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Involvement of Nrf2/HO-1 Pathway
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Abstract

Background: Aristolochic acid is naturally found in plants of the Aristolochiaceae family and possesses antitumor, anti-
infection, and anti-inflammatory properties.

Obijectives: This study investigated the protective effect of apigenin (API) on aristolochic acid | (AAl)-induced renal damage
in mice and its underlying mechanisms.

Materials and Methods: Male C57BL/6] mice were assigned to the control group, model group, and APl low, medium,
and high-dose groups (10, 20, 40 mg/kg). On the 5th day, 2 h after administration, except for the control group, all other
groups were intraperitoneally injected with AAI (10 mg/kg). Following final administration, 24-h urinary protein levels, serum
creatinine (Scr), and blood urea nitrogen (BUN) levels were assessed along with hematoxylin—eosin (HE) staining of kidneys
and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining, as well as analysis of malondialdehyde
(MDA\) levels and superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) activity.

Results: When compared with the model group, mice in APl treatment groups exhibited significantly reduced 24-h urinary
protein levels and serum levels of Scr and BUN (p < 0.05) with an improvement in renal tissue histopathological changes and
cell apoptosis as well as decreased MDA and increased SOD and GSH-Px (p < 0.05). Tumor necrosis factor alpha protein
(TNF-a)/interleukin (IL)- I B/IL-6 levels showed a reduction (p < 0.05). Nuclear factor erythroid 2-related factor 2 (Nrf2) and
heme oxygenase-1 (HO-I) were upregulated, while NF-kB/Cleaved Caspase-3 were downregulated (p < 0.01).
Conclusion: API protects against renal damage induced by AAIl possibly through Nrf2/HO-1 pathway, which in turn inhibits
oxidative stress damage, inflammatory responses, and cell apoptosis.
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Introduction

Aristolochic acid is naturally found in plants of the
Aristolochiaceae family and possesses antitumor, anti-infec-
tion, and anti-inflammatory properties. Traditional Chinese
medicines and pharmaceutical preparations containing aris-
tolochic acid have been widely used in clinical practice (Fan
et al., 2020; Zhang et al., 2019). A study has indicated a sig-
nificant association between exposure to aristolochic acid and
a heightened risk of kidney disease and upper urinary tract
cancer (Pu et al., 2017). Aristolochic acid I (AAI), as one of
the main components of aristolochic acid, also exhibits neph-
rotoxicity and carcinogenic properties (Li et al., 2021).
Previous researchers have found that high doses of aristolo-
chic acid can cause direct damage to renal proximal tubular
epithelial cells within a short period, leading to cell

degeneration, apoptosis, and necrosis (Liu, Wu, et al., 2017;
Zeng et al., 2017). The clinical pathological manifestations
include progressive atrophy of proximal tubules, marked
interstitial fibrosis, and rapid progression to end-stage kidney
disease (Kanaan et al., 2016). Under AAI’s influence, levels
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of tumor necrosis factor alpha protein (TNF-a))/IL-1B/IL-6
increase within the kidneys (Liu et al., 2011; Xie et al., 2017).
This will further result in oxidative stress, alterations in renal
microstructure, and renal function abnormalities within the
kidneys (Honarpisheh et al., 2018). Thus, it is evident that the
nephrotoxicity of AAI is closely associated with the renal
inflammation response caused by this compound. Despite
national restrictions on the use of products containing aris-
tolochic acid, new cases of aristolochic acid nephropathy
continue to emerge. Currently, there is no effective medica-
tion available to reverse the kidney damage caused by AAL
Therefore, investigating the pathogenic mechanisms of AAI-
induced renal damage, identifying specific drug targets, and
developing effective treatment strategies represent the pri-
mary directions for researching AAl-induced kidney injury.

Oxidative stress and inflammation play a crucial role in
kidney diseases. Nuclear factor-erythroid 2 (Nrf2) is known
as the leucine zipper transcription factor activator family and
is a key factor in cellular defense against various stress inju-
ries. Biliverdin can then be converted into bilirubin, and both
substances serve as potent free radical scavengers within the
body. Nrf2/heme oxygenase-1 (HO-1) plays a crucial regula-
tory role in oxidative stress and inflammatory responses.
Studies have shown that oleuropein exhibits inhibitory effects
on inflammation in RAW264.7 cells via Nrf2/HO-1 signaling
(Ryu et al., 2015). Similarly, oleuropein suppresses oxidative
stress-induced cardiomyocyte damage via Nrf2/HO-1 signal-
ing (ALHaithloul et al., 2019). Research by Wang et al.
(2019) found that naringin, by enhancing Nrf2/HO-1 signal-
ing, alleviated renal damage in pregnancy-induced hyperten-
sion in rats. Similarly, Chen et al. (2019) discovered that the
addition of 1% tert-butylhydroquinone (tBHQ) in the diet
could inhibit oxidative stress damage in the kidneys of type 1
diabetic mice through the Nrf2/HO-1 pathway.

Apigenin (API) is a flavonoid compound in plants of
Rutaceae, Scrophulariaceae, and Cupressaceae families. It is
widely distributed in vegetables and fruits in temperate and
tropical regions, with celery having a higher content. API
exhibits notable biological activities such as antioxidation
and anti-inflammation (Zhou et al., 2019) and can also inhibit
cell apoptosis (Lu et al., 2010). Research has shown that API
protects mice with cisplatin-induced renal damage by inhibit-
ing oxidative stress damage, inflammation, and apoptosis.

Materials and Methods

Animals

Fifty male C57BL/6 mice with specific pathogen-free (SPF)
status, weighing between 18 and 22 g, were purchased from
Beijing Huafukang Biotechnology Co., Ltd, with license
number SCXK (Beijing) 2019-0008. They were acclimated
for 1 week under environmental conditions at (25 + 2)°C,
where they had access to food and water.

Pharmaceuticals and Reagents

API (purity: >98%, CAS: 520-36-5) and AAI (purity >95%,
CAS: No. 313-67-7) were purchased from Dosf Biotechnology
Co., Ltd (Nanjing, China). Hematoxylin—eosin (HE) staining
solution (CAS: DO006-1-1), urinary protein measurement
reagent kit (CAS: 20190611), serum creatinine (Scr) measure-
ment reagent kit (CAS: 20190514), blood urea nitrogen (BUN)
measurement reagent kit (CAS: 20181226), TNF-o measure-
ment reagent kit (CAS: 20190115), IL-1p measurement reagent
kit (CAS: 20190321), IL-6 measurement reagent kit (CAS:
20190406), superoxide dismutase (SOD) measurement reagent
kit (CAS: A001-3-2), malondialdehyde (MDA) measurement
reagent kit (CAS: A003-1), and glutathione (GSH) measure-
ment reagent kit (CAS: A005-1-2) were from Nanjing
Jiancheng Bioengineering Institute. Dapi (batch no. G1012),
antifluorescence quenching tablet (batch no. G1401) were pur-
chased from Wuhan Xavier Biotechnology Co., Ltd, and Tunel
Kit (batch no. 11684817910) was purchased from Roche Co.,
Ltd. Rabbit antimouse Nrf2 antibody (CAS: 201903019),
HO-1 antibody (CAS: 201905024), nuclear factor-kB (NF-«xB)
antibody (CAS: 201812005), Cleaved Caspase-3 antibody
(CAS: 201901031), goat antirabbit immunoglobulin G (IgG)
antibody (CAS: A0208).

Animal Treatment

The mice were separated into the control group, model group,
and API-L, API-M, and API-H groups (10, 20, 40 mg/kg) (n =
10/each group). Each treatment group received the respective
drug via oral gavage for 7 consecutive days. On the 5th day, 2
h after the last oral administration, except for the control group,
all other groups received an intraperitoneal injection of AAI
(10 mg/kg) for 3 days to establish an acute kidney injury model.
After final administration, mice fasted for 12 h but had access
to water. The protocols were approved by the Animal
Experiment Committee of Wenzhou Medical University.

Measurement of 24-h Urinary Protein, Scr, and
BUN Levels

After the final administration, 24-h urine samples were col-
lected from each group of mice, and centrifuged to obtain the
supernatant. Following the instructions provided with the
assay kit, the 24-h urinary protein level was determined using
the Coomassie brilliant blue method. Subsequently, the mice
were anesthetized, and blood was drawn from the abdominal
aorta, and centrifuged to obtain serum, which was used to
measure Scr and BUN levels.

Renal Histopathological Examination and
Detection of Cellular Apoptosis

After blood collection, the left kidney was placed in a 4%
paraformaldehyde solution for fixation for 72 h. Following



Ma et al.

601

dehydration and clearing with xylene, the kidney was embed-
ded to obtain sections with 3 um thickness. Pathological
examination: HE staining, xylene clarification, mounting
with neutral resin, and observation of renal tissue pathologi-
cal changes under a microscope. Cell apoptosis detection:
The paraffin sections were dewaxed, dehydrated, rinsed, and
rehydrated with distilled water, mixed with proteinase K and
terminal deoxynucleotidyl transferase dUTP nick-end label-
ing (TUNEL) reaction solution, incubated at 37°C for 2 h,
and the nuclei were counterstained with Dapi, fluorescence
microscope images, and photographs.

Biochemical Parameter Analysis of Renal Tissue

The right kidney was rinsed with precooled physiological
saline at 4°C, minced, and homogenized in nine times the
volume of precooled lysis buffer at 4°C. Tissue homogenates
were centrifuged to collect the supernatant. Following instruc-
tions provided with the assay kit, the MDA content, SOD, and
glutathione peroxidase (GSH-Px) activities were measured.
TNF-o/IL-1B/IL-6 levels were detected using ELISA.

Detection of Protein Expression in Renal Tissue

The homogenate of the right kidney tissue was centrifuged to
extract total protein, which was quantified and separated by
12% SDS-PAGE gel electrophoresis for western blot using

antibodies (Nrf2 at 1:500, HO-1 at 1:1,000, NF-«B at 1:500,
Cleaved Caspase-3 at 1:1,000, B-actin at 1:2,000). The gray-
scale values of each protein band were measured.

Reverse Transcription-Quantitative Polymerase
Chain Reaction (RT-gPCR)

Ribonucleic acid (RNA) was isolated and synthesized into
complementary deoxyribonucleic acid (cDNA), followed by
polymerase chain reaction (PCR) amplification using prim-
ers, as shown in Table 1.

Statistical Method

SPSS software analyzed data presented as mean + standard
deviation (SD) and assessed by Shapiro—Wilk test or analysis
of variance (ANOVA). p < 0.05 refers to a difference.

Results

The 24-h Urinary Protein Levels and Scr and BUN
Levels

A schematic diagram of the research route is shown in
Figure 1. Model mice exhibited increased 24-h urinary

Table I. Designed Primer Sets for Quantitative Reverse Transcription Polymerase Chain Reaction (qQRT-PCR).

Gene Primer 5'-3’

Nrf2 SenseAntisense GGTATTTGACTTCAGTCAAGGCTGAGACTAGTACAGTT

HO-I SenseAntisense CGTAAATGACTTCAGTCAACGCAGAGACTAGTACAGTT

Keapl SenseAntisense GGTACCTGACTCCAGTCAGTGTTGAGACTAGTACAGTT

B-actin SenseAntisense CGTGGGCCGCCCTAGGCACCATTGGCCTTAGGGTTCAGGGGG

Note: HO-I, heme oxygenase- |; Nrf2, nuclear factor erythroid 2-related factor 2.

Renal Damage

- Scr and BUN

anb-mﬁammahon
Inﬁnmmotory cytokines
waﬁn stry

(TNF-c IL-1B, IL-6)

an’o—ﬁbrosrs

attenuate renal injury of DN

SOD and GSH-Px

Figure I. Schematic Diagram of Research Route.
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Table 2. Comparison of 24-h Urinary Protein Levels and Serum Scr and BUN Levels in Each Group of Mice (n = 10).

Scr/(umol L") BUN/(mmol L")

Groups Urinary Protein/mg
Control group 5.81 £0.32
Model group 18.83 £2.71™
API-L group 14.73 £ 3.19
API-M group 9.46 + 1.8944
API-H group 6.02 £+ 1.6824

66.55 + 5.76 877 £2.14
148.22 + 15.35™ 14.13 £2.16™
136.44 +21.89 13.64 = 1.21
119.03 + 21.58* 10.99 £ 1.25%4
100.79 + 16.6822 9.19 £ 0.5622

Notes: Compared to the control group, “p < 0.01; compared to the model group, 2p < 0.05, 2p < 0.01. API, apigenin; BUN, blood urea nitrogen; Scr,

serum creatinine.

Figure 2. The Renal Histopathological Examination Results of Mice in Each Group [Hematoxylin—Eosin (HE), X200] (Scale Bar = 200
pm). (A) Control Group, (B) Model Group, (C) API-L Group, (D) API-M Group, and (E) API-H Group.

Note: API, Apigenin.

protein levels and serum Scr and BUN levels (p < 0.01),
which were decreased in API-M and API-H groups (p < 0.05)
(Table 2).

Renal Histopathological Examination

In the control group of mice, the renal glomeruli and tubular
structures were clear, and the cellular matrix was evenly dis-
tributed. No abnormal findings were observed. The renal
glomeruli showed swelling and a blurred capsule structure in
the model group. Mouse protein casts were visible in the
renal tubules, and there was inflammatory cell infiltration in
the renal interstitium. Cell membrane rupture, nuclear con-
densation, and disappearance of cells were also observed. In
the API-treated groups, the pathological changes in the kid-
neys of mice induced by AAI were improved. In the API-H
group, there were no significant pathological changes such as

glomerular swelling, protein casts, or inflammatory cell infil-
tration (Figure 2).

Apoptosis Status of Renal Cells

As shown in Figure 3, nuclei after Dapi counterstaining were
blue upon UV excitation, and positive apoptotic nuclei were
green. Compared with the control group, the number of apop-
totic tubular epithelial cells in the model group was increased
and decreased in Jingfang granule groups.

MDA/SOD/GSH-Px in the Renal Tissues

MDA content in renal tissues of the model group significantly
increased, while SOD and GSH-Px activities decreased
(p <0.01), with opposite changes in API-M and API-H groups
(p <0.05) (Table 3).
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Figure 3. Effect of APl on Cell Apoptosis in Kidney Tissues of AAl Mice (%200). Compared with the Control Group, *p < 0.05;
Compared with the Model Group, #p < 0.05.

Note: AAI, Aristolochic acid I; API, Apigenin.
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Table 3. The MDA Content and Activities of SOD and GSH-Px in Renal Tissues were Compared among the Different Groups of Mice
(n=10).

Groups MDA/(nmol mg™) SOD/(U mg™) GSH-Px/(U mg™)
Control group 4.60 £ 0.56 257.76 + 36.69 299.37 + 65.22
Model group 6.92 + 0.87" 124.27 + 18.61™ 21341 +50.27"
API-L group 6.37 +0.94 144.98 + 29.15 246.50 + 26.47
API-M group 5.37 £ 0.59% 182.79 + 51.40%2 258.79 + 54.06%
API-H group 422 £ 0.53% 234.61 * 33.06% 270.76 + 35.0244

Notes: Compared to the control group, “p < 0.01; compared to the model group, 2p < 0.05, 22p < 0.01. API, apigenin; GSH-Px, glutathione peroxidase;
MDA, malondialdehyde; SOD, superoxide dismutase.

Table 4. The Levels of TNF-a, IL-1B, and IL-6 in Renal Tissues were Compared among the Different Groups of Mice (n = 10).

Groups TNF-0/(ng L") IL-1p/(ng L") IL-6/(ng L")
Control group 328.86 + 8.47 171.40 £ 19.10 72.49 + 10.95
Model group 482.19 + 23.59™ 258.93 + 31.90™ 140.69 + 10.92
API-L group 456.87 + 39.10 234.46 + 28.76 132.97 + 14.04
API-M group 412.37 £ 22.0322 212.14 £ 43.68% 116.45 + 18.712
API-H group 35220 £ 7.1344 181.50 + 51.2444 110.83 + 17.3344

Notes: Compared to the control group, “p < 0.01; compared to the model group, 2p < 0.05, 2p < 0.01. API, apigenin; TNF-alpha, tumor necrosis factor
alpha; IL, interleukin.

TNF-o/IL-1B/IL-6 Levels upregulated (p < 0.05), with opposite changes in API-M and
) L ) API-H groups (p <0.05) (p < 0.05) (Figure 4).
Model mice exhibited upregulated TNF-o/IL-1B/IL-6 in renal

tissues (p < 0.01), which were downregulated in API-M and

API-H groups (p < 0.05) (Table 4). Nrf2/HO- | INF-xB/Cleaved Caspase-3 Gene
Expression

The Protein Expression of Nrf2/[HO-1/NF-xB/ ,

Cleaved Caspase-3 Nrf2 and HOi 1 gene levels in the model group were down-
regulated, while NF-kB/Cleaved Caspase-3 was downregu-

Nrf2 and HO-1 in renal tissues of the model group were lated (p < 0.01), with opposite changes in API-M and API-H
downregulated, while NF-kB/Cleaved Caspase-3 was groups (p <0.01) (Figure 5).
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Figure 4. The Effects of APl on the Protein Expression of Nrf2, HO-I, NF-«xB, and Cleaved Caspase-3 in Renal Tissues. Compared with
the Control Group, *p < 0.05; Compared with the Model Group, #p < 0.05.

Note: AP, apigenin; HO-1, heme oxygenase-|; NF-kB, nuclear factor kappa B; Nrf2, nuclear factor erythroid 2-related factor 2.
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Figure 5. The Effects of APl on the Expression of Nrf2, HO-1, NF-kB, and Cleaved Caspase-3 in Renal Tissues. Compared with the
Control Group, *p < 0.01; Compared with the Model Group, ##p < 0.01.

Note: API, apigenin; HO-1, heme oxygenase-|; NF-kB, nuclear factor kappa B; Nrf2, nuclear factor erythroid 2-related factor 2.



Ma et al.

605

Discussion

Chinese herbal medicines and patent medicines containing
aristolochic acid are widely used in clinical practice and pos-
sess significant pharmacological activities (Cai et al., 2019;
Mashour et al., 1998; Shaw, 2010). As one of the primary
components of aristolochic acid, the nephrotoxicity of AAI
has been widely recognized, posing a significant obstacle to
the safe use of Traditional Chinese Medicine (Debelle et al.,
2008). Currently, there is no established long-term, stable,
and effective treatment regimen for AAl-induced kidney
damage in clinical practice. We established a mouse model of
kidney injury by intraperitoneal injection of AAI to prelimi-
narily investigate the mechanisms by which API alleviates
AAl-induced kidney injury.

API is a natural flavonoid compound, named for its high-
est concentration in celery. In this study, the treatment with
API significantly reduced 24-h urine protein excretion, as
well as the serum levels of Scr and BUN in mice with acute
kidney injury are induced by AAI. Furthermore, it notably
ameliorated the pathological structural changes in renal
glomeruli and tubules and inhibited renal cell apoptosis.
These indicate that API has a protective effect against AAI-
induced kidney injury.

Researchers have demonstrated that oxidative stress is a key
mechanism through which AAI exerts its cytotoxicity (Liu et
al., 2009; Wu et al., 2015). AAI can induce reactive oxygen
species (ROS) generation in renal tissues, disrupting the
dynamic balance and leading to oxidative stress damage (Wu et
al., 2015). Excessive production of ROS leads to the overcon-
sumption of antioxidant enzymes (SOD, GSH-Px) that use
ROS as substrates, resulting in ROS surplus (Bhattacharyya et
al., 2014; Lubrano & Balzan, 2015). This attacks nucleic acids,
proteins, and cell membranes and leads to lipid peroxidation
damage, generating biotoxic MDA (Habashy et al., 2019). In a
randomized experiment, when subjects were supplemented
with celery containing 3.73—4.49 mg of API in their diet, SOD
and GSH-Px activity in their red blood cells increased. This
indicates that API can effectively enhance the body’s antioxi-
dant capacity (Nielsen et al., 1999). TNF-o/IL-1B/IL-6 are
inflammatory chemokines that not only trigger inflammatory
responses and damage renal tissues but also induce the synthe-
sis and release of inflammatory cytokines, thereby initiating a
cascade of inflammatory reactions. IL-6 can directly activate
inflammatory cells, amplifying the cascade of inflammation
and exacerbating renal tissue damage (Kim et al., 2015).
Previous studies have found that API partially inhibits the pro-
duction of IL-1B/IL-6/TNF-a in splenic dendritic cells after
lipopolysaccharide (LPS) stimulation, thereby improving cel-
lular inflammation (Liu, Xue, et al., 2017). This study found
that API significantly downregulated MDA, TNF-o/IL-1B/IL-6
in renal tissues of mice with aristolochic acid-induced kidney

injury. It also enhanced SOD and GSH-Px activities, indicating
that API has an inhibitory effect on oxidative stress and inflam-
matory response in renal tissues caused by aristolochic acid.

Apoptosis is a genetically regulated, programmed, and
autonomous cell death process. In this process, Caspase-3,
when activated by pathological stimuli such as cytochrome C
release and calcium overload, produces Cleaved Caspase-3,
making it the most crucial regulatory protein in the process of
apoptosis (Glushakova et al., 2018). Existing research has
indicated that API can modulate the intrinsic apoptotic path-
way within cells (Seo et al., 2014). Under normal conditions,
Nrf2 binds to inhibitor Keap1, rendering it inactive. However,
factors like ROS can induce Nrf2 dissociation from Keapl,
resulting in Nrf2 activation and translocation into the cell
nucleus, where it participates in regulating the transcription
and expression of antioxidant enzymes. HO-1, as a down-
stream gene of Nrf2, helps to inhibit oxidative stress (Turpaev,
2013). The antioxidant effect of API is mediated through
Nrf-2 antioxidant signaling (Kooti & Daraei, 2017). NF-xB is
inactive under physiological conditions but can be activated
by ROS, leading to the induction and activation of Caspase-3,
TNF-0, and IL-1p expression (Cai et al., 2018). In this study,
API significantly upregulated Nrf2 and HO-1 proteins in
renal tissue of mice with AAl-induced kidney injury, while
downregulating NF-kB/Cleaved Caspase-3. These results
suggest that API has an inhibitory effect on oxidative stress,
inflammatory response, and cell apoptosis in mice with AAI-
induced kidney injury via the Nrf2/HO-1 pathway.

Conclusion

API protects AAl-induced kidney injury in mice. Its mecha-
nism of action may be associated with the activation of the
Nrf2/HO-1 pathway, leading to inhibition of oxidative dam-
age, inflammatory response, and cell apoptosis.
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BUN: Blood urea nitrogen; GSH-Px: Glutathione peroxidase; HO-1:
Heme oxygenase-1; MDA: Malondialdehyde; NF-kB: Nuclear fac-
tor kappa B; Nrf2: Nuclear factor erythroid 2-related factor 2; Scr:
Serum creatinine; SOD: Superoxide dismutase; TNF-alpha: Tumor
necrosis factor alpha protein; TUNEL: Terminal deoxynucleotidyl
transferase dUTP nick-end labeling.
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