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Lycopene (LYC) is a carotenoid, has antioxidant properties. This study investigated whether lycopene attenuates
aristolochic acids (AAs) -induced chronic kidney disease. In this experiment, lycopene was used to intervene
C57BL/6 mice with renal injury induced by aristolochic acid exposure. The histomorphological changes and
serological parameters of the kidney were measured in order to assess the alleviating effect of lycopene on renal
injury in aristolochic acid nephropathy. In vitro and in vivo experiments were carried out to verify the main
mechanism of action and drug targets of lycopene in improving aristolochic acid nephropathy (AAN) and by
various experimental methods such as ELISA, immunohistochemistry, immunofluorescence, Western-blot and
qRT-PCR. The results showed that oxidative stress injury was induced in the kidney of mice after AAI exposure,
resulting in inflammatory response and tubular epithelial cell apoptosis. The results showed that the Nrf2/HO-1
antioxidant signaling pathway was inhibited after AAI exposure. AAI induces oxidative stress injury in the
kidney, which ultimately leads to inflammation and tubular epithelial cell apoptosis. After LYC intervened in the
body, it activated Nrf2 nuclear translocation and its downstream HO-1 and NQO1 antioxidant signaling path-
ways. LYC inhibited ROS production by renal tubular epithelial cells, and alleviated mitochondrial damage. LYC
further modulated the TNF-a/NF-kB signaling cascade, thereby reduced the accumulation of inflammatory
factors in the renal interstitium. Moreover, LYC was able to up-regulate the expression of Bcl-2, down-regulate
Bax expression and inhibit the activation of cleaved forms of Caspase-9 and Caspase-3, which finally attenuated
the apoptosis of the mitochondrial pathway induced by AAI exposure. It was concluded that lycopene was able to
activate the Nrf2 antioxidant signaling pathway to maintain the homeostasis of renal oxidative stress and ulti-
mately attenuated renal inflammatory response and apoptosis. These results suggested that lycopene can be used
as a drug to relieve AAN.

1. Introduction

Aristolochic acids (AAs) are a general term for a class of nitrobenzoic
acid compounds, which are widespread in Aristolochic and Asarum
plants in a variety of structural forms. Since the 1990s, an unusual renal
disease composed of progressive tubulointerstitial nephritis has been
first identified in young Belgian female patients after taking aristolochic

acid [1]. AAN has attracted much attention from the international
medical community. Aristolochic acid nephropathy is a chronic kidney
disease (CKD) that is transformed from acute kidney injury (AKI) and is
mainly pathologically characterized by extensive tubulointerstitial
fibrosis with tubular atrophy and loss. The decline in glomerular
filtration rate and retention of uremic solutes are the main reasons why
CKD is difficult to treat [2]. At present, CKD has become an important
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health problem of common concern all over the world. The prevalence of
CKD is expected to increase as new reliable therapies have not been
identified. Therefore, the first step is to treat this chronic kidney disease
by controlling acute kidney injury (AKI). The main manifestation of AKI
is a sharp decline in renal function. Current studies have shown that the
pathogenesis of AKI includes renal vein congestion, inflammatory
response [3,4], oxidative stress, activation of coagulation cascade, renal
hypoperfusion and microcirculatory disturbance [5]. It has been shown
that AAI acts on the body’s antioxidant enzyme system to make anti-
oxidant dysfunction abnormal, ultimately leading to mitochondrial
damage [6]. In addition, studies have demonstrated that AAI can pro-
mote the activation of P53 and Caspase-3 to cause apoptosis, which in
turn induces progressive tubular atrophy with tubular epithelial cell
regeneration defects [7]. Jiafa Ren et al. showed in their study that
deletion of Twistl in the distal nephron was able to attenuate renal
damage, interstitial fibrosis, renal inflammation and susceptibility to
apoptosis after aristolochic acid exposure [8].

Oxidative stress damage is caused when the production of oxidative
metabolites in the body increases or the protective mechanisms of the
intracellular antioxidant system change [9]. ROS are mediators of
intracellular signaling cascades [10], and release of large amounts of
free radicals when they are relatively excessive exerts toxic effects.
Accumulation of ROS is able to trigger various diseases such as in-
flammatory response, growth arrest and cell death [11-13]. Nuclear
factor (erythroid-derived 2) -like 2 (NFE2L2, also known as Nrf2) is an
important regulator in the antioxidant system and is involved in regu-
lating intracellular redox homeostasis, heavy metal disconnection, in-
flammatory responses, and the metabolism of a variety of electrophilic
substances [14]. It has been shown that the Nrf2/heme oxygenase-1
(HO-1) signaling pathway is one of the most important antioxidant de-
fense mechanisms in the body [15]. Nrf2 has attracted great interest as a
therapeutic target for renal fibrosis and chronic kidney disease. It has
been shown that the Nrf2-HO-1 antioxidant system is able to resist
cyclosporine-induced renal fibrosis in mice [16]. When ROS are over-
produced and overaccumulated, they are able to activate nuclear factor
kB (NF-kB) and its nuclear receptors. NF-kB is a transcription factor
whose complex includes five members: RelA (p65), RelB, c-Rel, NF-xB1
(p50), and NF-kB2 (p52). NF-kB plays an important function in immune
response and cell survival by targeting proinflammatory genes [17].
Previous studies have demonstrated that NF-kB is able to regulate the
transcription of apoptosis-related genes (Bax and Bcl-2) and cell prolif-
eration regulators [cyclooxygenase-2 (COX-2)] during tumorigenesis
[18]. And it can activate the expression of NF-xB/NLRP3/IL-1§
inflammation-related pathways when the body develops an inflamma-
tory response. This in turn induces the production and accumulation of
ROS ultimately leading to abnormal antioxidant function in the body
[81].

Lycopene (LYCQ) is a carotenoid compound found in red fruits and
vegetables such as tomatoes, papaya, pink grapefruit, and watermelon
[19]. LYC can scavenge excess monooxygen and free radicals in the
body, which is a highly effective antioxidant [20]. For a long time, the
pharmacological action and clinical development of lycopene have been
the research hotspots in the field of pharmacy at home and abroad. It has
been confirmed that lycopene has antioxidant [21], anti-inflammatory
[22,23], anti-apoptotic and anti-cancer [24] effects and can correct
metabolic syndrome and liver injury in diet-induced obese rats through
anti-fibrotic pathways [25]. In previous studies, it was demonstrated
that lycopene is able to activate the nuclear translocation of Nrf2 and
antioxidant system which in turn inhibits oxidative stress to prevent
liver injury induced by plasticizer (DEHP) in mice [26]. Lycopene
decreased NF-xB and Cox-2 protein expression and inhibited inflam-
matory factor expression in the esophageal tissue of F344 esophageal
cancer rats [27]. Although many functions of lycopene have been
demonstrated, whether lycopene can ameliorate nephrotoxicity induced
by AAI and its specific protective mechanism has not been reported.
Therefore, the aim of this study was to explore whether lycopene
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intervention was able to attenuate AAI exposure-induced nephrotoxi-
city. Whether its mechanism of action is related to inhibition of oxida-
tive stress injury, inflammatory response, and apoptosis, as well as
verification of the relationship between the Nrf2 antioxidant system and
TNF-a/NF-kB inflammatory signaling pathway, apoptosis of the mito-
chondrial pathway.

2. Materials and methods
2.1. Determination of AA-I and lycopene in rat kidney by HPLC

Thirty-three 8-week-old healthy adult male SD rats (200 g + 20 g)
were purchased from Liaoning Changsheng Biotechnology Co., Ltd.
Adaptive housing for one week prior to the formal start of the experi-
ment. The housing conditions for the mice were set at a temperature of
21-23 °C, a relative humidity of 35%-65%, and a 12-h light/dark cycle.

33 healthy male SD rats were divided into 3 groups : control group
(Con), AAI group, AAI + LYC group. Blank group consisted of 6 rats.
Twenty-seven rats in the AAI group were intragastrically administered
with AAIL Twenty-seven rats in the AAI + LYC group were intragastri-
cally administered with AAI and LYC. Each mouse was dosed once.
Three rats were randomly dissected at each time point of 0.25 h/0.5h/1
h/2h/4 h/8 h/12 h/24 h/48 h after administration. Subsequently, the
kidneys were pretreated and the concentration of AAI and lycopene in
renal tissue was measured by HPLC.

Detection of AAI content in kidney: 0.3 ~ 1g kidney tissues were
taken, added with normal saline at 1:3 (W: V) for grinding to prepare
tissue homogenate. 100 pL of tissue homogenate was acidified with 100
pL of 2 mol/L HCL. Vortex mix for 10s and then add 50 times 95%
ethanol and vortex mix for 3 min. The resulting liquid was centrifuged at
8000 r/min for 15 min and the supernatant recovered. The supernatant
was dried in a vacuum oven at 45 °C. The resulting residue was soni-
cated with 2 mL of methanol and passed through a 0.22 pm membrane.
Finally, 20 puL was taken for HPLC analysis. Chromatographic condi-
tions: The chromatographic column was DiIKMAC18 (2.1 mm x 50 mm,
5 pm, Dima Technology Co., Ltd.); Mobile phase: methanol : water :
glacial acetic acid (70:29.5:0.5, V/V/V); Detection wavelength: 390 nm;
Column temperature: 25 °C; Injection volume: 20 pL.

Detection of lycopene content in kidney: Weighed 0.5 g kidney tissue
was ground into tissue homogenate after adding 1 ml normal saline.
Protein was subsequently precipitated by adding 100 pL of absolute
ethanol to 100 pL of tissue homogenate. Then 200 pL of n-hexane
(containing 0.01% BHT) was added. The mixture was vortexed for 1 min
and centrifuged at 4000 rpm for 6 min to collect the supernatant. All
supernatants were combined after repeated extraction of the pellet.
Evaporate the supernatant to dryness under nitrogen using a nitrogen
blow apparatus. The residue was then reconstituted in 100 pL
dichloromethane. Samples were then filtered with a 0.22 pm membrane
for HPLC analysis [80,82]. Chromatographic conditions: HPLC was used
to determine the quantification of the isolated DHS. A Shimadzu HPLC
system equipped with an LC-10ATVP binary pump, SPD-10AVP detec-
tor, CTO-10ASVP columnoven,and N300 workstation was employed for
analysis. A C18 column-(150 mm x 4.6 mm , 5 pm Diamonsil, Dikma
Technologies, China) was used for the separation of the compounds.
Mobile phase ratio (Methanol: Acetonitrile: Dichloromethane =
50:33:17, V/V/V); Detection wavelength: 472 nm; Column temperature:
25 °C; Injection volume: 10 pL.

2.1.1. Animal experiment and group administration

All animal experiments were approved by the Animal Ethics Com-
mittee of Northeast Agricultural University. SPF grade C57BL/6 male
mice aged 6 weeks and weighing (18 g-20 g). Standard diet for SPF
grade mouse growth and breed were purchased from Liaoning Chang-
sheng Biotechnology Co., Ltd. (Benxi, Liaoning, China). Adaptive
housing for one week prior to the formal start of the experiment. The
housing conditions for the mice were set at a temperature of 21-23 °C, a
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Table 1
Animal groups.

Groups Treatment ( 8:00am ) Treatment ( 13:00pm )
Group 1 (Con) 0.5%CMC 0.5%CMC

Group 2 (AAN) 0.5%CMC AAI (10 mg/kg BW1/day)
Group 3(LYC) LYC (20 mg/kg BW1/day) 0.5%CMC

Group 4(AL5)
Group 5 (AL20)

LYC (5 mg/kg BW1/day)
LYC (20 mg/kg BW1/day)

AAI (10 mg/kg BW1/day)
AAI (10 mg/kg BW1/day)

relative humidity of 35%-65%, and a 12-h light/dark cycle.

The experimental mice were randomly divided into the following
five groups (6 mice/group): control group (Con), model group (AAN),
LYC control group (20 mg/kg/d) (LYC), low dose LYC treatment group
(5 mg/kg/d) (AL5), and high dose LYC treatment group (20 mg/kg/d)
(AL20). Intragastric administration for 28 days. The administration dose
of aristolochic acid was based on the results of preliminary experiment
in this experiment. Compared with the normal control group, when the
administration concentration of AAI reached 10 mg/kg/day, the results
of HE staining and Masson staining showed severe tubular injury, sig-
nificant fibrosis in the kidney, and significantly increased the contents of
CR and BUN in the serum (Supplementary Fig. 1). The administration
dose of LYC was based on the previous study and report [28]. The
administration dose is shown in Table 1. Animal experimental procedure
is shown in Fig. 3-A.

2.2. Determination of renal coefficient and histopathological observation

Twenty-four hours after the last administration, the mice were
sacrificed and serum and organs were collected. The kidneys were
photographed and weighed, and the kidney coefficient (ratio between
kidney and mouse body weight) was calculated. Renal tissues were
made into pathological sections and stained with HE (hematoxylin and
eosin), periodic acid-Schiff staining (PAS) and Masson staining [29].

Renal histopathology was scored as follows: (a) presence of crescents
or fibrosis in glomeruli (1%-10%, grade 1; 10%-25%, grade 2; 25%—
50%, grade 3; >50%, grade 4); (b) tubular cell changes (1%-10%, grade
1; 10%-25%, grade 2; 25%-50%, grade 3; >50%, grade 4); (c) lym-
phocytic infiltrates (1%-10%, grade 1; 10%-25%, grade 2; 25%-50%,
grade 3; >50%, grade 4); (d) vasculitis (grade 1, small but well-defined
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perivascular infiltrates; grade 2, 1-3 perivascular infiltrates, no necrosis;
grade 3, 3-5 perivascular infiltrates, more extensive; grade 4, more than
5 perivascular infiltrates) based on the results of HE staining. The sum of
the four histopathological scores was calculated [30].

Renal injury was scored based on the results of PAS staining. Scoring
was based on tubular dilatation, cast formation, tubular atrophy,
absence of brush border. The grade of renal injury was based on a semi-
quantitative score to grade the degree of tubular injury [31]. Tissue
damage was examined in a blinded fashion and scored according to the
percentage of injured tubules: 0: no injury; 1: <25%; 2: 25%-50%; 3:
50%-75%; 4: >75% [32].

2.3. Determination of renal function and oxidative stress markers

Blood samples were centrifuged at room temperature to collect
serum. The contents of creatinine (Cr) (C011-2-1) and blood urea ni-
trogen (BUN) (C013-2-1) in serum were measured using a commercial
kit from Nanjing Jiancheng Bioengineering (Nanjing, China) to indicate
renal function [33]; the contents of malondialdehyde (MDA) (A003-1-2)
and peroxidase (SOD) (A001-3-2) in mouse renal tissue and the activities
of total antioxidant capacity (T-AOC) (A015-2-1) and glutathione
peroxidase (GSH-PX) (A005-1-2) were measured to indicate oxidative
stress levels [34].

2.4. Immunohistochemical detection of Nrf2/NF-kB

Sections of 5 pm thick kidney tissue were deparaffinized using xylene
and rehydrated in graded alcohols. Non-specific epitopes were blocked
with rabbit serum over 30 min and subsequently incubated with primary
antibodies against Nrf2 (1:200) and NF-kB (1:400) in a humidified
chamber overnight at 4 °C. Sections were incubated with secondary
antibodies of the same species labeled with HRP primary antibodies for
50 min, and washed with PBS and dropped with freshly prepared DAB
chromogenic solution, and the color development time was controlled
under a microscope. The positive was brownish-yellow, and the sections
were washed with tap water to terminate the color development, and the
nuclei were counterstained with hematoxylin for 3 min and dehydrated
and mounted. Pictures were collected for quantitative analysis of posi-
tive staining. Details of antibodies are provided in Supplementary

Table 2
Sequences of oligonucleotide primers for QRT-PCR.

Gene Accession numbers Primer (5'-3") Amplicon sizes

p-actin NM_007393.5 CTACCTCATGAAGATCCTGACC 920
CACAGCTTCTCTTTGATGTCAC

Nrf2 NM_010902.4 CAGCCATGACTGATTTAAGCAG 107
CAGCTGCTTGTTTTCGGTATTA

Keap-1 NM_001110306.1 GACTGGGTCAAATACGACTGC 165
GAATATCTGCACCAGGTAGTCC

HO-1 NM_010442.2 TCCTTGTACCATATCTACACGG 198
GAGACGCTTTACATAGTGCTGT

NQO1 NM_008706.5 GAAGACATCATTCAACTACGCC 179
GAGATGACTCGGAAGGATACTG

Caspase-3 NM_001284409.1 GAAACTCTTCATCATTCAGGCC 250
GCGAGTGAGAATGTGCATAAAT

Caspase-9 NM_001277932.1 TGTGAATATCTTCAACGGGAGC 249
GAGTAGGACACAAGGATGTCAC

BAX NM_007527.3 TTGCCCTCTTCTACTTTGCTAG 81
CCATGATGGTTCTGATCAGCTC

Bcl-2 NM_009741.5 GATGACTTCTCTCGTCGCTAC 156
GAACTCAAAGAAGGCCACAATC

TNF-a NM_001278601.1 ATGTCTCAGCCTCTTCTCATTC 179
GCTTGTCACTCGAATTTTGAGA

IL-1p NM_008361.4 CACTACAGGCTCCGAGATGAACAAC 145
TGTCGTTGCTTGGTTCTCCTTGTAC

IL-6 NM_001314054.1 CTCCCAACAGACCTGTCTATAC 97
CCATTGCACAACTCTTTTCTCA

NF-xB NM_008689.2 CAAAGACAAAGAGGAAGTGCAA 203

GATGGAATGTAATCCCACCGTA
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Table 1. The detailed methods were referred to the Supplementary 1.4.

2.5. Detection of inflammatory factors and markers of kidney injury by
ELISA

The levels of murine IL-12, IL-6, and IL-10 in mouse serum and
cytokine levels of neutrophil gelatinase-associated lipocalin (NGAL) and
Kidney Injury Molecule 1 (KIM-1) in mouse serum were determined by
ELISA kits (Chenglin Biological, Beijing, China), according to the man-
ufacturer’s instructions.

2.6. Western-blot analysis

Renal tissue total protein and cellular total protein were extracted
according to the previous method [35]. Nuclear proteins were extracted
with a nuclear protein extraction kit. Inmunoblotting was performed
using antibodies from different companies: Nrf2 (1:1000), Keap-1
(1:1000), HO-1 (1:1000), and NQO1 (1:1000) (Beijing Biosynthesis
Biotechnology Technology, Beijing, China); BAX (1:1000), Bcl-2
(1:1000), Caspase-3 (1:1000), Caspase-9 (1:1000) (ABclonal Co, Ltd.,
Wuhan, China); NF-kB (1:1000), TNF-a (1:1000) (Wanleibio, Harbin,
China), and visualized using chemiluminescence agent ECL [36]. Image
acquisition was performed using a celestial gel imaging system. Image
analysis was performed using ImageJ software for densitometric anal-
ysis, and relative protein expression = target protein gray value/p-actin
gray value. Details of antibodies are provided in Supplementary Table 1.
The detailed methods were referred to the Supplementary 1.2.

2.7. Real-time PCR analysis

Fifty mg of kidney tissue was weighed and ground in a homogenizer
containing 1 mL Trizol. Total RNA was extracted and cDNA was syn-
thesized by reverse transcription using HiScript II Reverse Transcriptase
(Glycerol-free) kit ( Vazyme, Nanjing, China). RT-PCR primers were
designed according to the NCBI rat mRNA sequence database (Table 2).
After primer synthesis (Shanghai Sangon Biological Co., Ltd, Shanghali,
China), the RT-PCR reaction system was prepared according to the re-
quirements of 2 x SYBR Green qPCR Master Mix kit. The relative levels
of mRNA were calculated according to the 2A ACt method, and p-actin
could be used as an endogenous control for normalization. The detailed
methods were referred to the Supplementary 1.1.

2.8. NRK5Z2E cytotoxicity assay and In vitro intervention assay

Logarithmic renal tubular epithelial cells (NRK52E cell line was
derived from Shanghai Cell Bank, Chinese Academy of Sciences) were
cultured as described previously [37]. Cytotoxicity was detected using a
CCK-8 assay kit (BS350B, Biosharp, Hefei, China). Cells were plated in
96-well plates at a density of 8000 cells/well. After incubation with AAI
(0, 5, 10, 20, 30, 35, 40, 80 pM) and LYC (0, 2.5, 5, 10, 20, 40 pM) for 24
h, 10% CCK-8 solution diluted in serum-free DMEM was added to each
well and incubated at 37 °C for 2 h. The absorbance at 450 nm was
measured by a microplate reader (Biotek, MQX200, Winooski, VT, USA)
[38]. The optimal dosing concentrations of AAI and LYC were selected
for subsequent experiments. The experiment was divided into five
groups: control group(Con), model group (AAI 40 uM)(AAI), LYC con-
trol group (LYC 10 pM)(LYC), LYC high and low dose treatment groups
(LYC 5 pM and 10 pM)(AL5 AL10), cells were treated with AAI (40 pM)
and pretreated with Nrf2 inhibitor ML385 (5 pM) and Nrf2 activator
AKBA (40 pM) [39,40], respectively, and the relevant parameters were
measured after 24 h.

Cell viability (%) = ODsample — ODblank/ ODcontrol - ODblank x 100%
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2.9. Immunofluorescence detection of Nrf2/NF-Kb/IL-1§

NRK52E cells were plated in 24-well plates and treated with AAI (40
pM) and LYC (10 pM) for 24 h when the density reached 60%-70%. The
cells were fixed with 4% paraformaldehyde, washed, permeabilized, and
blocked. Cells were incubated with primary antibodies: Nrf2 (1:200),
NF-kB (1:200), IL-1p (1:200) overnight at 4 °C in a refrigerator. Sec-
ondary antibody Goat Anti-Rabbit IgG HampL/HRP (1:200) was added
to the cells for 1.5 h followed by DAPI staining of the nucleus for 2 min.
After mounting with PBS, cell plates were placed on an inverted fluo-
rescence microscope, and fluorescence signals were acquired and
quantified using Image-Pro Plus software (version 3.0, Media Cyber-
netics, Bethesda, MD, USA) by using the same parameters [41]. Details
of antibodies are provided in Supplementary Table 1. The detailed
methods were referred to the Supplementary 1.3.

2.10. Detection of cell morphological structure

NRK52E cells were plated in 24-well plates (1 x 10° cells/well) and
treated with AAI (40 pM) and LYC (10 pM) for 24 h when the density
reached 60%-70%. Cell plates were photographed under a light electron
microscope to evaluate changes in cell morphology. The digested cells
were centrifuged at low speed and fixed with 2.5% glutaraldehyde
buffered fixative and 1% osmic acid fixative, respectively, and the
ethanol in the sample was replaced with acetone after gradient dehy-
dration of the sample with graded ethanol. The cells were then infil-
trated into the epoxy resin and embedded. Ultrathin sections of 50
nm-60 nm were prepared. The organelles were observed under a
transmission electron microscope.

2.11. Determination of ROS content in cells

NRK52E intracellular ROS was measured with a DCFH-DA fluores-
cent probe (Nanjing jiancheng Bioengineering Institude, Nanjing,
China). The drug-incubated cells were incubated with DCFH-DA (10 pM)
for 30 min in a humidified chamber in the dark. Fluorescence signals
were acquired and quantified using Image-Pro Plus software (version
3.0, Media Cybernetics, Bethesda, MD, USA) by using the same
parameters.

2.12. Detection of apoptosis

After the cell density reached 60%-70%, the cells were treated with
AAI (40 pM) and LYC (10 pM) for 24 h. After 24 h, (1 x 10°- 5 x 10°)
cells were collected and treated according to the requirements of
Annexin V-FITC/PI Apoptosis Detection Kit (A005-1-3, Bioss, Beijing,
China), and then analyzed using flow cytometry. Annexin +/PI — cells
were identified as early apoptotic cells, and Annexin +/PI + cells were
identified as late apoptotic cells [8].

2.13. Morphology of nuclei detected by DAPI staining

Cells (2 x 10° cells/well) were seeded into 24-well plates. After
treatment with AAI concentrations (10, 20, and 40 pM) and LYC (5 and
10 uM) for 24 h. After washing the cells with cold PBS, the cells were
fixed in 4% paraformaldehyde for 10 min at room temperature. DAPI
staining solution (10 pg/mL, 200 pL/well) (Biosharp, Hefei, China) was
added for 10 min in the dark. The cell plate was placed on an inverted
fluorescence microscope to observe the morphological changes of the
nucleus (excitation wavelength of 352 nm) [39].

2.14. Statistical analysis
All experimental data were analyzed using ImageJ, Graph-Pad Prism

8.0.2 and SPSS 22.0. Repeated independent tests were taken. Data are
presented as mean + SEM. Data were analyzed using the one-way
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Fig. 1. Lycopene content in kidney at different time points. A: Experimental flowchart for detecting AAI and lycopene contents in rat kidney following oral
gavage administration of AAI and lycopene. B: HPLC chromatograms of blank kidney tissue homogenate added with lycopene. The lycopene standard showed a peak
at approximately 15 min. C: Content of lycopene in kidney at different time points after intragastric administration of lycopene.

variance method. Differences among groups of data were tested using
the least significant difference and Duncan’s multiple comparison
method. P < 0.05 was considered statistically significant. Principal
component analysis (PCA) and Pearson correlation (PCC) were per-
formed using Origin 2021.

3. Results

3.1. Detection of lycopene in rat kidney after oral administration of
Lycopene

In order to verify the metabolism of AAI and lycopene in the kidney,
we examined the contents of the two drugs in the renal tissue of rats at
various time points after administration of AAI and lycopene. The spe-
cific experimental flow is shown in Fig. 1-A. First, we verified whether
lycopene can be metabolized to the kidney within 24 h after oral gavage
of lycopene. The results of HPLC showed that the peak time of lycopene
standard was about 15 min when lycopene standard was added to the
kidney homogenate of blank rats. And the measured peak area showed a

linear relationship with the concentration of lycopene standard, (R2 >
0.99) (Fig. 1-B, C). However, when the content of lycopene in the kidney
tissue of blank rats was detected alone, no peak was observed at about
15 min. Therefore, the results showed that compared with blank rats, the
content of lycopene in the kidney of rats in the lycopene gavage group
was the highest after oral gavage for 6 h. The lycopene content in the
kidney gradually decreased after 6 h and the content was almost 0 after
24 h (Fig. 1-D, Supplementary Figs. 3-A ~ H).

3.2. Effect of lycopene on AAI content in rat kidney

The peak appearance time of AAI standards was approximately 7.5
min each (Fig. 2-C). And the concentration of AAI standard was in the
range of 2.5-20 pg/ml. The peak areas of samples were positively
correlated with concentrations and showed a good linear relationship
(R2 > 0.99). And the precision, stability, and recovery of AAI standards
in kidney met the requirements. In this study, AAI was detected in rat
kidney at 0.5 h and 2 h after oral gavage of AAIL And at 0.5 h, AAI was
more abundant in the kidney. AAI was not detected at other time points.
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Table 3
Changes of AA-I contents in kidney of rats.

Time Group AAIL Group AAI 4 LYC

15min 0 0

30min 8.546161319 + 1.478004697 7.955484348 + 0.810681218
1h 0 0

2h 1.61552925 + 0.047434393 1.51552925 + 0.149291833
4h 0 0

8h 0 0

12h 0 0

24h 0 0

48h 0 0

These results indicate that AAI has been metabolized completely in the
kidney 2 h after feeding. Furthermore, no accumulation of ALI, a
metabolite of AAI in the kidney, was demonstrated after 2 h (Figs. S2-B).
And there was no significant difference in the content of AAI in the
kidney of rats fed with lycopene compared with rats fed with AAI alone
(Fig. 2-B, Table 3).

3.3. Lycopene attenuates aristolochic acid-induced renal
histopathological changes

From the clinical manifestations and pathological anatomy results, it
can be seen that mice in the AAN group showed typical features of
aristolochic acid nephropathy: rough hair, small body size, and signifi-
cantly reduced body weight. Necropsy of mice in the AAN group showed
the kidneys were whitish in color and smaller in size. Compared with the
control group, the renal index of mice in the AAN group was signifi-
cantly lower. However, mice in the AL20 group had increased body
weight and decreased renal index. These results indicated that lycopene
intervention significantly ameliorated AAN in mice (Fig. 3-B, C, D).
Pathological examination with HE and PAS staining showed that the
renal tubular structure of mices in the normal group and LYC group were
intact without signs of lesions. In the AAN group, the pathological
phenomena of tubular dilatation, disappearance of brush border, for-
mation, tubular epithelial cell detachment, karyolysis, inflammatory cell
infiltration, and glomerular atrophy occurred. The scores of renal

histopathology and tubular injury were significantly increased in mice
in the AAN group. Interestingly, there was a significant improvement in
damaged renal tissue in mice with AAN after lycopene intervention.
(Fig. 3-E, F, G).

3.4. Lycopene ameliorated renal dysfunction and oxidative stress injury in
AAN mice

Renal function tests showed that Cr and BUN levels in the serum of
mice in the AAN group were significantly higher than those in the
control group. While Cr and BUN levels in the serum of mice in the LYC
group were significantly lower (Fig. 4-A, B). Kidney injury factor-1
(KIM-1) and neutrophil gelatinase-associated apolipoprotein (NGAL)
are markers of tubular injury [42,43]. The results showed that lycopene
significantly reduced the expression levels of KIM-1 and NGAL induced
by AAI (Fig. 4-C, D). In addition, the results showed that lycopene
significantly decreased the expression of AAl-induced lipid peroxidation
product (MDA), and increased the expression of antioxidant enzyme
systems (T-AOC, SOD, and GSH-PX) (Fig. 4-E, F, G, H). These results
indicate that lycopene is able to alleviate renal dysfunction and renal
oxidative stress damage in AAN mice.

3.5. Lycopene improves inflammatory responses in the kidneys of AAN
mice

It is known that the expression of inflammatory factors in the kidney
is increased when the kidney have an inflammatory response. And renal
interstitial fibrosis occurs in chronic kidney disease due to the contin-
uous occurrence of inflammatory reactions. In this experiment, the re-
sults of MASSON staining showed that the renal interstitium of mice in
the AAN group was severely fibrotic compared with the control group.
Degree of renal fibrosis was alleviated after LYC intervention (Fig. 5-A,
B). Our results by Western-blot, RT-PCR and ELISA revealed that the
expression of TNF-q, IL-6, IL-10, was increased and the expression of IL-
12 was decreased in the kidneys of model mice compared with the
control group. However, LYC intervention reversed the expression of
these genes in a dose-dependent manner, (Fig. 5-D, E, F, G, H). These
results illustrate that LYC is able to ameliorate the inflammatory
response caused by AAI, which in turn alleviates the development of
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AAl-induced chronic kidney disease.

3.6. Lycopene attenuates AAl-induced toxicity in NRK52E cells

The drug intervention process in cell experiments is shown in Fig. 6-
A. When the cell density reached 40%-50%, the drug was added to the
cell culture medium by changing the solution. In order to investigate the
toxic effect of AAI on cells and the optimal concentration of AAI and
LYC, we used light microscopy to observe the morphology of cells in
each group after administration. In the control group, the cell
morphology was round or oval and the degree of cell fusion reached
more than 90%. The morphology of cells in the AAI group was altered.
Some cells showed a long shuttle shape and were in a poor state. The
degree of cell fusion was about 50% and the growth rate was slow. while
after LYC intervention, the cell state was improved. The long shuttle
cells were reduced, and the cell fusion degree reached about 80% (Fig. 6-
B). When the concentration of AAI was 40 pM, the viability of the cells
was 60%. This was the optimal concentration required for the experi-
ment (Fig. 6-C, D). When the cells were treated with LYC (5 pM, 10 pM)
together with AAI for 24 h, the cell viability was reduced in the AAI
group. Cell viability increased after LYC treatment in a dose-dependent

manner (Fig. 6-E).

3.7. Lycopene activates Nrf2-HO-1 antioxidant pathway to inhibit
oxidative stress injury induced by AAI exposure in NRK52E cells

The results of Western-blot, RT-PCR, and ELISA showed that the
expression of Nrf2, Keap-1, HO-1, NQO1, GSH-PX, and SOD in NRK52E
cells decreased after AAI exposure compared with the control group, and
the expression in the Nrf2 nucleus increased. After LYC intervention,
these were reversed: as shown by a significant increase in Nrf2 intra-
nuclear expression and a significant decrease in the content of ROS in a
dose-dependent manner (Fig. 7-A, B, C, E). Immunofluorescence stain-
ing of AAI and LYC treated cells was performed using Nrf2 antibody. The
results showed that LYC intervention could significantly increase the
expression of Nrf2 in the nucleus (Fig. 7-D). These results suggest that
LYC inhibits AAI-induced oxidative stress and the overexpression of ROS
by activating the antioxidant system of Nrf2/Keap-1, ultimately
reducing oxidative damage in the body. According to the results of this
experiment, the mechanism of Nrf2 signaling pathway was plotted
(Fig. 7-F).
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3.8. Lycopene regulates TNF-a/NF-xB signaling pathway to inhibit AA-I-
induced inflammatory response in NRK52E cells

To explore the effects of LYC and AAI on the NF-kB signaling
pathway, we examined the levels of NF-kB and its downstream target
genes in the kidney. The results of Western-blot, RT-PCR and immuno-
histochemistry showed that the expression of NF-kB-p65, TNF-a, and IL-
6 was increased and the expression of IkB and IL-12 was decreased in the
cells of the AAI group compared with the control group. LYC treatment
reversed the expression of these proteins (Fig. 8-A, B, C).Immunofluo-
rescence staining of AAl and LYC treated cells was performed using IL-1p
antibody. The results showed that LYC treatment significantly decreased
the expression of IL-1f in the cells compared with the AAI group (Fig. 8-
D).These results indicated that LYC can inhibit TNF-a and NF-xB
signaling pathways and then inhibit AAl-induced inflammatory re-
sponses.In addition, PCA was used to detect the parameters of Nrf2
system and NF-kB signaling pathway target genes (Fig. 8-E).The results
showed that PC1 and PC2 were 93% and 5.2%, respectively. The
counterclockwise direction from Control group to AAI group indicated a
dose-dependent manner. The close location of Control group and AL20
group in the figure indicated that LYC can alleviate AAlI-induced
oxidative stress and inflammation in NRK52E cells by activating the
Nrf2 system and inhibiting the NF-kB signaling pathway. These results
illustrated that LYC is able to inhibit the inflammatory response caused
by AAI and attenuate the damage of AAI to renal tubules by acting on the
NF-kB signaling pathway.

3.9. Lycopene inhibits AAl-induced mitochondria-dependent apoptosis

Mitochondrial damage is a major factor in apoptosis. In order to
explore the effect of LYC and AAI on apoptosis, we observed the cells in

10

each group using transmission electron microscopy and detected the
expression levels of apoptosis-related genes in the cells. Transmission
electron microscopy showed that there were no abnormal findings in the
nucleus, cytoplasm, mitochondria and other organelles in the control
group. While nuclear pyknosis, as well as swelling, vacuolization, frag-
mentation of a large number of mitochondria, breakage and disap-
pearance of mitochondrial ridges, and the presence of apoptotic bodies
were observed in the AAl-exposed cells, (marked with arrows in the
figure). After LYC intervention, cellular mitochondrial damage was
significantly reduced, (Fig. 9-A). Western-blot and RT-PCR results
showed that the expression of Bax, Cleaved-Caspase3, and Cleaved-
Caspase9 was increased and the expression of Bcl-2, Caspase-3, and
Caspase-9 was decreased in the cells of the AAI group compared with the
control group. However, LYC reversed the expression of these proteins
after intervention (Fig. 9-B, C, D). The results of the number of apoptotic
cells determined by flow cytometry showed that the number of apoptotic
cells (early and late) was significantly increased in the AAI group
compared with the control group. The number of apoptotic cells was
significantly decreased after LYC intervention (Fig. 9-E). These data
suggest that AAI caused cell damage, with apoptosis being the major
pathway. LYC, on the other hand, was able to alleviate the occurrence of
apoptosis.

3.10. Activation of Nrf2 nuclear translocation is key to LYC inhibition of
NRKS52E cells oxidative stress

To further verify whether Nrf2 acts as a target for LYC to attenuate
AAl-induced oxidative stress. We added inhibitors and activators of Nrf2
nuclear translocation to cells in vitro and performed a series of experi-
ments. It was found that the expression of Nrf2, Keap-1, HO-1, NQO1
decreased and the content of ROS increased in the AAI group compared
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with the control group. The expression of these genes was elevated and
the content of ROS decreased after LYC intervention. However, when the
Nrf2 inhibitor ML385 was added, the effect of LYC was significantly
reduced or even ineffective (Fig. 10-A, B, and D). In contrast, when the
Nrf2 activator AKBA was added, it increased the expression of Nrf2,
keap-1, HO-1, NQO1 and decreased the content of ROS in the cells
(Fig. 10-E, F). The trend of action between Nrf2 activators and LYC was
consistent. The cell viability assay results showed that ML385 reduced
cell viability to approximately 50%. However, the viability of cells co-
treated with AKBA and AAI increased to 80%, (Fig. 10-C, G). In sum-
mary, these data demonstrated that nuclear translocation of Nrf2 is a
target for LYC to attenuate AAI-induced oxidative stress.

3.11. Inhibition of oxidative stress is a prerequisite for lycopene to inhibit
apoptosis and inflammatory responses

LYC increased Nrf2 nuclear translocation and further verified
whether inhibition of Nrf2 nuclear translocation would block the
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inhibitory effect of LYC on NF-«kB signaling pathway and apoptosis. The
results showed that the expression of NF-kB, TNF-a, Bax, and Cleaved-
Caspase-3 was increased and BCL-2 expression was decreased in the
AAI group compared with the control group. LYC significantly reversed
the expression of these genes. However, when the Nrf2 inhibitor ML385
was added, the effect of LYC was significantly reduced or even ineffec-
tive (Fig. 11-A, B). In contrast, when the Nrf2 activator AKBA was added,
it similarly decreased the expression of NF-kB, TNF-a, Bax, Cleaved-
Caspase3, and increased the expression of Bcl-2 (Fig. 11-D, E). Immu-
nofluorescence staining of AAI, LYC and ML385-treated cells was per-
formed using NF-kB-P65. NF-kB-P65 nuclear expression was
significantly increased in the AAI group. But NF-kB-P65 nuclear
expression was significantly decreased after LYC intervention. The
addition of ML385 inhibited the effect of LYC. The increased expression
of NF-kB-p65 in the nucleus was more pronounced after treatment with
AAI and ML385 (Fig. 11-C, G). The results of DAPI staining showed that
the nuclei of the control group were regularly oval in shape. Most of the
cells had uniform and morphologically intact nuclear staining as well as
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uniform dispersion of chromatin throughout the nucleus. Upon addition
of AAI typical apoptotic morphological changes occurred. In the AAI
group, nuclear fragmentation, chromosome condensation, chromatin
fragmentation, chromosome edge condensation in the periphery of the
nuclear membrane, and nuclear shrinkage occurred. LYC intervention
could alleviate the AAl-induced changes in nuclear morphology and
reduce the number of apoptotic cells. But the effect of LYC was inhibited
after the addition of ML385, which could not reverse the occurrence of
apoptosis (Fig. 11-F). The above results illustrated that LYC can activate
the antioxidant pathway of Nrf2, which in turn inhibits the NF-xB
signaling pathway and the development of apoptosis.

3.12. Lycopene activates the Nrf2 antioxidant system to inhibit the
development of renal inflammation and apoptosis in AAN mice

The results of in vitro experiments showed that LYC was able to
activate downstream antioxidant pathways by promoting Nrf2 nuclear
translocation. It further inhibits inflammatory signaling pathways and
apoptosis. In order to verify the accuracy of the results, we performed
relevant experiments in vivo. The results of Western-blot, RT-PCR,
ELISA and immunohistochemical experiments showed that Nrf2, Keap-
1, HO-1, NQO1, GSH-PX and SOD expression decreased in the kidneys
of mice in the AAN group. However, lycopene treatment reversed the
expression of these proteins (Fig. 12-A, B, C, D, E). These results showed
that LYC was able to activate the Nrf2 antioxidant system in the kidney
and inhibit oxidative stress injury in the kidney of AAN mice. In addi-
tion, compared with the control group, the expression of NF-kB-p65 and
downstream target genes (TNF-a, IL-6, IL-10, IL-1f) was increased and
the expression of IkB and IL-12 was decreased in the kidney of AAN
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mice. While LYC intervention reversed the expression of these genes in a
dose-dependent manner (Fig. 13-A, B, C, D, E). The expression levels of
apoptosis-related genes in renal tissues were examined. Results showed
that the expression of Bax, Cleaved-Caspase3, and Cleaved-Caspase9
was increased and the expression of Bcl-2, Caspase-3, and Caspase-9
was decreased in the kidneys of mice in the AAN group compared
with the control group. On the other hand, LYC reversed the expression
of these proteins in a dose-dependent manner (Fig. 14-A, B, C, D).
Further combined with the gene heatmap, it can be seen that LYC
treatment significantly activated the Nrf2 antioxidant system and
inhibited NF-kB inflammatory signaling pathway, as well as apoptosis of
mitochondria-dependent pathway in mouse kidney.

3.13. Correlation analysis of Nrf2 system with NF-kB inflammatory
signaling pathway and apoptosis

Pearson correlation coefficient (PCC) was used to compare the as-
sociation between NF-kB-related pathways, key factors of apoptosis, and
the Nrf2 system, (Fig. 15). As can be seen, the mRNA expression of Nrf2
and its downstream target genes was negatively correlated with Bax and
Caspase-3 and Caspase-9 levels in the kidney. However, it was positively
correlated with GSH, SOD, and Bcl-2 activities. The mRNA expression of
NF-kB activity in the kidney was negatively correlated with Nrf2, NQO1,
HO-1, and BCL-2 levels. However, it was positively correlated with Bax
and Caspase-3 and Caspase-9 levels. In conclusion, the results showed
that the Nrf2 system was significantly negatively correlated with NF-kB
signaling pathway and apoptosis of mitochondria-dependent pathway
(P < 0.01, P < 0.001, P < 0.0001).
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4. Discussion

Aristolochic acid nephropathy is an interstitial nephritis caused by
AA characterized by a rapid decline in renal function [44]. It is
frequently associated with end-stage renal disease and urothelial ma-
lignancies [45]. It is characterized by tubular cell apoptosis, necrosis,
oxidative stress, inflammatory storm [41], which further leads to renal
cell fibrosis [46,47] and ultimately renal failure [48]. At present, there is
no effective radical cure. LYC is a natural strong antioxidant from a wide
range of sources with antioxidant, anti-inflammatory, and anticancer
efficacy. Studies have shown that LYC is able to reduce homocysteine
levels and oxidative damage in rat liver [49]. Oral administration of LYC
inhibited IL-1B-induced inflammatory injury [22]. As well as LYC was
able to inhibit p38-MAPK and JNK inflammation-related pathways
showing a maze activity [50]. Previously, it was demonstrated that LYC
supplementation attenuates nephrotoxicity caused by ionic disturbances
caused by ATR [51]. In this experiment, the pharmacokinetics of lyco-
pene was studied in rats. The results showed that the content of lycopene
in kidney was the highest 6 h after oral administration of lycopene. And
the content in the kidney gradually decreased after 6 h. It was therefore
able to demonstrate that the kidney is one of the target organs of lyco-
pene. Based on the results of the HPLC assay for AAI content in the
kidney in this study, the metabolism time of AAI in the kidney was 2 h.
And there was no accumulation of AAI and its metabolite ALI in the
kidney after 2 h. And this study found that lycopene had no significant
effect on the accumulation of aristolochic acid in the kidney when both
aristolochic acid and lycopene were intragastrically administered
simultaneously. Previous studies have shown that lycopene is most
abundant in the kidney 6-8 h after oral gavage of lycopene. Therefore, in
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order to avoid the effect of co-administration of aristolochic acid and
lycopene on renal intake of aristolochic acid, we chose to orally
administer AAI at 8:00 a.m. and lycopene at 13:00 p.m. in this experi-
ment. In order to ensure that simultaneous intragastric administration of
lycopene will not interfere with the establishment of aristolochic acid
nephropathy model. It was further demonstrated that the ameliorative
effect of LYC on aristolochic acid nephropathy was not due to the
reduction of AAI intake by the kidney, but through the antioxidant,
anti-inflammatory, and anti-apoptotic pathways demonstrated in this
experiment. In order to investigate whether LYC has a therapeutic effect
on AAN, we first performed in vivo experiments to verify the remission
of renal injury in AAN mice after LYC intervention (including inflam-
matory response, oxidative stress injury, abnormal renal function, etc.).
Demonstrated that LYC can be used as a protective agent to attenuate
AAl-induced renal injury. The results showed that LYC could decrease
the contents of Cr and BUN in the serum of AAN mice and inhibit the
histopathological changes such as tubular injury, formation, inflam-
matory cell infiltration in the tubular epithelium. And LYC reduced
collagen fiber accumulation in renal interstitium. In addition, the results
of this study showed that LYC could significantly reduce the expression
of NGAL and KIM-1 in the serum of AAN mice. KIM-1 is a trans-
membrane glycoprotein in renal proximal tubular epithelial cells that
scavenges dead cells by recognizing phosphatidylserine and oxidized
lipoproteins on the surface of dead cells [52]. KIM-1 and NGAL are
minimally expressed at normal and significantly enhanced after kidney
damage.

The body generates excessive ROS that can lead to cell damage and
produce various effects, such as apoptosis, necrosis, and renal fibrosis
[53]. Therefore inhibition of oxidative stress injury is key to improving
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AKI and CKD. Nrf2 is a key transcription factor in the maintenance of
oxidative homeostasis in cells [54] and is usually conserved in the
cytoplasm by its inhibitor Kelch-like ECH-related protein 1 (Keap-1).
Keap-1 undergoes a conformational change when cells are attacked by
oxidative stressors. At this point, stable Nrf2 translocates to the nucleus
and binds to antioxidant response elements (AREs) to initiate tran-
scription of its downstream target genes [55]. Nrf2 activates the
downstream HO-1/NQO1 antioxidant signaling pathway [56] with the
aim of scavenging the body’s excess ROS [57] and on antioxidant
damage. In this study, both in vivo and in vitro results verified that LYC
activated the nuclear translocation of Nrf2 to induce the expression of
downstream target genes HO-1 and NQO1 and elevated the levels of
antioxidant enzyme systems (GSH-PX, SOD, T-AOC). LYC reduced the
accumulation of intracellular oxidative stress products (ROS, MDA) and
ultimately alleviated oxidative stress damage. However, after NRK52E
cells were treated with ML385, an inhibitor of Nrf2, antioxidant gene
expression was decreased and a large amount of ROS accumulated
intracellularly. This phenomenon was also unable to be reversed after
the addition of LYC intervention. The Nrf2 activator AKBA was added to
intervene the cells to further validate the mechanism of action of LYC.
The results showed a consequent increase in antioxidant gene expression
and scavenging of excess intracellular ROS. AKBA was consistent with
the trend after LYC was applied to the cells. Together, these results
indicated that LYC is able to activate the Nrf2 antioxidant signaling
pathway and scavenge excess ROS from the body as well as ameliorate
mitochondrial damage. Nrf2 is one of the main targets of LYC resistance
to AAN.

Tumor necrosis factor-alpha (TNF-a) is a pleiotropic cytokine. It is
activated to cause neurodegeneration, inflammation, autoimmune dis-
eases, and cancer [58]. TNF-a is able to attract macrophages and T cells
into the renal interstitium. Macrophages are the main cell type in
maintaining the inflammatory response caused by a variety of

endogenous cell injury factors [59]and are able to secrete inflammatory
inducing cytokines (e.g. IL-1p, IL-6) [60,61]. Therefore, it has been
previously demonstrated that TNF-a is key to trigger tubular epithelial
cell necrosis, renal inflammation and fibrosis [62-64] and promotes the
development of CKD [65]. It is known that accumulated ROS are able to
activate TNF-a and stabilize its activity after the oxidative stress
pathway is activated [66]. TNF-a can promotes the secretion of IL-1f in
vivo [67]. In resting cells, NF-kB-p65 is inactivated by binding an
inhibitory-xB (IkB) protein [17]. When the body suffers from endoge-
nous stimuli (e.g. bacterial product TNFa or oxidative metabolite ROS),
the stability of IkB is negatively controlled so that it exists in the form of
phosphorylation [68]. After IkB is degraded by the proteasome, it leads
to the release of NF-kB-p65 into the nucleus [69]. Subsequently p65
enhances NF-kB-related signaling pathway transduction cascades in a
cell-specific manner [70] and ultimately activats the expression of in-
flammatory factors. The results of this study showed that AAI activated
the expression of TNF-o, NF-kB-p65, and inflammatory factors (IL-1,
IL-6, IL-1p) and inhibited the expression of IkB in tubular epithelial cells.
LYC effectively inhibited the activation of TNF-a, the phosphorylation of
NF-kB and the degradation of IkB. These results indicated that LYC
improved inflammation in the kidneys of AAN mice mainly due to the
inhibition of the TNF-a/NF-kB signaling pathway. However, the
expression of NF-k B and TNF-a was significantly increased after Nrf2
nuclear translocation was inhibited by ML385. Eventually, the inhibi-
tory effect of LYC on the inflammatory response was alleviated. When
the Nrf2 activator AKBA was added, the expression of NF-kB and TNF-a
was again inhibited. The above results demonstrated that the activation
of nuclear translocation of Nrf2 by LYC is a key factor in the inhibition of
TNF-a/NF-xB signaling pathway. The transduction of the NF-xB in-
flammatory signaling pathway has been regulated by the Nrf2 antioxi-
dant system.

Pathological apoptosis of renal tubular epithelial cells is able to
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exacerbate the development of chronic kidney disease [71]. As an organ
with high energy demand, the kidney is second only to the heart in terms
of mitochondrial mass and oxygen consumption [72]. Mitochondria are
the major intracellular source of ROS [52,73]. ROS can lead to changes
in mitochondrial inner membrane permeability [74,75]. ROS trigger
apoptosis by activating the intrinsic mitochondrial pathway, the
extrinsic death receptor pathway, and the endoplasmic reticulum (ER)
stress pathway [76]. In this study, we observed renal tubular epithelial
cells after AAI treatment by transmission electron microscopy. Mito-
chondria are the most severely damaged organelles. Mitochondria
showed changes such as swelling, fragmentation, deformation, and
dissolution. Preliminary results demonstrated that mitochondrial dam-
age is one of the main pathogenesis causing AAN. The Bcl-2 protein
family is a major effector of apoptosis. Among them, Bcl-2 is an
anti-apoptotic gene, while BCL2-associated X protein (Bax) is a
pro-apoptotic gene [3]. Oligomerization of BAX leads to outer mem-
brane pore formation of mitochondria which in turn disrupts the
membrane potential and leads to release cytochrome-c into cytosol [74].
Cytochrome-c is an important upstream regulator in apoptosis and is
able to bind Pro-Caspase-9 to form "apoptosomes", ultimately leading to
the activation of Caspase-9 [77]. Caspase-9 is a typical initiator of
endogenous apoptosis triggered by mitochondrial damage. Caspase-9 is
cleaved to induce the cleavage of downstream Caspase-3 [78] which
further regulates the occurrence of apoptosis [79]. Mitochondrial
damage is therefore an important factor leading to apoptosis. This study
showed that LYC promoted the expression of BCL-2 and inhibited the
expression of Bax, Cleaved-Caspase3 and Cleaved-Caspase9. The results
of in vitro flow cytometry experiments showed that the number of
apoptosis was significantly reduced after treatment with LYC. But the
Nrf2 inhibitor ML385 activated the expression of pro-apoptotic genes
again and inhibited the expression of Bcl-2. ML385 blocked the inhibi-
tory effect of LYC on apoptosis. However, the addition of AKBA similarly
inhibited apoptosis induced by AAI Therefore, the above results
demonstrated that LYC alleviated pathological apoptosis and mito-
chondrial damage induced by the BCL-2/Caspase family. This apoptosis
pathway was regulated by the Nrf2 antioxidant system.

5. Conclusion

CONCLUSION: This study showed that LYC can ameliorate AAI-
induced nephrotoxicity, which is associated with oxidative stress
injury, inflammatory response and apoptosis. LYC alleviated mito-
chondrial damage and reduced the intracellular accumulation of ROS by
activating the Nrf2/HO-1 antioxidant pathway. However, activation of
the Nrf2 antioxidant system is a key factor in inhibiting TNF-a/NF-kB-
induced inflammatory signaling pathways and apoptosis. Our data
further supported the antioxidant mechanism of LYC and demonstrated
that Nrf2 can be used as a research target for the treatment of such CKD.
LYC has potential clinical applications as an intervention agent against
AAN. (Schematic diagram of the mechanistic role of LYC in the treat-
ment of AAN, Fig. 16).
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