normal control; DC, diabetic control; DC+10 maackiain, 10 mg/kg/bw maackiain treated diabetic rats; DC+20 maackiain, 20 mg/kg/bw maackiain 
treated diabetic rats.
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diabetic kidneys.47,48 Oxidative stress is acondition that 
occurs when free radicals overwhelm antioxidant 
defenses.49 Malondialdehyde (MDA), alipid peroxidation 
product, induces kidney damage at cellular and tissue 
level and antiperoxidatives such as SOD, CAT, and 
GSH protect against oxidative stress-mediated 
injuries.50,51 In this study, significantly increased levels 
of MDA and significantly decreased activities of SOD, 
catalase and levels of GSH were observed in kidneys of 
diabetic rats. Similar observations were reported in kid
neys of experimentally induced type 2 diabetic rat 
model.52 In contrast, treatment of diabetic rats with either 
10 or 20mg/kg maackiain offered significant protection to 
oxidative stress in kidneys through the reduction in MDA 

levels and elevation in SOD and catalase enzyme activ
ities and GSH levels. Earlier it was reported that flavo
noids from roots of S.flavescens showed significant 
scavenging activities on 1,1-diphenyl-2-picrylhydrazyl 
(DPPH) radical and ONOO-.53 Furthermore, the anti- 
oxidant activity of maackiain was revealed by the sig
nificant reduction in 6-OHDA-induced elevation in levels 
of ROS.54

Nowadays, the mechanism by which oxidative stress is 
mitigated has remained amore significant challenge. 
Recent studies claimed that the kidney cells are equipped 
with Nrf2, atranscriptional activator of antioxidant genes, 
to protect against oxidative stress.55 At normal physiolo
gical state, Nrf2 is coupled with its negative regulator 

Figure10 The effects of maackiain on renal apoptosis marks in HFD & low STZ induced diabetic rats. mRNA levels of (A) Bcl-2 (B) Bax; (C) Bad; (D) Apaf-1; (E) Caspase-3; 
(F) Caspase-9 gene in rental tissue of experimental rats. The data were expressed as the mean ± S.D, n=6, **p < 0.001 versus NC; ^^p<0.001 and ^p< 0.05 versus DC. 
Abbreviations: NC, normal control; DC, diabetic control; DC+10 maackiain, 10 mg/kg/bw maackiain treated diabetic rats; DC+20: 20 maackiain, 20 mg/kg/bw maackiain 
treated diabetic rats.
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Keap1 in the cytoplasm and at induced state, Nrf2 dis
sociates from Keap1 and enters into the nucleus to activate 
abattery of its regulated antioxidant genes such as Nqo1, 
Ho-1, Gclc and Gpx1.56 To further know whether maack
iain activates Nrf2 signaling pathway to act against dia
betes-induced oxidative stress, we examined the mRNA 
and protein expression levels of Nrf2 and its downstream 

genes and proteins. This study revealed that diabetic rats 
showed downregulation in mRNA (Nrf2, Nqo-1, Ho-1, 
Gclc and Gpx-1) and protein (Nrf2, NQO-1, NOX-4 and 
HO-1) expressions of Nrf2 pathway in association with an 
upregulation in mRNA and protein expressions of Keap1 
in kidneys. Similar results of downregulation in mRNA 
and protein expressions of Nrf2 and its regulated genes 

Figure11 The effects of maackiain on renal apoptosis marks in HFD & low STZ induced diabetic rats. Immunohistochemistry protein distribution of (A) Bcl-2; (B) Bax; (C) 
Immunofluorescence staining results of caspase-3 (green color); (D) Immunohistochemistry protein distribution of caspase-9 protein in rental tissue of experimental rats. 
Magnification = x40; Scale bar = 100µm. 
Abbreviations: NC, normal control; DC, diabetic control; DC+10 maackiain, 10 mg/kg/bw maackiain treated diabetic rats; DC+20: 20 maackiain, 20 mg/kg/bw maackiain 
treated diabetic rats.
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and proteins and upregulation in mRNA and protein 
expression level of Keap1 were observed in experimen
tally induced type 2 diabetic rat model.46 Additionally, the 
importance of Nrf2 is evidenced from aNrf2 knockout 
study in which streptozotocin-induced Nrf2 knockout 
mice experienced hyperglycemia-induced oxidative stress 
and kidney damage.9,57 Interestingly, treating diabetic rats 
with maackiain at 10 or 20mg/kg body weight illustrated 
upregulation in Nrf2 and its regulated genes and proteins 
and downregulation in Keap1 gene and protein expression, 
demonstrating the activation of Nrf2 signaling pathway to 
counteract the diabetes-induced oxidative stress in 
kidneys.

Inflammation, in addition to oxidative stress, is acom
mon feature of chronic kidney disease and akey mediator 
in its progression.58 In recent years, the involvement of 
TLR4/MYD88/NF-κB pathway in aggravating inflamma
tion in kidneys has surfaced.59 Studies have also been 
reported the implication of TLR4/NF-κB pathway in 
acute and chronic kidney injuries, including diabetic 
nephropathy.59,60 At normal physiological state, NF-κB is 
located in the cytoplasm with its negative regulator, IκBα, 
but at induced state, IκBα is degraded by IKKβ and allows 
NF-κB to enter into the nucleus to induce the expression of 
various effector molecules.12 TLR4 through MYD88 
(adaptor protein) activates NF-κB, which in turn activates 
arange of effector molecules of inflammation such as pro- 
inflammatory cytokines, pro-fibrotic factors, chemokines 
and adhesion molecules.12 In this study, HFD/STZ- 
induced type 2 diabetic condition caused stimulation in 
TLR4/MYD88/NF-kB pathway through elevation in 
mRNA (TLR4, MYD88 and IκBα) and protein (TLR4, 
MYD88, IκBα and NF-κB) expression levels and NF-κB 
DNA binding activity. The activation of TLR4/MYD88/ 
NF-κB pathway elevates the levels of pro-inflammatory 
cytokine (TNF-α), chemokines (MCP-1) and mRNA 
expression levels of pro-fibrotic factors (MCP-1, TGF-β 
and Col-4), intercellular adhesion molecule (ICAM1) vesi
cular adhesion molecule (VCAM1) and selectin 
(E-selectin). Earlier it was reported that induction of levels 
of pro-inflammatory cytokines, chemokines and pro- 
fibrotic factors as aresult of activation of NF-kB leads to 
macrophage infiltration, extracellular matrix deposition 
and fibrosis and ended up with huge damage to the 
kidney.27 In contrast, maackiain (10 or 20mg/kg) treatment 
showed anti-inflammatory effects in the form of reduced 
mRNA (Tlr4, Myd88 and Iκbα) and protein (TLR4, 
MYD88, IκBα and NF-κB) expressions along with 

decreased NF-κB DNA binding activity as aconsequence 
it limits the expression of various above mentioned inflam
matory effector molecules and protects the kidney from 
diabetes-mediated inflammatory damage.

Previously, Ma etal20 demonstrated the anti- 
inflammatory effects of extracts of S.flavescens residues 
both in-vivo (inhibition of ear and paw swelling and 
reduction in paw swelling production levels of PGE2 in 
inflammatory tissues) and in-vitro (dose dependent inhibi
tion in release of pro-inflammatory cytokines such as 
TNF-α, IL-6, NO and MCP-1 in LPS-induced 
RAW264.7 cells) study findings. Furthermore, the anti- 
inflammatory effects of maackiain is evidenced from its 
inhibitory action on LPS-induced NO production.61

A plethora of reports emphasized that oxidative stress 
and inflammation work together to activate apoptotic sig
nals to further damage injury and lead to organ 
failure.5,62,63 The increased generation of ROS has been 
shown to upregulate NF-κB and vice versa NF-κB and/or 
its mediators have been shown to promote ROS 
production60,64 further. Inflammatory mediators or ROS 
generation in mitochondria due to hyperglycemia can 
release cytochrome cinto cytosol which then forms apop
tosome to activate executioner caspase ie, caspase-3.65 The 
activated caspase-3 then cleaves DNA repair enzymes and 
cell stabilizing proteins, leading to apoptotic cell death.65 

Thus, suppressing elevated oxidative stress and inflamma
tion can be ideal for preventing apoptosis in the diabetic 
kidney. In the present study, mRNA expression levels of 
Bcl-2, Bax, Bad, Apaf-1, Caspase-9 and Caspase-3 and 
protein expression levels of Bcl-2, Bax, Caspase-9 and 
Caspase-3 were upregulated in kidneys of diabetes- 
induced rats indicating cellular apoptosis in the kidney. 
These findings are consistent with the earlier findings of 
elevated expression of apoptotic mediators and subsequent 
apoptotic cell death in diabetic kidneys.5,66 Whereas, treat
ment of diabetic rats with either 10 or 20mg/kg maackiain 
significantly reduced the expression of pro-apoptotic fac
tors (Bax and Bad), Apaf-1, initiator caspase (Caspase-9), 
executioner caspase (Caspase-3) and significantly 
improved anti-apoptotic factors (Bcl-2) signifying the anti- 
apoptotic potential of maackiain. The observed attenuation 
after maackiain treatment in renal apoptosis might be due 
to observed suppression in oxidative stress and inflamma
tion. The inhibitory action of maackiain on apoptosis is 
revealed by its anti-apoptotic effect on 6-OHDA-induced 
apoptosis.54 Supporting these observations, Kim etal67 

demonstrated protective effect of S.flavescens against 
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1-methyl-4-phenylpyridinium ion-induced intrinsic apop
tosis by upregulating suppressed Bcl-2 expression and 
downregulating elevated Bax, cytochrome cand caspase-3 
expression. Furthermore, supporting the observations of 
biochemical and molecular findings, histopathological 
findings revealed significant improvement in kidney archi
tecture after treatment of diabetic rats with 10 or 20mg/kg 
maackiain.

Conclusions
In conclusion, HFD/STZ-induced type 2 diabetic rats 
showed substantial changes in metabolic parameters, 
lipid profile, renal functional markers, oxidative stress, 
inflammatory and apoptosis markers. However, treatment 
of HFD/STZ-induced type 2 diabetic rats with 20mg/kg 
body weight of maackiain showed more effect than 10mg/ 
kg body weight of maackiain treatment in the reduction of 
metabolic, lipid profile and fictional kidney alterations, 
oxidative stress, inflammatory and apoptosis markers. 
The current research further showed maackiain nephropro
tective benefits via modulating Nrf2/Keap1/ARE, TLR4/ 
MYD88/NF-κB, and Bcl2/Bax/Caspase-3/Caspase-9 path
ways in HFD/STZ-induced type 2 diabetes. Based on these 
results, maackiain has excellent potential for use as an 
agent rental change in diabetic patients.

Data Sharing Statement
The data used to support the findings of this study are 
available from the corresponding author upon request.
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