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ABSTRACT

Renal fibrosis is a typical pathological change in chronic kidney disease (CKD). Epithelial-
mesenchymal transition (EMT) is the predominant stage. Activation of macroautophagy/autophagy
plays a crucial role in the process of EMT. Lycopene (LYC) is a highly antioxidant carotenoid with
pharmacological effects such as anti-inflammation, anti-apoptosis and mediation of autophagy. In
this study, we demonstrated the specific mechanism of LYC in activating mitophagy and improving
renal fibrosis. The enrichment analysis results of GO and KEGG showed that LYC had high enrichment
values with autophagy. In this study, we showed that LYC alleviated aristolochic acid | (AAl)-induced
intracellular expression of PINK1, TGFB/TGF-B, p-SMAD2, p-SMAD3, and PRKN/Parkin, recruited
expression of MAP1LC3/LC3-Il and SQSTM1/p62, decreased mitochondrial membrane potential
(MMP), and ameliorated renal fibrosis in mice. When we simultaneously intervened NRK52E cells
using bafilomycin A; (Baf-A1), AAl, and LYC, intracellular MAP1LC3-Il and SQSTM1 expression was
significantly increased. A similar result was seen in renal tissue and cells when treated in vitro and
in vivo with CQ, AAl, and LYC, and the inhibitory effect of LYC on the AAl-activated SMAD2-SMAD3
signaling pathway was attenuated. Molecular docking simulation experiments showed that LYC
stably bound to the AKT active site. After intervention of cells with AAl and GSK-690693, the
expression of PINK1, PRKN, MAP1LC3-Il, BECN1, p-SMAD2 and p-SMAD3 was increased, and the
expression of SQSTM1 was decreased. However, SC79 inhibited autophagy and reversed the inhibi-
tory effect of LYC on EMT. The results showed that LYC could inhibit the AKT signaling pathway to
activate mitophagy and reduce renal fibrosis.

Abbreviation: AA: aristolochic acid; ACTA2/a-SMA: actin alpha 2, smooth muscle, aorta; ACTB: actin
beta; AKT/protein kinase B: thymoma viral proto-oncogene; BAF-A1: bafilomycin A;; BECN1: beclin 1,
autophagy related; CCN2/CTGF: cellular communication network factor 2; CDH1/E-Cadherin: cadherin
1; CKD: chronic kidney disease; COL1: collagen, type I; COL3: collagen, type lll; CQ: chloroquine; ECM:
extracellular matrix; EMT: epithelial-mesenchymal transition; FN1: fibronectin 1; LYC: lycopene;
MAP1LC3/LC3: microtubule-associated protein 1 light chain 3; MMP: mitochondrial membrane
potential; MTOR: mechanistic target of rapamycin kinase ; PI3K: phosphoinositide 3-kinase; PINK1:
PTEN induced putative kinase 1; PRKN/Parkin: parkin RBR E3 ubiquitin protein ligase; PPI: protein-
protein interaction; SMAD2: SMAD family member 2; SMAD3: SMAD family member 3; SQSTM1/p62:
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Introduction

Tubulointerstitial fibrosis often occurs in progressive chronic
kidney disease (CKD) and is characterized by tubular atrophy
and accumulation of extracellular matrix (ECM) in renal tissue
[1,2]. Usually, renal fibrosis is associated with the production of
inflammation and oxidative stress in the kidney [3]. Because
fibrosis is thought to be irreversible, inhibiting the progression
of interstitial fibrosis is considered a potential strategy to protect
against the development of CKD. Aristolochic acid I (AAI) is
a toxic compound found in medicinal plants of the genera
Aristolochia and Asarum [4]. Chronic administration of medic-
inal plants containing AA produces nephrotoxicity, leading to
end-stage renal disease. Aristolochic acid nephropathy is clinically

characterized by rapidly progressive fibrosing interstitial nephritis
and its main pathogenic mechanism is oxidative stress, tubular
cell apoptosis, inflammation, and fibrosis [5]. Increasing studies
have shown that renal fibrosis is associated with epithelial-
mesenchymal transition (EMT) [6-8]. Because the expression
level of TGFB/TGF-P (transforming growth factor, beta) in cells
is closely related to EMT and ECM production, it is considered to
be a strong mediator of renal fibrosis and CKD [9]. It has been
shown that overexpression of TGFB in mouse kidney activates
tubulointerstitial fibrosis and glomerulosclerosis [10]. Therefore,
TGEFB is a potential key driver of renal fibrosis.
Macroautophagy is a cellular self-renewal process depen-
dent on lysosomal degradation. Under normal physiological
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conditions, autophagy recognize and degrade damaged pro-
teins and supernumerary damaged organelles, and subse-
quently release degraded products to maintain cellular
homeostasis [11]. Autophagy is important for cellular home-
ostasis and function. And it is also a stress response mechan-
ism under pathological and physiological conditions.
Autophagy dysfunction contributes to the pathogenesis of
a variety of diseases [12]. Studies have shown that streptozo-
tocin-induced diabetic mice exhibit defects in autophagy [13].
Mitochondria are enriched in tubular epithelial cells to meet
high metabolic energy requirements. Various kidney diseases
result when ATP production is insufficient in mitochondria,
mitochondrial dynamics are defective, and oxidative stress
occurs in mitochondria [8]. Currently, mitophagy is consid-
ered an important degradation pathway during energy stress
and is essential for maintaining the normal function of mito-
chondria [14]. PINK1 (PTEN induced putative kinase 1) can
trigger mitophagy by recruiting and activating PRKN/Parkin
(parkin RBR E3 ubiquitin protein ligase). The filamentous
phagocytic ability mediated by PINK1 and PRKN can
improve mitochondrial function.

Increasing studies have shown that the level of autophagy
in the body has a close relationship with the development of
organ fibrosis [15,16]. Abnormal autophagy can be considered
as one of the causes of the pathogenesis of fibrosis [17]. For
example, restoring autophagic activity in hepatocytes is able to
attenuate the development of liver fibrosis [18]. The use of
autophagy-enhancing drugs is able to promote degradation of
mutant SERPINA1/al-antitrypsin variant Z and reduce liver
fibrosis [19]. In addition, a specific inhibitor (AC-73) has
been shown to activate autophagy and reduce trinitrobenzene
sulfonic acid -induced chronic colitis-associated intestinal
fibrosis by targeting BSG/CD147 [20]. More researchers
have recently confirmed that chronic autophagy deficiency
or autophagy dysfunction may accelerate renal fibrosis [21].
Thus, targeting autophagic mechanisms could theoretically
improve the development of CKD.

Lycopene (LYC) is a major phytochemical found in tomato
[22], and it belongs to the class of carotenoids. LYC has
antioxidant, anti-inflammatory, antibacterial, and anti-aging
effects and has been shown to have potentially beneficial
effects in several cancer diseases such as prostate, breast, and
gastric cancers [23]. It has been shown that autophagy levels
play a critical role in LYC-mediated pharmacological effects
[24]. LYC is able to ameliorate pancreatitis by preventing
oxidative stress-induced autophagic damage and by directly
activating autophagy in pancreatic acinar cells [25]. LYC can
inhibit high glucose-induced apoptosis in MPC5 podocytes by
promoting autophagic activity through activation of the PI3K
(phosphoinositide 3-kinase)-AKT/protein kinase B (thymoma
viral proto-oncogene) signaling pathway [26]. AKT is
a serine/threonine protein kinase and a key mediator of
PI3K [27]. PI3K-AKT is known to be a critical signal trans-
duction pathway in cells [28] and has received much attention
because it plays a critical regulatory role in inflammatory
responses and cellular autophagy. It has been shown that
moriferin reverses IL1B-induced inflammation by promoting
the autophagic process by inhibiting the PI3K-AKT-MTOR
(mechanistic target of rapamycin kinase) signaling pathway
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[29]. In addition, our previous findings showed that mice
chronically fed AAI developed pathological conditions of
massive accumulation of damaged mitochondria in tubular
epithelial cells and renal fibrosis. LYC alleviated AAI-induced
inflammatory responses and apoptosis in the kidney. But
whether LYC can affect AAI-induced renal fibrosis is
unknown. A large number of studies have confirmed the
close link between autophagy and EMT [30]. Therefore, in
this study, we want to verify whether LYC has an improve-
ment effect on AAl-induced renal fibrosis, and whether the
specific mechanism of action is related to the mediation of
AKT signaling pathway and mitochondrial autophagy.

Results

LYC attenuates pathological damage induced by AAl in
renal fibrosis

To avoid the intervention of giving both drugs in parallel, we
chose to administer AAI at 8:00 a.m. and LYC at 13:00 p.m.
every day. Kidney tissue and blood samples were collected
after 28 days of continuous gavage. The experimental flow
chart is shown in Figure 1A. Clinical observations showed
that the kidneys of mice in the model group were whitish in
color, smaller in size, and lighter in urine color compared
with mice in the control group (Figure 1B,C). Creatinine and
urea nitrogen in the serum were significantly increased. Renal
function was abnormal (Figure 1D). Histopathological exam-
ination showed that the nephrotoxicity of AAI was mainly
aimed at renal tubules. The tubular injury score was signifi-
cantly increased, which was manifested as enlarged renal
tissue voids, significant tubular vacuolization, tubular epithe-
lial cell shedding, massive infiltration of inflammatory cells,
and mild glomerular atrophy (Figure 1E,F). Mice treated with
LYC had reddish kidneys and became larger. Renal function
recovered and  histopathological changes improved
(Figure 1B-F).

LYC attenuates renal fibrosis by inhibiting EMT induced
by TGFB signaling pathway

In a previous study, we demonstrated that LYC was able to
decrease AAI-induced inflammatory responses in renal tissue
and reduce the massive accumulation of inflammatory factors
in the kidney. Therefore, we speculated whether LYC can slow
the development and progression of AAI-induced renal fibro-
sis in mice. MASSON staining was carried out on renal tissue
sections of mice in each group. The results showed that there
was a large amount of collagen fiber deposition and serious
fibrosis in the renal tissue of mice in the model group com-
pared with the control group. In the LYC intervention group,
collagen deposition improved. (Figure 2A). The results
showed that the expression of ACTA2/a-SMA, VIM (vimen-
tin), FN1 (fibronectin 1) was significantly increased and the
expression of CDH1/E-cadherin (cadherin 1) was significantly
decreased in the kidneys of mice in the model group.
Compared with the model group, the expression of ACTA2,
VIM, EN1 was decreased and the expression of CDH1 was
increased in the LYC intervention group. (Figure 2B-E). In
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Figure 1. LYC ameliorated AAl-induced renal function and histopathological damage. (A) schematic diagram of establishment of animal model and sample collection.
(B) kidneys were collected and photographed from mice in each group after 28 days of treatment. (C) urine was collected and photographed from mice in each
group after 28 days of treatment. (D) content of cr and BUN in serum. (E) HE staining (200 x) of mouse renal tissues. Black arrow: tubular lumen enlarged; Red arrow:
tubular vacuolation; green arrow: tubular epithelial cell detachment. (F) tubular injury score. Compared with the control group, * indicates p < 0.05, ** indicates p <

0.01, *** indicates p < 0.001, and **** indicates p < 0.0001; comparison between other groups, * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, and
### indicates p < 0.0001.
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Figure 2. LYC ameliorated AAl-induced collagen fibril deposition and decreased expression of fibrotic marker proteins in renal tissue. (A) Representative images of
MASSON staining in each group. (B-C) WB detected the expression of ACTA2, VIM, CDH1. (D-E) IHC detected the expression of ACTA2, CDH1, FN1 in renal tissue of
mice in each group.
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addition, we examined the expression of proteins involved in
the TGFB signaling pathway. The results showed that the
content of TGFB and the expression of p-SMAD2:SMAD2,
p-SMAD3:SMAD3, CCN2 (cellular communication network
factor 2), COL1 (collagen, type I) and COL3 (collagen, type
III) was significantly increased in the kidneys of mice in the
model group. Compared with the model group, the expres-
sion of the content of TGFB and the expression of above
proteins was decreased in the LYC intervention group.
(Figure 3A-E). The above results showed that LYC could act
on TGFB signaling pathway and reduce collagen deposition.

LYC regulates autophagy signaling in mouse kidneys

The morphological structure of renal cells in each group
was observed using projection electron microscopy. The
results showed that the number of autophagosomes was
decreased and mitochondrial damage was severe in renal
cells of AAI group compared with control group. Loss of
mitochondria was characterized by swollen, vacuolated,
and increased numbers of fragmented mitochondria. The
number of autolysosomes increased and mitochondrial
damage was relieved after LYC intervention (Figure 4A).
246 target genes of LYC were collected from PubChem
database (Figure 4B). GO enrichment analysis showed that
the target genes of LYC were mainly located in structures
such as cytoplasm, sodium: potassium-exchanging ATPase
complex, endoplasmic reticulum, mitochondrion, perinuc-
lear region of cytoplasm, intracellular membrane-bounded
organelle, phagophore assembly site and autophagosome.
These genes were involved in biological functions such as
negative regulation of cell proliferation, protein phosphor-
ylation, regulation of apoptotic process, autophagosome
assembly, and autophagy through molecular functions
such as enzyme binding, protein binding, calcium-
transporting ATPase activity, ATP binding, nucleotide
binding, protein kinase activity, protein kinase binding,
sodium: potassium-exchanging ATPase activity and pro-
tein serine/threonine kinase activity (Figure 4C). A total of
158 KEGG pathways were obtained by enrichment of 246
target genes of LYC (p <0.05). Among them, the enrich-
ment degree value of Autophagy - animal pathway is
ranked in the third place, from which 28 genes enriched
to this pathway are selected (Figure 4D). The results
showed that the expression of MAPILC3-II decreased,
and the expression of PINKI, PRKN and SQSTMI1
(sequestosome 1) increased in the renal tissue of the
model group. In LYC intervention group, the expression
of MAPILC3-II was increased and the expression of
PINK1, PRKN and SQSTMI1 was decreased in renal tissue
(Figure 4E-I). In addition, intraperitoneal injection of CQ
before intragastric administration of AAI and LYC to mice
significantly increased the expression of PINK1, PRKN,
MAPILC3-II, and SQSTMI1 in mouse renal tissue com-
pared with the AAI+LYC group (Figures 4H-I). These
results suggested that AAI induced mitochondrial damage
and inhibited mitophagy, but LYC activated mitophagy in
renal tissue.

LYC activates mitophagy in damaged mitochondria in
renal cells

The expression of BECN1 and MAPILC3-II decreased, and
the expression of PINK1, PRKN and SQSTMI1 increased in
the cells of the AAI group. In the LYC intervention group, the
expression of BECN1 and MAPILC3-II was increased, and
the expression of PRKN, PINK1 and SQSTM1 was decreased
(Figure 5A-D,5,L,5). First, the adenovirus labeled MAP1LC3-
I was transfected into NRK52E cells and the cells were
treated with AAI and LYC. We observed that mRFP and
GFP were significantly reduced in cells after AAI induction,
suggested that autophagic flux was blocked and the number of
autophagosomes and autolysosomes were reduced and cellu-
lar autophagy was inhibited. In LYC + AAI group, mRFP and
GFP were significantly increased. This phenomenon suggested
that autophagic flux was activated, and the number of auto-
phagosomes increased and the number of autolysosomes
increased. The number of autophagosomes was significantly
increased in the AAI+LYC+ CQ group compared with the
AAT+LYC group. The above results suggested that LYC
intervention promoted autophagosome formation (Figure
5F). In order to further verify the attenuation effect of lyco-
pene on mitochondrial damage in cells, we examined the
mitochondrial membrane potential (MMP) of tubular epithe-
lial cells in each group. The results showed that MMP and
ATP content were significantly decreased in AAI group.
Lycopene treatment improved the decrease of MMP and
ATP content (Figure 5E,I). In addition, we added NAC to
the cells for pretreatment. The results showed that SQSTM1
expression was significantly decreased and MAPILC3-II
expression was significantly increased in the cells of AAI+
NAC group compared with the AAI group (Figure 5G,H).
The expression of MAPILC3-II and SQSTMI1 was signifi-
cantly increased after co-intervention of cells with AAIL, LYC
and CQ (Figure 5K,M). Similarly, the expression of
MAPILC3-II and SQSTM1 was significantly elevated in cells
from the AL10 + Baf-Al group compared to the AL10 group
after intervention with Baf-Al (Figure 5L,M). The above
results demonstrated that LYC could reduce mitochondrial
damage and activate mitophagy in cells (Figure 5N).

LYC activates autophagy to inhibit EMT induced by
TGFB-SMAD2-SMAD3 signaling pathway in NRK52E cells

In vitro, the results of western blot (WB) and immunofluor-
escence (IF) showed that the expression of TGFB, p-SMAD2:
SMAD?2, p-SMAD3:SMAD3, and CCN2 in NRK52E cells in
the AAI intervention group were increased compared with
those in control group. While the expression of these proteins
in the LYC+ AAI intervention group were decreased
(Figure 6A,B). It further activated the expression of down-
stream fibrotic marker protein ACTA2 (Figure 6C,D). These
results indicated that LYC is able to improve AAI-induced
EMT in NRK52E cells by blocking the TGFB signal transduc-
tion pathway and the specific mechanism route is shown in
Figure 6E. To verify whether the inhibitory effect of LYC on
AAl-induced epithelial-mesenchymal transition in renal cells
was related to its activation of mitophagy, we added the
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autophagy inhibitor CQ to cells in the AL1O group in vitro
and examined the expression of TGFB pathway-related pro-
teins. The results showed that although LYC was able to
inhibit AAl-activated TGFB signaling pathway, the therapeu-
tic effect of LYC was significantly attenuated after the addition
of CQ. Further, the expression of TGFB, p-SMAD2:SMAD2,
p-SMAD3:SMAD3, ACTA2, VIM was significantly increased
and the expression of CDH1 was significantly decreased
(Figure 6H,I), and p-SMAD3 was activated and incorporated
into the nucleus (Figure 6F,G). The results of correlation
analysis showed that there was a significant negative correla-
tion between TGFB signaling pathway and mitophagy-related
proteins (p <0.001) (Figure 7). The above results indicated
that EMT and the development of renal fibrosis are regulated
by autophagy in this experiment.

LYC activates mitophagy and inhibits EMT in renal cells
by inhibiting AKT signaling

In order to further reveal the potential mechanism of LYC on
autophagy function, the intersection of LYC target genes with
“Autophagy” genes was taken to obtain a total of 54 gene targets.
16 hub genes in the topological network were obtained according
to autophagic correlation as Atg5, Becnl, Atg7, Sqstml, Trp53,

AUTOPHAGY 1123

Sirtl, Aktl, Casp3, Stat3, Mapk8, Mapkl4, Casp8, Tnf,
Casp9 June 2001and Mapk3. Among the numerous signaling
pathways mediating cellular autophagy, there is a large correlation
between AKT signaling and LYC (Figure 8A,B). In addition,
molecular docking simulation experiments showed that LYC
bound to the AKT active site and obtained the lowest binding
energy arrangement and the best 3D molecular docking structure
(Figure 8C-E). Under this structure, the lowest binding energy of
AKT protein to LYC was —7.6 kcal/mol (Figure 8G). LYC can
make nonbonded contacts with AKT protein in the molecular
pocket, forming forces represented by electrostatic potential
energy, Van der Waals force, and hydrophobic bonds (Figure
8E,F). These forces may allow both to form a tight and stable
complex. The five docking results with the lowest molecular bind-
ing energy were all below —7 kcal/mol (Figure 8G). WB results
showed that the expression of p-AKT:AKT, p-PI3K:PI3K,
p-MTOR:MTOR was significantly increased in the kidney of
mice in the model group compared with the normal group, but
the expression of these proteins decreased after LYC intervention
(Figure 8H,I). To determine whether LYC mediates mitophagy
and EMT by inhibiting AKT signaling, we activated and inhibited
AKT signaling in cells. Cells viability decreased at 4 uM SC79 and
5 pg/ml GSK-690693, but was not different from controls (Figure
9A,B). The optimal concentrations of the two interventions were
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selected. Compared with the AAI group, the expression of BECN1
was increased, and the expression of p-AKT, SQSTM1, p-SMAD2:
SMAD?2, p-SMAD3:SMAD3, and COL3 was decreased, reactive
oxygen species (ROS) content was reduced, and MMP was
increased in the AAI + GSK-690693 group cells. Compared with
the AAI+LYC intervention group, the expression of PINKI,
PRKN, BECN1, and MAP1LC3-II decreased, and the expression
of p-AKT:AKT, SQSTM1, p-SMAD2, p-SMAD3, and COL3
increased, the ROS content increased, and the MMP decreased
in the AAI+LYC+ SC79 group cells (Figure 9C-L). The above
results indicated that LYC activates mitophagy by inhibiting AKT
signaling pathway and inhibits EMT in renal cells and improves
the process of renal fibrosis.

Discussion

Inflammatory pathways are initiated and a large number of
inflammatory cells are recruited to the renal interstitium
when kidney injury occurs in the body, which leads to
increased secretion of proinflammatory cytokines and chemo-
kines [31] and activation of profibrotic cells. This incomplete
or persistent signal can precipitate fibrosis in the kidney
[32,33]. While it has been shown in recent studies that the
pathogenicity of AAI is closely related to the potential pro-
gression of renal fibrosis [34,35]. LYC is a dietary carotenoid
with strong high antioxidant capacity mainly present in toma-
toes and other red fruits [36]. Previously, we demonstrated
that LYC alleviated AAI-induced inflammatory response and
apoptosis by activating the antioxidant system. While studies
have shown that the inflammatory response plays a critical
role in chronic renal fibrosis disease [37,38]. Therefore, in this
study, we proposed for the first time whether LYC can slow
down the progression of AAl-induced renal fibrosis. The
results of this study demonstrated that LYC intervention
ameliorated AAl-induced collagen fibril deposition in mouse
kidney, and renal function was restored and urine color was
nearly normal. We further explored the specific mechanism
by which LYC slows down the development of renal fibrosis.

Fibrosis is mainly driven by ACTA2-positive myofibro-
blasts [39], which produce excess ECM and eventually
develop into organ dysfunction and death [40]. EMT refers
to the process of transdifferentiation of epithelial cells into
motile mesenchymal cells, and pathologically EMT is able to
promote the progression of fibrosis and cancer [41], mainly
characterized by changes in cell morphology, reduced or lost
CDH1, and up-regulation of VIM, ACTA2 and FNI expres-
sion [42]. It has been shown that AAI is able to continuously
induce tubular epithelial cell redifferentiation and promote
the EMT process and renal interstitial fibrosis [31]. TGFB
family signaling plays a major role in the process of EMT
[43]. When the TGEFB signaling pathway is activated, regula-
tory SMADs (SMAD2 and SMAD3) are recruited to TGFBR
(transforming growth factor beta receptor) and activate their
phosphorylated forms, and translocate to the nucleus, while
activating CCN2 transcription [44], transactivating the
expression of downstream pro-fibrotic proteins [45], and
further promoting the development of fibrosis. The results
of this study demonstrated that LYC inhibited AAl-induced
activation of TGFB signaling pathway and alleviated the

occurrence of EMT, mainly manifested as decreased expres-
sion of ACTA2 and fibrosis marker proteins (FN1, CDHI,
VIM) in kidney and NRK52E cells, as well as decreased
deposition of COL1 and COL3. These results showed that
LYC slowed the development of AAl-induced fibrosis in
mice by acting on the TGFB signaling pathway.

The process of autophagy includes the formation of phagocy-
tic vacuoles, the formation of autophagosomes, the combination
of autophagosomes and lysosomes to form autolysosomes, and
the degradation of autolysosomes, which are tightly regulated by
different signaling pathways [46]. BECNI is one of the most
important autophagy-related proteins (ATGs) and is involved
in the formation and maturation of autophagosomes [47].
Mitophagy refers to the selective autophagy and degradation of
damaged mitochondria when the body recognizes damaged
mitochondria [48]. PINK1 and PRKN are critical mediators of
mitophagy. When mitochondrial damage such as MMP aberra-
tions or excessive accumulation of unfolded mitochondrial pro-
teins occurs, PINKI1 accumulates outside the damaged
mitochondrial membrane and recruits PRKN [49], which subse-
quently ubiquitinates extensive mitochondrial outer membrane
proteins [50]. Ubiquitinated mitochondria associate with auto-
phagosome formation sites and are selectively incorporated into
autophagosomes [51]. When mitophagy occurs, SQSTM1 binds
to ubiquitinated proteins and then forms a complex with
MAPILC3-II proteins localized on membranes in autophagic
bodies [52]. Damaged mitochondria at this time depend on
MAPI1LC3 being incorporated into autophagosomes. We found
that LYC intervention alleviated AAl-induced mitochondrial
damage and dysfunction in renal cells. In this experiment, we
first demonstrated a close relationship between LYC and auto-
phagy by GO enrichment analysis and KEGG pathway enrich-
ment analysis. The mechanism is associated with various
pathways such as the formation of autophagosomes or pre-
autophagosome structures as well as improving mitochondrial
function. In addition, antioxidants NAC and LYC were consis-
tently effective in AAI-induced cellular effects, but LYC was
more effective, so LYC regulation of mitophagy may be based
on its antioxidant properties. AAI intervention suppressed auto-
phagosome formation and reduced the number of autophago-
somes and blocked autophagic flux in cells. Autophagy pathway
proteins were significantly elevated following LYC intervention.

Baf-Al is an intervening agent capable of inhibiting the
fusion of autophagosomes with autolysosomes, thereby inhibit-
ing late autophagy. CQ is an inhibitor of autophagy and toll-like
receptors (TLRs) with anti-malarial, anticancer and anti-
inflammatory activities. Previously, the results showed that CQ
was metabolized to renal tissue and mainly existed in the distal
nephron [53]. It has been shown that the nephrotoxicity of AAI
mainly acts on the distal renal tubules. Our results showed that
MAPILC3-IT and SQSTM1 expression was further increased in
cells after the addition of Baf-Al and CQ, when LYC did not
attenuate the promoting effect on autophagosome formation.
This study showed that LYC intervention may activate autopha-
gy by promoting the formation of autophagosomes, increasing
the number of autolysosomes and promoting the conversion of
autophagosomes to autolysosomes, then phagocytose a large
number of damaged organelles, restore mitochondrial function
and alleviate nephrotoxicity.



Basal autophagy in kidney cells plays an important role in
maintaining renal homeostasis, structure, and function [54].
Autophagy has been demonstrated to prevent the concomi-
tant pathogenesis and progression of apoptosis, inflammation
and immune response in various diseases. There has been
increasing evidence that impaired autophagy is associated
with the pathogenesis of fibrosis [55]. Eicosapentaenoic acid
is able to attenuate lipotoxicity-induced renal fibrosis by
restoring autophagic flux [56]. In this experiment, we first
demonstrated that LYC was able to activate mitophagy in
renal cells. And we verified that LYC could ameliorate renal
fibrosis by slowing the progression of renal EMT through
acting on the TGFB signaling pathway. But the link between
the two pathways of action is not clear. We examined the
expression of fibrotic marker proteins and TGFB signaling
pathways in NRK52E cells treated with both AAI and LYC by
adding the autophagy inhibitor CQ. The results showed that
inhibition of autophagy weakened the attenuation effect of
LYC on fibrosis. Following inhibition of autophagy levels in
renal cells, TGFB signaling was reactivated and fibrotic mar-
kers were elevated. Therefore, our results suggested that the
alleviating effect of LYC on AAl-induced renal fibrosis is
closely related to the activation of mitophagy in renal cells.

PI3K is an intracellular phosphatidylinositol kinase that is
regulated by a variety of growth factors and is able to
mediate autophagy and apoptosis, cell proliferation and dif-
ferentiation, and cell membrane vesicle transport [57]. AKT
is a major regulator of cell survival under stress conditions,
and it regulates not only nutrient intake but also growth
factor expression [58]. The PI3K-AKT-MTOR signaling
pathway has emerged as an important regulatory pathway
upstream of autophagy [59]. Some traditional pharmaceuti-
cal ingredients such as curcumin and sinomenine can exert
important anticancer effects by blocking the PI3K-AKT-
MTOR pathway [60]. Following stimulation by various
growth factors, transmembrane receptors such as receptor
tyrosine kinases (RTKs) undergo autophosphorylation
resulting in activation of PI3K at the plasma membrane.
Activated PI3K catalyzes the production of the second mes-
senger PIP3 [61]. When PIP3 is activated, PIP33 is produced
at the plasma membrane and binds to AKT, prompting the
transfer of AKT from the cytoplasm to the inner membrane
for phosphorylation and activation [62]. The p-AKT initiates
the downstream effector MTOR (mechanistic target of rapa-
mycin kinase) and can act directly on RPS6KB1 (ribosomal
protein S6 kinase, polypeptide 1) and RPS6KB2, EIF4EBP
(eukaryotic translation initiation factor 4E binding protein),
and other proteins involved in translational regulation,
thereby initiating protein synthesis, transcription and auto-
phagy [63]. Activation of MTOR and the MTOR complex
formed through AKT (MTORCI) ultimately prevent the
formation of the ULK1 complex [64], which in turn nega-
tively regulates cellular autophagy. To verify whether LYC
could directly act on the AKT pathway, we used molecular
docking approach to verify LYC could bind to AKT protein
to form a stable structure and the conjugate is stable. In
addition, the results of this study demonstrated that LYC
intervention was able to inhibit AAI-induced activation of
AKT signaling pathway in the kidney. AKT signaling
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pathway was being inhibited before AAI intervention in
cells, and autophagy-related protein expression was elevated
in renal cells. At this time, mitophagy was activated and
EMT was inhibited. Showed that the effect of autophagy
inhibitors was consistent with that of LYC. But the activation
of mitophagy and inhibition of TGFB signaling pathway by
LYC were weakened by adding AKT activator. Accumulation
of collagen and ROS in cells was excessive and aggravated
the extent of oxidative damage and fibrosis. The above
results indicated that AKT is the main target of LYC in
mediating mitophagy and EMT in renal cells to improve
the development of AAI-induced renal fibrosis.

Conclusion

This study showed that LYC intervention was able to activate
autophagy and slow AAI-induced renal fibrosis. The main
mechanism is that LYC activates mitophagy by inhibiting
the AKT signaling pathway. LYC promoted the generation
of autophagosomes and then induces phagocytosis of injured
mitochondria, ultimately maintaining tubular epithelial cell
homeostasis, and inhibits the transduction of SMAD2 and
SMAD?3 signaling pathways. Our data provide a novel ther-
apeutic idea for targeting to regulate mitophagy to ameliorate
CKD. LYC is expected to be a protective agent against chronic
drug-induced renal fibrosis. (Schematic diagram of specific
mechanism of action in this study, as shown in Figure 10)

Materials and methods
Animal experiment and grouping

All animal experiments were approved by the Animal Ethics
Committee of Northeast Agricultural University. SPF C57BL/
6 male mice aged 6 weeks and weighing (18-20 g) were pur-
chased for this experiment. Experimental mice were adap-
tively fed for one week prior to the experiment. Mice were
maintained under conditions of temperature 21°C — 23°C,
humidity 35% — 65%, and 12 h light. SPF grade mouse growth
and breed standard diet was provided and purchased from
Liaoning Changsheng Biotechnology (Liaoning Changsheng
Biotechnology Company, Benxi, Liaoning, China). The
reagents used in this study are listed in Table 1.

Our previous results demonstrated that AAI and LYC were
metabolized and disappeared from the kidney at 2h and 8h,
respectively. Parallel administration of AAI and LYC did not
affect the absorption of AAI by kidney and the establishment of
aristolochic acid nephropathy models. The mice were randomly
divided into 5 groups: control group: (Ctrl), model group (AAI
10 mg/kg/day): (AAI), LYC control group (LYC 20 mg/kg/day):
(LYC), LYC intervention group (AAI 10 mg/kg/day + LYC 20
mg/kg/day): (AL20) and CQ intervention group (AAI 10 mg/kg/
day+LYC 20 mg/kg/day + CQ 20 mg/kg): (AL20+CQ). AAI
was administered at 8:00 am, LYC was administered at 13:00
pm, and 0.5% CMC vehicle was administered to all other mice.
CQ was injected intraperitoneally into mice. The administration
route and dosage refer to our previous studies and reports. The
model was established for 28 days.
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Figure 10. The mechanism of LYC inhibited AKT signaling pathway to activate autophagy and ameliorate TGFB-induced renal fibrosis.

Histopathologic observation of kidney

Mice were euthanized after 28 days of continuous administra-
tion. Serum and kidneys were collected. Collected urine and
kidneys were photographed. Paraformaldehyde-fixed kidneys
(fixed for approximately 24h) were dehydrated in ethanol
with increased concentration, bis-affinity with xylene, and
embedded in liquid paraffin. Kidney tissue blocks were cut
into 3 um thicknesses with a microtome. Then, hematoxylin-
eosin (HE) and Masson staining were performed for evalua-
tion under a light microscope. Collagen deposition in kidney
tissue sections after Masson staining was quantitatively
analyzed.

Immunohistochemical assays (IHC)

Sections of 5 um thick kidney tissue were deparaffinized using
xylene and rehydrated in graded alcohols. Non-specific epi-
topes were blocked with rabbit serum within 30 min and
subsequently incubated overnight with primary antibody

(ACTA2, COL1, COL3, CCN2, CDHI, FN1 and TGFB) in
a humidified chamber at 4°C. Sections were incubated for 50
min with HRP-labeled secondary antibodies of the same spe-
cies, washed with PBS and dropped with freshly prepared
DAB chromogen solution. Observed under a microscope,
when the positive was brownish-yellow, the color develop-
ment was terminated by rinsing the sections with tap water,
and the nuclei were counterstained with hematoxylin for 3
min, dehydrated and mounted. Pictures were collected for
quantitative analysis of positive staining.

Cell culture

The renal tubular duct epithelial cells of rat (NRK52E) were
purchased from Shanghai Cell Bank, Chinese Academy of
Sciences. NRK52E cells were cultured in DMEM medium con-
taining 10% FBS, 100 U/mL penicillin, and streptomycin at 37°C
in a 5% CO, incubator. For cell experiments, NRK52E cells in
logarithmic growth phase were divided into 8 groups, control



Table 1. Antibodies and other reagents.
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Antibodies and reagents

Manufacturers, Product No.

Antibodies for western blot
Rabbit anti-BECN1 (1:1000)

Rabbit anti-MAP1LC3/LC3 (1:1000)
Rabbit anti-SQSTM1/p62 (1:1000)
Rabbit anti-PINK1 (1:1000)

Rabbit anti-PRKN (1:1000)

Rabbit anti-TGFB/TGF-B (1:1000)
Rabbit anti-ACTA2/a-SMA (1:1000)
Rabbit anti-p-SMAD2 (1:1000)
Rabbit anti-p-SMAD3 (1:1000)
Rabbit anti-CCN2/CTGF (1:1000)
Rabbit anti-VIM (1:1000)

Rabbit anti-CDH1/E-Cadherin (1:1000)
Rabbit anti-p-AKT (1:1000)

Rabbit anti-p-PI3K (1:1000)

Rabbit anti-p-MTOR (1:1000)
Rabbit anti-VDAC1 (1:1000)
Rabbit anti-ACTB/B-actin (1:10000)
Antibodies for Immunohistochemistry
Rabbit anti-ACTA2 (1:200)

Rabbit anti-CDH1 (1:400)

Rabbit anti-FN1 (1:400)

Rabbit anti-TGFB1/TGF-B1 (1:400)
Rabbit anti-CCN2/CTGF (1:400)
Rabbit anti-COL1 (1:400)

Rabbit anti-COL3 (1:400)

Goat anti-rabbit HRP antibody

Bioss, bsm -33,323 M
Wanleibio, WL01506
Wanleibio, WL02385
Wanleibio, WL04963
Wanleibio, WL02512
Wanleibio, WL02998
Bioss, bs -10,196 R
Bioss, bs -24,530R
Bioss, bs-5235 R
Wanleibio, WL02602
Wanleibio, WL01960
Wanleibio, WL01482
ABclonal, AP0140
ZBNBIO 340,790
Wanleibio, WL03694
Bioss, bsm -52,251R
Bioss, bs-0061 R
Wanleibio, WL02510
ABclonal, A11509
Wanleibio, WL00712a
ABclonal, A16640
ABclonal, A11456
ABclonal, A1352
Wanleibio, WL03186
Servicebio, GB23303
Servicebio, G1211

Histochemical reagent kit DAB chromogenic agent

Antibodies for Immunofluorescence
Rabbit anti-MAP1LC3/LC3-II (1:100)
Rabbit anti-ACTA2 (1:100)

Rabbit anti-p-SMAD3 (1:200)
Rabbit anti-TGFB/TGF-B (1:200)
Goat Anti-rabbit IgG/FITC antibody
Aristolochic acid |

Lycopene (B20378)

Chloroquine

High-glucose DMEM

Fetal bovine serum
Penicillin-streptomycin-gentamicin solution
PBS

DMSO

Mitochondrial Extraction Kit

DAPI staining solution (BL105A)
SC79

GSK-690693

Epoxide resin

NAC

Bafilomycin A;/Baf-A1
Ad-GFP-LC3B

Mitochondrial membrane potential assay kit with JC-1

Mito-Tracker Deep Red FM
Protease inhibitors

Phosphatase inhibitors

BCA Protein Assay Kit

Reactive oxygen species Assay Kit

ABclonal, A5618
Bioss, bs -10,196 R
Bioss, bs-5235R
ABclonal, A16640
Bioss, bs-0295 G-FITC

Dasfbio, 220311ZW

Yuanye, B20378

AbMole, M9559

HyClone, SH30022.01
Wohong, WHRTNA101-1
Solarbio, P1410

Meilun, MA0015

Amresco, 0231

Solarbio, SM0020

Biosharp, BL105A

MCE 305,834-79-1

MCE 937,174-76-0

Macklin, E871955

AbMole, M5385

AbMole, M4953

Beyotime, C3006

Beyotime, C2006

Beyotime, C1032
Sigma-Aldrich 04,693,116,001
Sigma-Aldrich 04,906,837,001
Meilun, MA0082

Nanjing jiancheng, E004-1-1

group: (CON), AAI group: (AAI), AAI (40 uM) + LYC (10 uM)
group: (AL10), AAI (40 uM) + LYC (10 uM) + CQ (5ng/mL)
group: (AL10+CQ), AAI (40 uM) + Baf-A1 (5 uM) group: (AAI
+Baf-Al), AAI (40 pM) + LYC (10 pM) + Baf-A1 (5 uM) group:
(AL10+Baf-A1), AAI (40 uM)+NAC (2mM) group: (AAI
+NAC). Cells were pretreated with the CQ (5ng/mL) before
being treated with AAI and LYC. After 24 h of treatment, the
cells were harvested to determine the related parameters.

Cell viability testing

Renal tubular epithelial cells (NRK52E cell line derived
from Shanghai Cell Bank, Chinese Academy of Sciences)

were cultured as described previously [35]. Cytotoxicity
was detected using CCK-8 assay kit (Bio sharp, BS350B).
Cells were plated at a density of 8000 cells/well in 96-well
plates. After incubation with SC79 (0, 2, 4, 8, 16 uM) and
GSK-690693 (0, 2.5, 5, 10, 20 ug/ml) for 24 h, 10% CCK-8
solution diluted in serum-free DMEM was added to each
well. OD values were determined using a microplate
reader (Biotek, MQX200, Winooski, VT, USA) after incu-
bation at 37°C for 2h. The optimal SC79 and GSK-
690693 concentrations were selected for subsequent

experiments.
Cell viability (%) = (OD sample-OD blank)/(OD control-
OD blank)x100%.
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Transmission electron microscopy

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 dehydration of the sam-
ple with graded ethanol. Cells were then infiltrated into epoxy
resin and embedded. Ultrathin sections of 50-60 nm were
prepared. Organelles were observed under a transmission
electron microscope.

Immunofluorescence (IF)

Kidney tissue slices (3 um) were deparaffinized, and the cells
in each group were preliminarily treated with the relevant
reagents. Sections and cells were then incubated with the
corresponding  primary antibodies and fluorescence-
conjugated secondary antibodies for MAP1LC3-1I, ACTA2,
COL1, EN1, p-SMAD3 for IF staining, and nuclei were
stained with DAPI. Sections or cells were observed using
a fluorescence microscope and images were taken blindly in
random fields.

Detection of mitochondrial membrane potential (MMP)

MMP was measured using a MMP assay kit (JC-1) (Beyotime,
C2006). The cells were evenly inoculated into a six-well plate,
and after 24h of drug intervention, the cells were washed
once with PBS, 1mL of cell culture medium and 1 mL of
JC-1 staining working solution were added and mixed thor-
oughly. After incubation in a 37°C. Cell incubator for 20 min,
the supernatant was removed, washed twice with JC-1 stain-
ing buffer (1x), 2 mL of cell culture medium was added, and
images were observed and taken under the fluorescence
microscope [65].

Detection of ATP content

ATP content was detected using a kit (Nanjing jiancheng
Bioengineering Institude, A095-1-1). The cells incubated
with the drug were centrifuged at 300 x g for 15 min, then
the culture medium was discarded and the cells were collected
to detect the protein concentration of the cells in each group.
Pretreatment of samples was performed according to the
instructions in the ATP assay kit. Absorbance values of each
group were measured using a UV spectrophotometer at 636
nm with an optical diameter of 0.5 cm. The ATP content in
each group of cells was calculated by substituting the formula
in the instructions.

Western blot (WB)

Kidney tissue or cells were lysed with pre-chilled RIPA buffer.
Protease inhibitors and phosphatase inhibitors were added to
prevent degradation. Following sonication, lysates were cen-
trifuged at 12,000 x g for 10 min. Protein levels were assessed
using the BCA assay. Equal amounts of protein samples were
separated by SDS-PAGE and then transferred to PVDF mem-
branes. Membranes were blocked using 5% milk for 1h and

incubated overnight at 4°C with primary antibodies: PRKN
(1:1000), PINKI (1:1000), MAPILC3 (1:1000), SQSTMI
(1:1000), BECN1 (1:1000), p-SMAD2 (1:1000), p-SMAD3
(1:1000); ACTA2 (1:1000), TGFB1 (1:1000), CCN2 (1:1000);
CDHI1 (1:1000). Finally, color development was performed
using western ECL solution in a gel imaging system, and
image analysis was performed using Image] software for den-
sitometric analysis (relative protein expression = target pro-
tein gray value:ACTB/B-actin gray value).

Determination of ROS content in cells

Intracellular ROS were measured in NRK52E cells using
DCFH-DA fluorescent probe. The drug-incubated cells were
incubated with DCFH-DA (10 uM) for 30 min in a light-
protected humidified chamber. Fluorescence images were
acquired at the same parameters and fluorescence signals
were quantified using Image-Pro Plus software (Version 3.0,
Media Cybernetics, Bethesda, MD, USA).

Network construction and function analysis

LYC (CAS: 502-65-8) was queried by PubChem (https://pub
chem.ncbi.nlm.nih.gov/), gene targets of LYC were collected,
a LYC-gene target database was established, and a network
diagram was constructed by Cytoscape 3.9.1 software [66].
GO functional (cellular function, molecular function, and
biological function) enrichment analysis and KEGG pathway
enrichment analysis (accessed on 29 March 2022) were per-
formed on the collected gene targets using the David database
(https://david.ncifcrf.gov/) (p <0.05 indicates significant dif-
ferences) [67]. The disease or functional gene targets were
queried through the GeneCards database (https://www.gene
cards.org/) with the keyword “Autophagy”. A total of 7923
related gene targets were obtained, and 497 related genes were
selected using the correlation coefficient “Relevance score =
2.80616”. Enter targets into STRING database (https://cn.
string-db.org/), predicted protein-protein interactions (PPI)
[68], with confidence scores>0.9. The above results were
imported into Cytoscape 3.9.1 software for visualization and
core topology networks were filtered using Centiscape. hub
genes were selected by combining the gene network with the
angiogenesis correlation coefficient “Relevance score” in
GeneCards.

Molecular docking

Genes AKT were queried in the Uniprot database (https://
www.uniprot.org/) to select the appropriate AKT protein
structure. 3D structure files in PDB format for AKT protein
were downloaded from the RCSB PDB database(https://www.
rcsb.org/). 3D structure files in SDF format for LYC (CAS502-
65-8) were downloaded in PubChem database (https://pub
chem.ncbi.nlm.nih.gov/). SDF format files were converted to
PDB format files via Open Babel 3.1.1. AKT was subjected to
simulated molecular docking with LYC using AutoDockTools
1.5.6 and AutoDock Vina software. 2D structures were visua-
lized using LigPlus and electrostatic potential energy and 3D
structures were visualized by PyMoL 2.3.0.


https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://david.ncifcrf.gov/
https://www.genecards.org/
https://www.genecards.org/
https://cn.string-db.org/
https://cn.string-db.org/
https://www.uniprot.org/
https://www.uniprot.org/
https://www.rcsb.org/
https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/

Detection of autophagic flux by autophagy
double-labeled adenovirus (mRFP-GFP-MAP1LC3)

An NRK52E cell suspension (500 pl) at a concentration of 10°
cells/ml was added to a 15-mm confocal laser scanning plate and
cultured in 37°C incubator with 5% CO, for 2 h. Medium (1.5 ml)
was added when the cells adhered. Cells were infected with 2.5 x
107 adenoviruses. After 24 h, NRK52E cells were simultaneously
treated with AAI and LYC for 24 h. Cells were fixed using 4%
paraformaldehyde, counterstained with DAPI and observed and
photographed under a confocal laser scanning microscope. The
intensity of autophagic flow was analyzed by counting different
color spots. The number of yellow and red spots after superposi-
tion was counted manually and bar graphs were made.

Mitochondria colocalize with MAP1LC3 first in cell culture

NRKS52E cells were seeded at a density of 5 x 10” cells/well in
15mm confocal laser scanning dishes the day before infec-
tion (the specific number of inoculations was determined by
cell size and cell growth rate). Two milliliters of complete
culture medium were added to each plate. The following day,
when the cell density reached about 50% during virus infec-
tion, the plate was removed from the cell incubator. Culture
medium containing 2.5x 10’ adenoviruses was added to
each plate, respectively. After 24hours of infection,
NRK52E cells were treated with AAI and LYC. After 24h
of drug intervention, bioactive mitochondria were specifi-
cally labeled using the Mito-Tracker Deep Red FM kit
(C1032). Observed and photographed under a confocal
laser scanning microscope.

Mitochondrial extraction

Mitochondria were extracted from kidney tissue and cells using
a mitochondrial extraction kit. First prepare tissue homogenate.
Weigh 100-200 mg of kidney tissues, such as liver, brain, myo-
cardium, etc., rinse with PBS or normal saline, wash the blood
water, dry with filter paper, cut into pieces with scissors and
place into a small volume glass homogenizer. One mL ice-cold
Lysis Buffer was added, and the tissue was ground up and down
in an ice bath at 0°C for 20 times; the cells were digested, washed
with PBS, and collected by centrifugation at 800 x g for 5-10 min
and counted. Each extraction required 5 x 107 cells, 1 ml of ice-
cold Lysis Buffer was added to resuspend the cells, and the cell
suspension was transferred to a small volume glass homogenizer
and ground in an ice bath at 0°C for 30-40 times. Mitochondria
were extracted from tissues and cells following the steps of the kit
instructions. The extracted mitochondria could be used imme-
diately or dispensed and stored at —70°C to avoid repeated
freezing and thawing. Mitochondrial proteins were subsequently
extracted following the extraction method for total proteins.

Statistical analysis

All experimental data were analyzed using Image], Graph-Pad
Prism 8.0.2, and SPSS 22.0, and repeated independent assays
were performed. Data are presented as mean + SD, and one-
way analysis of variance and Duncan’s multiple comparison
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method were used to test the differences among the groups of
data, and p<0.001 was considered statistically significant.
Pearson correlation (PCC) was performed using Origin 2021.
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