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Abstract
Aristolochic acid nephropathy (AAN) is a progressive kidney disease caused by some herbal medicines,
but treatment remains ineffective. We previously found NADPH oxidases 4 (NOX4), which regulates
oxidative stress, play an important role in kidney injury model. However, its regulatory mechanism of
action in AAN is still obscure. In this study, we established AAN model in vivo, a co-culture system of
macrophage and TEC, and macrophage/TEC conditioned media culture model in vitro respectively. We
found macrophages in�ltration promoted injury oxidative stress and apoptosis of TEC. Furthermore, the
role of macrophage in AAN was dependent on macrophages-derived EV. Importantly, we found that
macrophages-derived, Leucine-rich α-2-glycoprotein 1(LRG1)-enriched EV induced TEC injury and
apoptosis of via a TGFβR1-dependent process. Mechanistically, macrophages-derived, LRG1-enriched EV
mediating TECs injury by upregulating NOX4 in AAN model. This study may help design a better
therapeutic strategy to treat AAN patients.

Introduction
Aristolochic acid (AA) is a generic term that describes a group of structurally related compounds found in
Aristolochiaceae plants family.(Ma et al. 2021) 8-methoxy-6-nitro phenanthro-(3,4-d)-1,3-dioxolo-5-
carboxylic acid (AAI) is the major components of AA (Rosenquist et al. 2010). Aristolochic acid
nephropathy (AAN) is a rapidly progressive tubulointerstitial disease induced by AA and effective
treatment is lacking (Zhang et al. 2019, Debelle et al. 2008).

Several studies have shown that in�ammation and oxidative stress are strongly linked to the
pathogenesis of AA nephrotoxicity (Kim et al. 2019, Zeng et al. 2017). Macrophage in�ltration is a
prominent feature in both human and experimental AAN, and macrophage depletion studies have
identi�ed a pathologic role for macrophages in various animal models of renal in�ammation and
oxidative stress (Susnik et al. 2014, Honarpisheh et al. 2018). Pathologically, AAN is characterized by
extensive tubular epithelial cells (TEC) injury in both patients and animal models of AAN (Wang et al.
2020a, Pozdzik et al. 2008). However, in AAN, it remains unclear how macrophage activation in�uences
TEC injured and oxidative stress.

The cellular communication is an essential component in mammalian development and preservation of
homeostasis (Gladka 2020). Beyond classical signaling through cell-cell contact and soluble factors,
such as cytokines and in�ammatory mediators, such intercellular communication also occurs through
cellular release of extracellular vesicles (EV) (van Niel et al. 2018, Tkach and Thery 2016). EV is
nanosized, membrane-bound vesicle released from different cell. Recent studies have revealed that EV
may participate in renal tissue damage and regeneration through mediating inter-nephron
communication (Karpman et al. 2017, Tang et al. 2019). Thus, the potential use of EV as therapeutic
vector has gained considerable interest (Zhang and Liu 2021).
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NADPH oxidases 4 (NOX4), which regulates oxidative stress, play an important role in kidney injury model
(Sundaresan et al. 2009). It is a novel therapeutic strategies targeting NOX4 in the treatment of certain
types of renal diseases (Wang et al. 2020b, Ragot et al. 2016). However, its regulatory mechanism of
action in AAN are still obscure.

In the current study, we found macrophages in�ltration promoted injury and oxidative stress of TEC in
AAN. Interestingly, AAI induced release of macrophages-derived EV. Macrophages-derived, LRG1-enriched
EV promoting TECs injury is TGFβR1-dependent. Importantly, macrophages-derived, LRG1-enriched EV
mediating TECs injury by upregulating NOX4 in AAN model.

Materials And Methods
Experimental reagents

Aristolochic acid I (Sigma-Aldrich, St. Louis, MO) was dissolved as previously described and used for cell
culture studies at a concentration of 10µM (Ren et al. 2020). β-actin, NOX-4, kidney injury molecule-1
(KIM-1) primary antibodies and goat anti-rabbit or anti-mouse immunoglobulin G (IgG) horseradish
peroxidase (HRP) secondary antibodies were purchased from Bioss (Beijing, China). TSG101, CD63,
ARF6, Cleaved caspased-3, LRG1 antibody was obtained from Abcam (Cambridge, UK). Human
recombinant LRG1 were purchased from Abcam (Cambridge, UK). Cr and BUN assay kit was purchased
from Njjcbio (Nanjing, China). Annexin V-FITC/PI Apoptosis Detection Kit was purchased from Bestbio
(Shanghai, China). Cytochalasin D was obtained from APExBIO (USA). PKH67 was obtained from Sigma
(St. Louis, MO).

4.2 Mice.

C57BL/6 mice supplied by the Experimental Animal Center of Anhui Medical University were used to
establish the AAN model. All the animal experiments were performed in accordance with the Regulations
of the Experimental Animal Administration issued by the State Committee of Science and Technology of
China. Efforts were made to minimize the number of animals used and their suffering. Animals were
maintained in accordance with the guides of the Center for Developmental Biology, Anhui Medical
University for the Care and Use of Laboratory. Animals and all experiments used protocols approved by
the institutions’ subcommittees on animal care. Mice were injected with AAI (5 mg/kg, i.p.; Sigma-Aldrich,
St. Louis, MO) every other day for 12 days. Kidney tissues and blood samples were obtained at 3, 9, 15,
21 and 27 days (n = 6 mouse per group). Control mice were treated with the same dosage of saline via
intraperitoneal injection.

4.3 Cell Lines and culture.

HK-2 and mTEC, kindly provided by Prof. Huiyao Lan, were cultured in DME/F-12 (HyClone, Logan, UT,
USA) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (Merck Millipore, Darmstadt,
Germany) at 37°C in a humidi�ed incubator under 5% CO2. THP-1 cells were cultured in RPMI-1640
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(HyClone, Logan, UT, USA) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (Merck
Millipore, Darmstadt, Germany) at 37°C in a humidi�ed incubator under 5% CO2. For all experiments, THP-
1 monocytes were differentiated into macrophages using phorbol 12-myristate 13-acetate (5 ng/mL).

4.4 Primary cell isolation and culture.

Bone marrow-derived macrophages (BMDM) were isolated from wild-type mice as previously described
(Thery et al. 2006). Brie�y, bone marrow was �ushed from dissected mouse tibia and femur with sterile
PBS. Cells were resuspended and plated in RPMI-1640 (Gibco, Carlsbad, CA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin, 100 µg/mL streptomycin, and M-CSF (10
ng/mL) conditioned media. BMDM were used for experiments after a differentiation period of 7 days. For
real-time quantitative PCR analysis, 3 × 105 cells were plated per well into 12-well plates. The next day,
BMDM were treated with EV in RPMI 1640 medium for 8h before RNA isolation.

Extracellular vesicle isolation. Renal primary epithelial cell and macrophage derived EV isolated from T2D
mice were collected over a 24 h time period in EV-depleted complete media, which was prepared by
overnight centrifugation at 100,000 × g at 4°C. Unless stated otherwise, EV was isolated from cell culture
medium by differential ultracentrifugation using a modi�ed version of a protocol by Thery et al (Thery,
Amigorena 2006). Collected medium was depleted of cells and cell debris by consecutive, low-speed
centrifugations (2,000 × g for 15 min and 16,000 × g for 20 min). The supernatants obtained were
carefully collected and centrifuged for 90 min at 100,000 × g at 4°C. Pellets from this centrifugation step
were washed in PBS, pooled, and centrifuged again for 90 min at 100,000 × g at 4°C. The obtained pellets
were resuspended in lysis buffer (see below), PBS solution or RPMI-1640 medium, depending on
subsequent experiments. EV solutions intended for cell treatment were sterile �ltered through 0.22 µm
syringe �lter. Resuspended EV were either used for subsequent analysis or aliquoted and stored at -80°C.
For isolation of EV derived from primary cells, a commercially available kit from Invitrogen (Carlsbad, CA)
was utilized.

4.5 Electron microscopy.

Isolated EV were �xed in 2% paraformaldehyde in 0.1 M phosphate buffer overnight at 4°C. The samples
were then placed on Formvar-carbon-coated grid and air dried for 20 min. After being rinsed with PBS,
grids were transferred to 1% glutaraldehyde for 5 min and washed with distilled water. The grids were �rst
contrasted with uranyl-oxalate solution and then contrasted and embedded in a mixture of 4%
uranylacetate and 2% methylcellulose (1:9 ratio). The grids were air dried and visualized with a JEOL
1400 electron microscope (JEOL USA, Peabody, MA) at 80 kV. For immunogold staining, grids were block
with 10% FBS for 20 min followed by overnight incubation at 4°C with primary anti-TRAIL and anti-LRG1
antibody diluted 1:20 in blocking solution overnight. Next, grids were incubated with secondary antibody
for 1 h. In negative control samples, primary antibody was omitted. Samples were then labeled with
protein A-10-nm gold for 1 h. The grids were contrasted and embedded with a mixture of 4% uranyl
acetate and 2% methylcellulose (1:9 ratio) and observed as described above.
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4.6 Nanoparticle tracking analysis.

Concentration and size distribution of isolated EV were assessed by nanoparticle tracking analysis (NTA)
using NanoSight NS300 instrumentation (NanoSight, Amesbury, UK). EV samples were diluted with PBS
at a range of concentrations between 4 × 108 and 8 × 108 particles per milliliter in a total volume of 1
milliliter. Each sample was continuously run through a �ow-cell top-plate set up to 23.3°C using a syringe
pump at a rate of 25 µL/min. At least three videos of 30 seconds documenting Brownian motion of
nanoparticles were recorded and at least 1000 of completed tracks were analyzed by NanoSight software
(NTA 2.3.5).

4.7 Cell EV uptake.

THP-1-derived puri�ed EV were labeled with a green �uorescent dye PKH67 (Sigma) and washed by a
100,000 × g spin. Differentiated HK-2 cells were then incubated with these EV (1010/mL) for 1 h (with or
without 10 µ Mcytochalasin D pre-Hirsova et al. treatment) and their cellular internalization was observed
using an LSM880 confocal microscope (Carl Zeiss, Jena, Germany).

4.8 Flow Cytometry.

The extent of the programmed cell death was detected by �ow cytometry (CytoFlex, Beckman Coulter,
USA) using AV-FITC/PI apoptosis detection kit (Bestbio, Shanghai, China). To evaluate the apoptosis level
of HK-2, the attached and supernatant cells were stained with 5 µl of Annexin V-FITC and10 µl PI in the
dark, detected by �ow cytometry, and analyzed using CytExpert 2.1 software (CytExpert, Beckman Coulter,
USA).

4.9 Transient transfection.

A small interfering RNA (siRNA) was used to silence TGFβR1 in THP-1 cells. Cells transfected with
scramble siRNA were used as control. Cells were grown in 60-mm dishes and transiently transfected with
Smart Pool siRNA (5 nM, Hanbio) using LipoFiter 3.0 (Hanbio). Experiments were performed 48 h after
transfection.

4.10 Immuno�uorescence Staining.

Sections were blocked with 10% bovine serum albumin (BSA) solution to avoid non-speci�c staining.
Sections were incubated with rabbit polyclonal primary antibodies against KIM-1 (1:500). Sections were
incubated overnight at 4◦C, followed by incubation with anti-rabbit Cy-3 (1:200)-conjugated secondary
antibodies and nuclei staining with 4′,6-diamidino-2-phenylindole (DAPI; Beyotime Biotechnology,
Shanghai, China). Stained sections were examined with an inverted �uorescence microscope (Carl Zeiss
Axio Vert.A1, Jena, Germany).

4.11 Histopathology.
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Renal tissues of mice were �xed in 4% paraformaldehyde for 24 h immediately following killing,
processed for histological examination according to a conventional method, and stained with PAS, H&E
and F4/80. The slides were scored in a blinded manner and de-identi�ed.

4.12 TUNEL Assay.

Renal cell apoptosis was examined by TUNEL assay using the One step TUNEL Apoptosis Assay Kit from
Beyotime Biotechnology (Beyotime, Jiangsu, China). Brie�y, cells were �xed with 4% paraformaldehyde in
PBS and then exposed to the TUNEL reaction mixture containing TM red–labeled dUTP. Finally, samples
were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). TUNEL-positive nuclei were identi�ed by
�uorescence microscopy.

4.13 Western Blot.

Whole extracts were separated by 10 or 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), transferred to a polyvinylidenedi�uoride membrane, which were incubated with primary
antibodies against LRG1/ NOX-4/ KIM-1/ TSG101/ ARF6/ CD63/ cleaved-caspased-3/ β-actin (1:500;
Santa Cruz biotechnology, Dallas, TX, USA). The membranes were then washed in TBS-Tween 20 and
incubated with secondary antibodies correspondingly. After extensive washing in TBS-Tween 20, protein
bands were visualized with ECL chemiluminescent kit (ECL-plus; Thermo Fisher Scienti�c, Pittsburgh, PA,
USA).

4.14 Real-Time Reverse Transcriptase-PCR.

Total RNA was collected from kidney tissues, THP-1 and BMDM cells using TRIzol reagents (Invitrogen).
First-strand cDNA was synthesized using Thermoscript RT-PCR synthesis kit (Fermentas, Pittsburgh, PA,
USA) according to the manufacturer’s instructions. Real-time quantitative PCR analyses for mRNA were
performed using Thermoscript RT-qPCR kits in an ABI Prizm step-one plus real-time PCR System (Applied
Biosystems, Foster City, CA, USA). The products were used as templates for ampli�cation using the SYBR
Green PCR ampli�cation reagent (Qiagen, Valencia, CA, USA) and gene-speci�c primers. Relative
expression levels were calculated according to the standard 2−ΔΔCt method (Schmittgen and Livak 2008).
The forward and reverse primers used for PCR were as listed in Supporting Information Tab S1.

4.15 Statistical Analysis.

Data are expressed as the means ± SEM and represent at least three independent experiments.
Differences between two groups were compared using the two-tailed Student’s t-test. Differences between
multiple groups were compared using one-way analysis of variance followed by Student’s t-test.
Differences were considered signi�cant at P < 0.05. All analyses were performed using GraphPad Prism
5.0 software (San Diego, CA).

Results
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2.1 Aristolochic acid induces kidney injury in a time-dependent manner.

To determine renal response to aristolochic acid treatment, kidney tissues were harvested at 3, 9, 15, 21
and 27days after aristolochic acid (AA) administration (Fig. 1A). Administration of aristolochic acid to
C57BL/6 mice resulted in typical features of aristolochic acid nephropathy (AAN). As shown in Fig. 1B,
tubular damages with atrophy, dilatation and bared tubular basement membrane were raised along with
the increased treatment time. Consistent with the severity of tubular damage seen on PAS stained
sections, KIM-1, an established biomarker for renal proximal tubule injury, was barely detectable in the
kidney of vehicle mice but dramatically increased after AAI administration in a time-dependent. In
addition, intervention with AAI treatment substantially increased KIM-1 expression seen over days 15 to
27 (Fig. 1C). Renal tubular epithelial cell (TEC) apoptosis is the common histopathological feature of AAI
nephrotoxicity. A signi�cant increase in cleavedcaspase-3 was evident on day 21(Fig. 1C). Then, we also
evaluated the renal cell turnover by staining TUNEL+ cells in mice kidneys. Similar result was found that
the levels of apoptosis were increased in AAN mice along with the increased AAI treatment time (Fig. 1D).
These data indicated that aristolochic acid induced kidney injury in a time-dependent manner.

2.2 Macrophage in�ltration promotes AAI-induced injury.

Macrophage in�ltration is a hallmark of AAN and is believed to promote TEC damage in AAN. A
prominent interstitial accumulation of F4/80+macrophages was seen in AAI treated mice (Fig. 2A).These
in�ltrates were accompanied by up-regulation of the chemokine (C-X-C motif) ligand 12 (CXCL12) and
pro-in�ammatory Interleukin 1β (IL-1β) at the mRNA level (Fig. 2B and 2C).

To explore the effects of macrophage on tubular epithelial cells (TEC), we �rstly employed a co-culture
system as shown schematically in Fig. 2D. The human monocytic cell line (THP-1), which can be
differentiated into macrophage-like cells,in the lower chamber of a trans-well plate were co-cultured with
TEC in the upper chamber. The co-culture system was treated with AAI (40µM) for 24 hours and harvested
for analysis. As shown in Fig. 2E, treated with AAI induced signi�cantly up-regulated levels of CXCL12
and IL-1β in the co-cultured macrophages. Additionally, treatment with AAI up-regulated the protein level
of KIM-1 in the co-culture TECs (Fig. 2F). Moreover, western blot analysis indicated that the level of
cleaved caspase-3 was markedly increased in the co-culture TECs (Fig. 2F). The same change was also
found in the level of apoptosis in the co-culture TEC by �ow cytometric analysis (Fig. 2G).

Secondly, THP-1/HK-2 conditioned media culture model was also established (Fig. 3A). As shown in
Fig. 3B, AAI signi�cantly increased the CXCL12 and IL-1β expression of THP-1 cells. Interestingly,a dose
of AAI (40µM, 24h) did not induce HK-2 injury, but the level of KIM-1 and cleaved caspase-3 were
increased with addition of AAI-CM-induced group (conditioned medium from AAI-induced THP-1 cells
added to AAI-induced HK-2 cells) compared to AAI-induced groups (Fig. 3C). Furthermore,
immuno�uorescence staining showed the level of cleaved caspase-3 was largely up-regulated in AAI-CM-
induced group (Fig. 3D). Flow cytometric analysis also identi�ed a signi�cant increase of cell apoptosis
in AAI-CM-induced group compared to other groups (Fig. 3E).
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Furthermore, BMDM/mTEC conditioned media culture model was also established. Similar results were
demonstrated CM (conditioned medium from AAI-induced BMDM cells added to AAI-induced mTEC cells)
treatment promoted injury and apoptosis of TEC induced by AAI (Suppplementqal Fig. 1A and 1B).

These results above indicated conditioned medium from AAI-induced macrophage promoted the role of
AAI in renal tubular epithelial cell injury.

2.3 Macrophages-derived EV promote AAI-induced injury.

Cell-to-cell communication via direct contact or through soluble factors is of vital importance for
multicellular organisms. Interestingly, upon AAI treatment, released EV were isolated from THP-1 cell
culture media and quanti�ed via nanoparticle tracking analysis (NTA). Over a 24-hour incubation period,
AAI induced an approximately 2.5-fold increase in release of EV in THP-1 cells (Fig. 4A). The size
characteristics of the released EV were con�rmed by electron microscopy (Fig. 4B). Immunoblot analysis
indicated that isolated EV contained established exosomal and microvesicular markers such as tumor
susceptibility gene 101 (TSG101), adenosine diphosphateribosyltion factor 6 (ARF6), CD63 and β-actin
(Fig. 4C). Consistent with THP-1 cell data, AAI had the similar effect on EV release in BMDM cells (Fig. 4D
and 4E).

Secondly, the data above provided evidence suggesting AAI induced release of macrophages-derived EV,
which prompted us to investigate whether this is due to EV transfer. Puri�ed EV were isolated from
primary macrophages of AAI -induced, 27-day AAN model mice kidney tissues and �uorescence-labelled
the EV with PHK67. Then PHK67-labelled EV were injected into AAI-induced, 3 -day mice, which could not
establish AAN model, via renal in situ injection (Fig. 4F). It was found that �uorescence-labelled
macrophage-derived EV were localized in kidney (Fig. 4G). Most importantly, AAI-induced, macrophage-
derived EV enhanced the levels of KIM-1 and cleaved caspase-3 in AAI-induced, 3 -day mice (Fig. 4H).
Furthermore, TUNEL staining also revealed that AAI-induced, macrophage-derived EV signi�cantly
promoted apoptosis in the kidney tissues of AAI-induced, 3 -day mice (Fig. 4I).

Thirdly, AAI-induced HK-2 was incubated with AAI-treated, THP-1-derived EV (Fig. 5A). The levels of KIM-1
and cleaved caspase-3 expression in AAI-induced HK-2 were no signi�cantly increased, while these levels
were sharply increased in AAI-induced HK-2 cells with addition of AAI-treated, THP-1-derived EV (EVa), as
con�rmed in Fig. 5B. Similar analysis of the level of cleaved caspase-3 using immuno�uorescence
staining was shown in Fig. 5C. In addition, AAI-induced HK-2 cells with addition of AAI-treated, THP-1-
derived EV (EVa) promoted much higher apoptosis level in Fig. 5D.

To further test hypothesis, we incubated AAI-induced mTEC with puri�ed EV released from AAI-treated
BMDM (1010/ml) (Suppplementqal Fig. 2A). Similar results were also shown by immunoblot and
immuno�uorescence staining in Suppplemental Fig. 2B and 2C.

Last but not the least, to demonstrate that EV-unrelated fraction was not responsible for TEC injury, we
destroyed EV by boiling. It was observed that this treatment abolished their stimulatory activity, as
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con�rmed in Fig. 6A. We then examined whether phagocytosis was required for TEC injury by EV. It was
demonstrated that the level of cleaved Caspase-3 was no change with addition of Cytochalasin D.
Cytochalasin D, a pharmacologic inhibitor of phagocytosis, e�ciently inhibited phagocytosis of
�uorescently labeled EV but had no effect on AAI-treated, THP-1-derived EV (EVa) induced injury (Fig. 6B
and 6C). These data suggest that macrophages-derived EV promotes AAI-induced injury and EV-TEC
interaction at the level of the plasma membrane is likely responsible for TEC injury.

2.4 Macrophages-derived, LRG1-enriched EV promoting TECs injury is TGFβR1-dependent.

Our previous study revealed that LRG1 was highly elevated in CP-induced renal damage(Jiang et al.
2020a). Interestingly, we isolated primary renal macrophage derived EV from AAN model and found the
level of LRG1 was signi�cantly increased by western blot analysis (Fig. 7A). The same changes were also
found in immunogold labeling and electron microscopy in Fig. 7B.

Consistent with in vivo data, LRG1 was up-regulated in AAI-induced THP-1 and BMDM by real-time PCR
analysis (Fig. 7C and 7D). Furthermore, LRG1 was also up-regulated in AAI-induced THP-1-derived EV and
AAI-induced BMDM-derived EV by western blot analysis (Fig. 7E).

To explore the role of LRG1 on TEC injury, we treated HK-2 cells with recombinant human LRG1. LRG1-
pretreated, AAI-induced HK-2 cells expressed much higher levels of KIM-1 than AAI treated group, whereas
AAI treatment alone in the absence of LRG1 did not affect the basal level of KIM-1 by western blot
(Fig. 7F).

LRG1 could bind directly to the TGFβ receptor 1(TGFβR1), however it is unknown whether LRG1-enriched
EV could promote TEC injury via TGFβR1. Next, we treated HK-2 cells with siRNA-TGFβR1 for 24 hours
(Fig. 7G). As illustrated in Fig. 7H, siRNA-TGFβR1 suppressed the expression of KIM-1 in TGFβR1−/−HK-2
cells.

These data suggest that macrophages-derived, LRG1-enriched EV promoting TEC injury is TGFβR1-
dependent.

2.5 Macrophages-derived, LRG1-enriched EV mediate TEC injury by upregulating NOX4.

Administration of aristolochic acid to C57BL/6 mice resulted in typical features of oxidative stress in
AAN. GSH and SOD levels were markedly down-regulated in AAI-induced group, while MDA levels were
signi�cantly up-regulated in a time-dependent manner (Fig. 8A-8C). Furthermore, intervention with AAI
treatment substantially increased NOX4, a major source of reactive oxygen species (ROS) in the kidney,
seen over days 9 to 27 (Fig. 8D). To explore the effects of macrophage on oxidative stress, we employed
the co-culture system above. Treatment with AAI up-regulated the protein level of NOX4 in the co-culture
HK-2 (Fig. 8E). Moreover, THP-1/HK-2 conditioned media culture model was also established to get the
similar result of NOX4 (Fig. 8F). Similar results were also shown in BMDM/mTEC conditioned media
culture model (Supplemental Fig. 3A.).
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It was found that macrophages-derived EV promoted AAI-induced injury. Puri�ed EV, isolated from
primary macrophages of AAI -induced, 27-day AAN model mice kidney tissues, were injected into AAI-
induced, 3-day mice via renal in situ injection. Interestingly, AAI-induced, macrophage-derived EV
enhanced the levels of NOX4 in AAI-induced, 3-day mice (Fig. 8G). Consistent with in vivo data, the level
of NOX4 expression in AAI-induced HK-2 was no signi�cantly increased, while these levels were sharply
increased in AAI-induced HK-2 cells with addition of AAI-treated, THP-1-derived EV (EVa), as con�rmed in
Fig. 8H. Similar results were also shown in Supplemental Fig. 3B.

To demonstrate that an EV-unrelated fraction was not responsible for oxidative stress, we destroyed EV
by boiling. It was observed that this treatment abolished their stimulatory activity, as con�rmed in Fig. 9A.
We then examined whether phagocytosis was required for oxidative stress by EV. It was demonstrated
that the level of NOX4 was no change with addition of Cytochalasin D. Cytochalasin D had no effect on
AAI-treated, THP-1-derived EV (EVa) induced oxidative stress (Fig. 9B).

To explore the role of LRG1 on oxidative stress, we treated HK-2 cells with recombinant human LRG1.
LRG1-pretreated, AAI-induced HK-2 cells expressed much higher levels of NOX4 than AAI treated group,
whereas AAI treatment alone in the absence of LRG1 did not affect the basal level of NOX4 by western
blot and immuno�uorescence staining (Fig. 9C and 9D). In addtion, as illustrated in Fig. 9E and 9F, siRNA-
TGFβR1 suppressed the expression of NOX4 in TGFβR1−/−HK-2 cells.

These data suggest that LRG1-enriched EV from macrophages promote oxidative stress via a TGFβR1-
dependent manner in AAN model.

Discussion
In the current study, we found aristolochic acid induced kidney injury in a time-dependent manner.
Macrophages in�ltration promoted kidney injury,oxidative stress and apoptosis of TEC. Furthermore, the
role of macrophage in AAN was dependent on macrophages-derived EV. Importantly, we found that
macrophages-derived, LRG1-enriched EV induced TEC injury via a TGFβR1-dependent process by
upregulating NOX4 in AAN model.

AAI-induced oxidative stress serves an important role in the development of renal injury (Jadot et al. 2017,
Wu et al. 2015). Various studies have demonstrated that oxidative stress can induce cell injury and
apoptosis(Yaribeygi et al. 2018). NADPH oxidases are a major source of reactive oxygen species (ROS) in
the kidney in normal and pathological conditions (Sedeek et al. 2013). Among NADPH oxidase isoforms,
NADPH oxidase4 (NOX4), which regulates oxidative stress, is highly expressed in the kidney and has an
important role in kidney diseases (Yoo et al. 2020). We previously found that NOX4 aggravated kidney
injury by promoting ROS-mediated programmed cell death and in�ammation (Wang, Yang 2020b, Meng
et al. 2018). However, its regulatory mechanism in AAN is still unknown.

Macrophage in�ltration is a hallmark of AAN and is believed to promote tubular epithelial cells (TEC)
damage through the production of pro-in�ammatory mediators to generate the reactive oxygen species in
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AAN (Allard et al. 2013, Wang et al. 2019, Pozdzik et al. 2010). In the current study of experimental AAN
the prominent macrophage accumulation seen is consistent with studies of human AAN and previous
studies of experimental AAN (Novitskaya et al. 2014, Lu et al. 2016). We found interstitial macrophage
accumulation was associated with up-regulation of expression of the chemotactic molecules, CXCL12
and pro-in�ammatory mediators, IL-1β, which have been shown to promote monocyte recruitment in a
several models of kidney disease. We also found that increased levels of MDA, production of lipid
peroxidation, and decreased SOD and GSH, indicators of oxidative stress, after AA injection. In addition,
protein level of NOX4 is increased in the pathogenesis of AAN in the kidneys of mice.

Aristolochic acid induced tubular damage and apoptosis is the primary insult in AAN. In the present study,
we observed that AAI-treated mice displayed an increased number of TUNEL-stained cells with elevated
protein levels of cleaved caspase-3 and KIM-1 in the kidneys.

Recent studies have revealed that EV may participate in renal tissue damage and regeneration through
mediating inter-nephron communication. Bruno et al (Braun and Moeller 2015) reported incorporation of
MSC-derived EV in acutely injured renal proximal tubular cells modulated the expressions of genes
involved in cell recovery and repair by shuttling mRNA involved in transcription, proliferation, and
immunoregulation. Eirin et al (Eirin et al. 2017) also found mesenchymal stem cell–derived extracellular
vesicles attenuated kidney in�ammation. Zhu et al (Zhu et al. 2019) reported in DN, high glucose led to
increased excretion of exosomes from macrophages. Mesangial cells took up exosomes in vitro, which
resulted in the activation and proliferation of mesangial cells and the secretion of extracellular matrix and
in�ammatory cytokines. In this study, we found in macrophage and tubular epithelial cells co-culture
system, treatment with AAI up-regulated the protein levels of KIM-1 and NOX4 in TEC of the co-culture
system. Interestingly,compared to AAI-induced TEC, the level of KIM-1 was signi�cantly increased when
AAI-induced TEC added to conditioned medium (CM) which comes from AAI-induced THP-1. In addition,
AAI induces release of macrophages-derived EV. PHK67-labelled EV, which was isolated from primary
macrophage of AAN, was injected into mice via renal in situ injection. Most importantly, AAI-induced,
macrophage-derived EV enhanced the levels of KIM-1 and NOX-4, signi�cantly promoted apoptosis in the
kidney. In vivo and in vitro data suggest that macrophages in�ltration promoted oxidative stress and
programmed cell death of TEC is dependent on extracellular vesicles.

In our previous study, we demonstrated that LRG1 expression is signi�cantly increased in patients with
kidney injuries (Jiang et al. 2020b). Furthermore recent study highlighted the role of LRG1 in the
progression of diabetic nephropathy (Zhang et al. 2020). It is suggested that LRG1 can promote
completely different cellular processes including survival, proliferation, migration, and metastasis (Gao et
al. 2020, Gu et al. 2020). However, the role of LRG1 in AAN remains largely unexplored. Our data support
that KIM-1 and NOX-4 were upregulated in the presence of rhLRG1 in AAI-induced TEC. Furthermore, LRG1
expression in EV released from AAI-induced macrophage is signi�cantly increased. Indeed, LRG1-enriched
EV from macrophages promote renal injury and oxidative stress in AAI-induced mouse model. It was
found LRG1 had a pivotal role in DN pathogenesis through TGF-β signaling and was a risk factor for
disease progression (Hong et al. 2019). We also found that LRG1-mediated TEC injury and oxidative



Page 12/31

stress is dependent on TGFβR1 signaling. In contrast, knockdown TGFβR1 of TEC, the expressions of
KIM-1 and NOX-4 were decreased.

In summary, we identi�ed EV as a potential link between macrophage-mediated in�ammation and AAI-
induced TEC oxidative stress and apoptosis (Fig. 10). TEC can take up macrophage-derived, LRG1-
enriched EV which likely play roles in controlling ANN progression. Given an important role of LRG1 in
controlling oxidative stress, our �ndings that TGFβR1 promotes LRG1-enriched EV uptake by upregulating
NOX4 may provide different insights into the regulatory mechanisms of AAN, which may help design a
better therapeutic strategy to treat AAN patients.
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Figure 1

Aristolochic acid induces kidney injury in a time-dependent manner (A) AAN model was established. (B)
PAS staining of kidney sections. Scale bar, 100μm. (C) Western blot was performed on different treatment
group to determine KIM-1 and cleaved caspase-3 expressions. Dot plots show the corresponding
quanti�cation of band intensity and fold change. (D) TUNEL staining of kidney sections. Scale bar,
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200μm. Similar results were obtained in 3 independent experiments with 10 mice per group. ***P<0.001,
**P<0.01, *P<0.05.

Figure 2

Macrophage in�ltration promotes AAI-induced injury (A) F4/80 staining of kidney sections. Scale bar,
100μm. (B) CXCL12 mRNA was assessed by real-time qPCR. Dot plots show the corresponding
quanti�cation of band intensity and fold change. (C) IL-1β mRNA was assessed by real-time qPCR. Dot
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plots show the corresponding quanti�cation of band intensity and fold change. (D) TECs and
macrophages co-culture system. (E) The mRNA levels of CXCL12 and IL-1β in THP-1 were assessed by
real-time qPCR. Dot plots show the corresponding quanti�cation of band intensity and fold change. (F)
Western blot analysis showing the protein levels of KIM-1 and cleaved caspase-3. Dot plots show the
corresponding quanti�cation of band intensity and fold change. (G) Flow cytometry assay of HK-2 cells.
Dot plots show the corresponding quanti�cation of band intensity and fold change. Similar results were
obtained in 3 independent experiments with 10 mice per group or in triplicate culture assays. ***P<0.001,
**P<0.01, *P<0.05.
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Figure 3

THP-1 conditioned media promotes AAI-induced HK-2 injury (A) THP-1/HK-2 conditioned media culture
model. (B) The mRNA levels of CXCL12 and IL-1β in THP-1 was assessed by real-time qPCR. (C) Western
blot analysis showing the protein expression of KIM-1and cleaved caspase-3 in HK-2 cells. Dot plots
show the corresponding quanti�cation of band intensity and fold change. (D) Representative images of
cleaved caspase-3 immunohistochemical staining in HK-2 cells. Scale bar, 50μm. (E) Flow cytometry
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assay of HK-2. Dot plots show the corresponding quanti�cation of band intensity and fold change.
Similar results were obtained in triplicate culture assays. ***P<0.001, **P<0.01, ## P<0.01

Figure 4

Macrophages-derived EV promote AAI-induced injury (A) Representative image of NTA showing the
concentration of THP-1-derived EVs. Dot plots show the corresponding quanti�cation of band intensity
and fold change. (B) Transmission electron photomicrographs of THP-1-derived EVs. Scale bar, 100nm.



Page 22/31

(C) Immunoblot for EV markers, TSG101, ARF6, CD63 and β-action, in THP-1-derived EVs. (D)
Representative image of NTA showing the concentration of BMDM-derived EVs. Dot plots show the
corresponding quanti�cation of band intensity and fold change. (E) Immunoblot for EV markers, TSG101,
ARF6, CD63 and β-action, in BMDM-derived EVs. (F) Puri�ed EVs were isolated from primary macrophage
of AAN and PHK67-labelled EVs were injected into mice via renal in situ injection. (G) Imaging of PKH67-
labeled EVs in mice. About 100 μg (at protein level) in 100 μL exosomes from AAI exposured mice
primary renal macrophage, labeled with PKH67 were injected via in situ. About 24 h after the in situ
injection, in vivo �uorescence imaging were performed. (H) Western blot analysis showing the protein
expression of KIM-1 and cleaved caspase-3. Dot plots show the corresponding quanti�cation of band
intensity and fold change. (I) TUNEL staining of kidney sections. Scale bar, 200μm. Similar results were
obtained in 3 independent experiments with 10 mice per group or in triplicate culture assays. **P<0.01.
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Figure 5

AAI-treated, THP-1-derived EV promote AAI-induced HK-2 cells injury (A) The cell model was established to
investigate the role of EV. EVv was derived from THP-1 and incubated with AAI-treated HK-2. EVa was
derived from AAI-treated THP-1 and incubated with AAI-treated HK-2. (B) Western blot analysis showing
the protein expression of KIM-1 and cleaved caspase-3 in different group. Dot plots show the
corresponding quanti�cation of band intensity and fold change. (C) Representative images of cleaved
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caspase-3 immuno�uorescence staining in different group. Scale bar, 50μm. (D) Flow cytometry assay of
HK-2 cell. Dot plots show the corresponding quanti�cation of band intensity and fold change. Similar
results were obtained in triplicate culture assays. ***P<0.001, **P<0.01, ### P<0.001, ## P<0.01.

Figure 6

macrophages-derived EV promotes AAI-induced injury at the level of the plasma membrane (A) HK-2 cells
were incubated with EV isolated from AAI-treated THP-1 cells were either intact or boiled at 95ºC for 20
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min. Representative images of cleaved caspase-3 immuno�uorescence staining in different group. Scale
bar, 50μm. (B) HK-2 cells were pretreated with cytochalasin D (1 μM) followed by 2 hour incubation with
AAI-treated, THP-1-derived EVa (1010/ml). Prior to this incubation, EVa were labeled using �uorescent dye
PKH67. EVa uptake by HK-2 was visualized using confocal microscopy and quanti�ed. (C) Western blot
analysis showing the protein expression of cleaved caspase-3 in different group. Dot plots show the
corresponding quanti�cation of band intensity and fold change. Similar results were obtained in triplicate
culture assays.
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Figure 7

Macrophages-derived, LRG1-enriched EV promoting TECs injury is TGFβR1-dependent (A) The protein
level of LRG1 in EV derived from primary renal macrophage cells of AAN mice model. (B) Representative
transmission electron photomicrographs immunogold- labeled with an anti-LRG1 antibody of primary
renal macrophage-derived EV of AAN. Scale bar: 100nm. (C) LRG1 mRNA was assessed by real-time
qPCR in THP-1. Dot plots show the corresponding quanti�cation of band intensity and fold change. (D)
LRG1 mRNA was assessed by real-time qPCR in BMDM. Dot plots show the corresponding quanti�cation
of band intensity and fold change. (E) Different protein level of LRG1 in EV derived from AAI-induced
THP-1and BMDM. (F) The protein levels of KIM-1 in HK-2 cells stimulated with AAI and treated with
human recombinant LRG1(rhLRG1) (10ng/ml). Dot plots show the corresponding quanti�cation of band
intensity and fold change. (G) The level of TGFβR1 in HK-2 cells treated with siRNA-TGFβR1 for 24 hours.
(H) The protein levels of KIM-1 in LRG1-pretreated, AAI-induced HK-2 cells treated with siRNA-TGFβR1.
Dot plots show the corresponding quanti�cation of band intensity and fold change. Similar results were
obtained in 3 independent experiments with 10 mice per group or in triplicate culture assays. ***P<0.001,
**P<0.01, *P<0.05.
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Figure 8

macrophages-derived EV promotes NOX4 expression (A) Level of SOD was assessed in different group.
(B) Level of GSH was assessed in different group. (C) Level of MDA was assessed in different group. (D)
Western blot was performed on different treatment group to determine NOX4 expression. Dot plots show
the corresponding quanti�cation of band intensity and fold change. (E) Western blot analysis showing
the protein levels of NOX4 in THP-1/HK-2 co-culture system. Dot plots show the corresponding
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quanti�cation of band intensity and fold change. (F) Western blot analysis showing the protein levels of
NOX4 in THP-1/HK-2 conditioned media culture model. Dot plots show the corresponding quanti�cation
of band intensity and fold change. (G) Western blot analysis showing the protein expression of NOX4 in
macrophages-derived EV, isolated from primary macrophages of AAI -induced, 27-day AAN model mice
kidney tissues, injected into AAI-induced, 3 -day mice. Dot plots show the corresponding quanti�cation of
band intensity and fold change. (H) Western blot analysis showing the protein expression of NOX4 in AAI-
induced HK-2 cells with addition of AAI-treated, THP-1-derived EV. Dot plots show the corresponding
quanti�cation of band intensity and fold change. Similar results were obtained in 3 independent
experiments with 10 mice per group or in triplicate culture assays. ***P<0.001, **P<0.01, *P<0.05.
##P<0.01.
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Figure 9

Macrophages-derived, LRG1-enriched EV mediating TEC injury by upregulating NOX4 (A) HK-2 cells were
incubated with EV isolated from AAI-treated THP-1 cells were either intact or boiled at 95ºC for 20 min.
Representative images of NOX4 immuno�uorescence staining in different group. Scale bar, 50μm. (B) HK-
2 cells were pretreated with cytochalasin D (1 μM) followed by 2 hour incubation with AAI-treated, THP-1-
derived EVa (1010/ml). Western blot analysis showing the protein expression of NOX4 in different group.
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Dot plots show the corresponding quanti�cation of band intensity and fold change. (C) The protein levels
of NOX4 in HK-2 cells stimulated with AAI and treated with human recombinant LRG1(rhLRG1)
(10ng/ml). Dot plots show the corresponding quanti�cation of band intensity and fold change. (D)
Representative images of NOX4 immuno�uorescence staining in HK-2 cells stimulated with AAI and
treated with human recombinant LRG1 (rhLRG1) (10ng/ml). Scale bar, 50μm. (E) The protein levels of
NOX4 in LRG1-pretreated, AAI-induced HK-2 cells treated with siRNA-TGFβR1. Dot plots show the
corresponding quanti�cation of band intensity and fold change. (F) Representative images of NOX4
immuno�uorescence staining in LRG1-pretreated, AAI-induced HK-2 cells treated with siRNA-TGFβR1.
Scale bar, 50μm. Similar results were obtained in triplicate culture assays. **P<0.01, * P<0.05.

Figure 10
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Macrophages-derived, LRG1-enriched Extracellular Vesicles exacerbate aristolochic acid nephropathy via
a TGFβR1-dependent manner by upregulating NOX4
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