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TNF-a from the Proximal Nephron Exacerbates
Aristolochic Acid Nephropathy
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Key Points
c Proximal tubular TNF aggravates kidney injury and fibrogenesis in aristolochic acid nephropathy.
c Tubular TNF disrupts the cell cycle in injured tubular epithelial cells.
c TNF-mediated toxic renal injury is independent of systemic immune responses.

Abstract
Background Aristolochic acid nephropathy (AAN) presents with tubular epithelial cell (TEC) damage and
tubulointerstitial inflammation. Although TNF-a regulates cell apoptosis and inflammatory responses, the
effects of tubular TNF in the progression of AAN require elucidation.

Methods Floxed TNF mice on the 129/SvEv background were crossed with PEPCK-Cre mice to generate
PEPCK-Cre1 TNFflox/flox (TNF PTKO) mice or bred with Ksp-Cre mice to generate KSP-Cre1 TNFflox/flox

(TNF DNKO) mice. TNF PTKO, TNF DNKO, and wild-type controls (Cre negative littermates) were
subjected to acute and chronic AAN.

ResultsDeletion of TNF in the proximal but not distal nephron attenuated kidney injury, renal inflammation, and
tubulointerstitial fibrosis after acute or chronic aristolochic acid (AA) exposure. The TNF PTKO mice did not
have altered numbers of infiltrating myeloid cells in AAN kidneys. Nevertheless, kidneys from AA-treated TNF
PTKO mice had reduced levels of proteins involved in regulated cell death, higher proportions of TECs in the
G0/G1 phase, and reduced TEC proportions in the G2/M phase. Pifithrin-a, which restores the cell cycle,
abrogated differences between the wild-type and PTKO cohorts in G2/M phase arrest of TECs and kidney
fibrosis after AA exposure.

Conclusions TNF from the proximal but not the distal nephron propagates kidney injury and fibrogenesis in
AAN in part by inducing G2/M cell cycle arrest of TECs.
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Introduction
AKI is a complex clinical disorder with limited treat-
ment strategies, deriving from diverse etiologies such
as toxicity and ischemia.1 Ongoing renal pathophys-
iological processes occur in AKI survivors that in-
crease the long-term risk of CKD.2 The pathogenic
mechanisms of AKI to CKD transition remain unclear,
but failed recovery of tubular epithelial cells (TECs)
from injury may amplify the production of proinflam-
matory and profibrotic cytokines. Aristolochic acid
(AA) is a toxic ingredient in traditional herbs that
can trigger acute and chronic kidney disease grouped

under the rubric of aristolochic acid nephropathy
(AAN).3 AA mainly induces the death of TECs acutely
and aggravates tubulointerstitial inflammation and
fibrosis over the longer term. However, the molecular
mechanisms through which injured TECs mediate
kidney inflammation and fibrosis during the patho-
genesis of AAN require elucidation.
TNF-a is a pleiotropic proinflammatory cytokine

that exerts multiple pathophysiological effects im-
plicated in kidney disease.4,5 AA exposure signif-
icantly increases renal TNF expression levels.3,6

Inversely, treatment with TNF inhibitors or neutralizing
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antibodies attenuates renal function decline and histolog-
ical damage after toxic AKI,7 and global TNF deficiency
can improve survival rates after AKI. Tsuruya et al.8 found
that TNF receptor 1 deficiency attenuates TEC apoptosis
and necrosis after toxic AKI, establishing TECs as a pri-
mary target of TNF in this setting. However, TNF has
various sources, such as TECs, mesangial cells, macro-
phages, dendritic cells, and T lymphocytes, which may
influence TNF-associated renal damage and fibrosis. For
example, in T lymphocytes, TNF exhibits protective im-
munoregulatory effects by promoting T-lymphocyte ex-
haustion.9 Thus, the cell-specific actions of TNF during
renal injury require additional scrutiny for therapeutic
manipulation.
We previously reported that angiotensin receptor activa-

tion on renal epithelial cells exaggerates the severity
of kidney injury by stimulating renal TNF production
after cisplatin-induced AKI.10 We therefore posited that
TEC-derived TNF would contribute to tubulointerstitial
inflammation and fibrogenesis during AAN. We tested
this hypothesis by subjecting conditionally mutant mice
that harbor selective TNF deficiency in the proximal
tubule (PT) or distal nephron (DN) to acute and chronic
AAN. We find that TNF deletion from the PT but not the
DN attenuates AA-induced kidney injury and fibrosis with-
out affecting the renal recruitment of inflammatory cells.

Methods
Animal Experiments
Floxed TNFa mice11 on the C57BL/6 background strain

were backcrossed for at least 6 generations to the 129/
SvEv background and then crossed with 129/SvEv
PEPCK-Cre mice12 to generate Pepck-Cre1 TNFaflox/flox

(TNF PTKO) mice or crossed with 129/SvEv Ksp-Cre
mice13 to generate Ksp-Cre1 TNFaflox/flox (TNF DNKO)
mice. Cre negative littermates were used as wild-type
(WT) controls for our experiments. Animals had free
access to standard rodent chow and water. Eight-week-
old to 12-week-old male mice were used for experiments.
For genotyping, DNA from ear tissues was harvested and
used for PCR amplification. Primers specific for the Cre
transgene (sense: 59-ACGAG TGATG AGGTT CGCAA
G-39; antisense: 59-CAATC CCCAG AAATG CCAGA-
39) or the TNF flox gene (sense: 59-GTTCC CACAC CTCTC
TCT-39; antisense: 59-CTTCA TTCTC AAGGC ACA-39)
were included in the reaction system. The PCR products
were analyzed by a Bio-Rad CFX Touch 96 Real-time
Thermocycler to determine presence of the C. transgene
through cycles or the TNF flox gene through high-
resolution melting as illustrated in Supplemental Figure 1.
According to National Institutes of Health guidelines,
mice were bred and maintained in the Association for
Assessment and Accreditation of Laboratory Animal
Care–accredited animal facilities at the Durham Veterans
Affairs Medical Center. The Durham Veterans Affairs
Medical Center Institutional Animal Care and Use Com-
mittee approved all the animal studies following the
National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Serum and urine TNF levels
were determined by ELISA per manufacturer’s instruc-
tions (88-7324-22, ThermoFisher Scientific).

Aristolochic Acid Model
TNF PTKO, DNKO, and WT control male mice were

injected with aristolochic acid Ⅰ (AA) (5 mg/kg, IP) (Sigma-
Aldrich, A9451) for 3 consecutive days during acute AAN,
and kidney tissues and blood samples were obtained on
day 4 for analysis. In the chronic AAN model, TNF PTKO,
TNF DNKO, and WT male mice were injected with AA
every other day for 12 days. Kidney tissues and blood
samples were obtained 5 weeks after the last injection in
the chronic model. For the examination of cell cycle effects,
TNF PTKO and WT male mice were injected intraperito-
neally with 2.2 mg/kg/day of pifithrin-a on day 1 in acute
AAN and every week for 3 injections in chronic AAN.14 For
scRNA-seq analysis, WT mice were injected with either
vehicle or AA for 5 consecutive days, and kidneys were
harvested the next day for analysis.

Single-Cell RNA Sequencing Analysis
The raw and processed single-cell RNA sequencing

data interrogated in this study have been previously
generated and deposited in a repository (https://gitlab.oit.-
duke.edu/jrp43/ren-crowley-pt-il1r-aki),15 but the analysis
presented herein is entirely new. For this study, the vehicle
condition used both kidneys from one WT mouse, and the
AA-challenged condition combined three kidneys from
three AA-challenged WT mice to minimize potential
biological and technical variability of the model. After
library preparation, samples were sequenced on a Nova-
seq 6000 (Illumina) S2 flow cell by the Duke Center
for Genomic and Computational Biology Sequencing
Core. Cell Ranger software from 103 Genomics was
used to transform raw base call files into FASTQ files
(cellranger mkfastq) and align reads with reference
mouse genome (cellranger count). After QC, filtering,
normalization, and integration, the cells were originally
assigned to 13 clusters showing individual nephron seg-
ments and infiltrating mononuclear cells. To examine
expression of signaling pathways in the PT and DN
as a whole, the clusters constituting the DN were com-
bined (“DN”5ATL1TAL1DCT1CNT1DTL). Gene Set
Enrichment Analysis (GSEA) was performed with clus-
terProfiler which supports statistical analysis and visual-
ization of functional profiles for genes and gene clusters.16

Assessment of Renal Function
Collected blood was centrifuged (6000 rpm, 10 minutes)

in Microtainer Tubes (Cat: VT365967, VWR international).
The supernatant was collected, and BUN levels were mea-
sured in individual samples per kit instructions (Cat:
EIABUN, ThermoFisher Scientific).

Histologic Analyses
Harvested kidneys were fixed with 10% neutral-buffered

formalin overnight and embedded in paraffin. Kidney sec-
tions (5 mm) were used for PAS staining by the Duke
Department of Pathology. The kidney injury score was
quantitated by evaluating morphological changes including
tubular necrosis, dilation, cast formation, epithelial swell-
ing, and vacuolar degeneration (0,,5%; 1, 5%–25%; 2, 26%–

50%; 3, 51%–75%; 4, .75%). The observer was blinded to
experimental conditions.

KIDNEY360 5: 44–56, January, 2024 Proximal Tubule TNF Aggravates AAN, Wen et al. 45

http://links.lww.com/KN9/A411
https://gitlab.oit.duke.edu/jrp43/ren-crowley-pt-il1r-aki
https://gitlab.oit.duke.edu/jrp43/ren-crowley-pt-il1r-aki


Real-Time PCR Analyses of mRNA Expression
Total mRNAwas extracted using an RNeasy Mini Kit per

manufacturer’s instructions (Cat: 74136, Qiagen). After de-
termining mRNA concentrations, cDNA was synthesized
using the High-Capacity cDNA Reverse Transcription Kit
(Cat: 4168813, Thermo Fisher). Gene expression levels were
determined by the ABI 7900HT system using TaqMan
probes for Lcn2, Col1a1, Tgfb1, FN1, havcr1, Tnfa, IL1b,
and IFNg and SYBR green primers for IL17a.

Western Blots
Kidney tissues were homogenized in RIPA buffer, and

the protein concentrations were quantitated using the DC
protein assay kit (Bio-Rad). Equal amounts of protein sam-
ples were subjected to electrophoresis with Bis-Tris Gels
and transferred to PVDF membranes. The blots were
blocked with 5% milk in TBST and incubated with anti-
collagen type I antibody (Cat: 1310-01, Southern Biotech),
anti-Bax (2772S, Cell Signaling Technology), anti-Bcl2
(2870S, Cell Signaling Technology), anti-p53 (2524S, Cell
Signaling Technology), anti-RIP3 (95702S, Cell Signaling
Technology), and anti-GAPDH antibody (Cat: 2118, Cell
Signaling Technology) overnight in 4°C. The blots were
then washed and incubated with secondary antibodies for 1
hour at room temperature. Target bands were detected
using ECL solution and quantified by Image J analysis.

Flow Cytometry
On day 4 of acute AAN, kidneys were harvested and

minced into single-cell suspensions.17 These single-cell sus-
pensions were blocked for 30 minutes and incubated with
fluorescent antibodies: anti-CD11b, anti-CD45, anti-Ly6C,
anti-F4/80, anti-CD11c, anti-MHCII, anti-CD103, and anti-
CD64 for 30 minutes at 4°C. Before analysis, cells were
washed and fixed with Fix/Perm buffer (Cat: 554655, BD
Biosciences), and 20 ml CountBright absolute counting
beads (Cat: C36950, Invitrogen) were added to the cells.
For the measurement of cell cycle distribution, cells were
prepared for propidium iodide (Cat: 421301, BioLegend)
staining according to standard protocols.18 Samples were
analyzed on an LSRII flow cytometer (BD). Flow cytometry
data were analyzed using FlowJo software version 10.2
(Tree Star, Inc., Ashland, OR). Total cell numbers were
obtained per CountBright manufacturer’s instructions.

Cellular Respiration Analysis
According to the manufacturer’s instructions, the oxy-

gen consumption rate (OCR) was assessed using the
Seahorse XF Cell Mito Stress Test Kit (Cat: 103015-100,
Agilent Technologies). Before the assay, primary renal
tubular cells (RTCs) (104 cells/well, 10–12 wells/condi-
tion) pooled from 3 WT mice and cultured for 7 days were
transferred into the Seahorse plate, treated with vehicle,
AA (10 mM), AA1pifithrin-a (30 mM), TNF-a (50 ng/ml),
or TNF-a1pifithrin-a for 12 hours, respectively, and
then washed twice with Seahorse XF Media to remove
the chemical compounds. For assay substrates, glucose
(10 mM), pyruvate (1 mM), and glutamine (2 mM) were
added. During the assay, 2 mM oligomycin, 1.5 mM FCCP
[carbonyl cyanide 4-(trifluoromethoxy) phenylhydra-
zone], and 0.5 mM rotenone/0.5 mM antimycin were added

at 14, 33, and 53 minutes, respectively, to assess OCR.
Maximal respiration is defined as the peak OCR after
FCCP administration. Spare respiratory capacity is the
difference between maximal respiration and basal respi-
ration achieved after rotenone and antimycin A.

Statistical Analysis
All data of each group are expressed as mean6SEM.

Comparisons between two groups were assessed using an
unpaired Student’s t-test. For non-normally distributed
values, a Mann–Whitney test was used. Comparison among
groups was performed with one-way ANOVA. All statis-
tical analyses were calculated using GraphPad Prism
software.

Results
TNF and Cognate Receptor Expression in the Kidney during
AA-Induced Tubular Injury
To examine expression of TNF and its receptors in the

kidney during AA-induced injury, we interrogated a single-
cell RNA sequencing dataset generated from the kidneys of
WT mice that were injected with AA for 5 consecutive days
and sacrificed on day 6 (Figure 1A). As shown in the dot
plots, expression of the Tnfa gene encoding TNF was hardly
detectable in the nephron segments compared with infil-
trating myeloid cells. The Tnfrsf1a gene encoding TNF re-
ceptor 1 was expressed at high levels in infiltrating myeloid
cells and the endothelium and at lower levels in several
nephron segments, whereas the Tnfrsf1b gene encoding
TNF receptor 2 was expressed in infiltrating myeloid cells
but only faintly detectable in some cells within nephron
segments (Figure 1B). Despite limited expression of TNF
and its receptors in the nephron, GSEA revealed upregu-
lation of pathways for TNF signaling and TNF receptor 1
signaling in the PT cluster but not in a DN cluster compiled
from all nephron segments beyond the PT, including the
loop of Henle, distal convoluted tubule, connecting tubule,
and distal tubule/collecting duct. Further GSEA also de-
tected upregulated signaling for several regulated cell death
pathways targeted by TNF including apoptosis, regulated
cell death, RIP1-mediated regulated necrosis, and tp53 sig-
naling in the PT as well as apoptosis, tp53 regulates tran-
scription of cell cycle genes, and tp53 targets in the DN
(Figure 1, C–E). We therefore posited that TNF in the PT or
DN may propagate AA-induced tubular injury despite
limited tubular expression because the PT is the site of
initial AA uptake, and chronic AA-induced damage causes
distal tubular dysfunction. Separately, RT-PCR detected
considerably higher levels of Tnfa mRNA induction in
the renal cortex compared with the medulla with either
acute or chronic AA exposure (Supplemental Figure 2),
corroborating greater Tnfa upregulation at the site of initial
AA-induced injury.

TNF Deficiency in DN Does Not Affect AA-Induced Acute
Tubular Damage
We previously found that TNF from the DN exacer-

bates cisplatin nephrotoxicity.10 To measure the contri-
bution of TNF in the DN to acute AAN, we intraperito-
neally injected mice harboring DN-specific TNF deletion
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(Ksp Cre1TNFflox/flox5TNF DNKO) with AA for 3 consec-
utive days. We have previously reported that TNF DNKO
mice have normal BUN, serum creatinine, and circulating
serum TNF-a levels at baseline, despite significant reduc-
tions in kidney Tnfa mRNA expression.10 Further Tnfa
expression profiling in nonrenal tissues revealed pre-
served expression in the liver and heart of DNKO mice
but blunted levels of Tnfa in the lung at baseline (Supple-
mental Figure 3). PAS-stained sections of TNF DNKO
kidneys demonstrated similar renal architecture to WT
(Ksp Cre- TNFflox/flox5WT) controls after AA exposure with
comparable injury scores (Figure 2, A and B). Moreover,
on day 4, the TNF DNKO mice had similar mRNA levels
for lipocalin2 encoding NGAL (Figure 2C) and BUN levels
compared with WT controls (Figure 2D). These results
demonstrate that TNF from the DN does not influence
the severity of kidney damage after acute AA exposure.

TNF Deficiency in Proximal Nephron Attenuates AA-
Induced Acute Tubular Injury
We next generated mice with PT-specific TNF deletion

(Pepck Cre1TNFflox/flox5TNF PTKO) to evaluate the role of
TNF from the proximal nephron in mediating AAN. Whole
kidney from TNF PTKOmice showed significant reductions
in Tnfa mRNA expression at baseline compared with con-
trols (0.4560.15 versus 1.0060.12 au; P , 0.05) as analyzed
by RT-PCR (Supplemental Figure 4A), despite preserved
TnfamRNA levels in the liver, heart, and lung, normal TNF-
a protein levels in the serum and urine, normal BUN levels,
and normal renal mRNA levels for genes encoding NGAL,
Kim-1, collagen 1, and fibronectin (Supplemental Figure 4,
B–F). Blinded injury scores showed that TNF PTKO mice
had less renal injury than WTs (Pepck Cre2 TNFflox/flox)
on day 4 after the first AA injection (Figure 3, A and B).
Compared with WTs, TNF PTKO kidneys expressed

markedly lower mRNA levels for lipocalin2/NGAL (Figure
3C). These differences in injury were corroborated by lower
BUN levels in the TNF PTKO cohort, suggesting a small but
significant preservation in kidney function after acute AAN
(Figure 3D). Interestingly, serum TNF concentrations after
AAN were similar between groups, and urine TNF con-
centrations were slightly higher in the PTKO cohort com-
pared with controls (Supplemental Figure 4, C–D). These
results suggest that specific deletion of TNF in the proximal
nephron attenuates renal functional decline and kidney
damage after acute AA exposure, despite no detectable
decrement in urine or circulating TNF levels.

TNF from the PT Mediates AA-Induced Renal Inflammation
TNF is known to drive inflammatory cytokine generation

in several cell lineages. To examine the capacity of TNF in
the PT to influence the inflammatory milieu, we measured
renal gene expression for a panel of cytokines after acute
AA exposure. Compared with WTs, kidneys from the TNF
PTKO cohort showed lower mRNA expression levels
for the genes encoding IL-1b (Figure 4A), a key driver of
tubular damage in multiple models,19,20 and the profibrotic
cytokine TGF-b (Figure 4B). By contrast, TNF PTKO kid-
neys had similar mRNA levels for the genes encoding IFN-g
and IL-17A compared with WT kidneys (Figure 4, C and D).
Thus, TNF deletion in the PT blunts the local expression of
injury and fibrosis mediators after AA administration.

TNF from the PT Does Not Influence Myeloid Cell
Infiltration into Kidney
To assess the effect of TNF in the PT on myeloid

cell accumulation in the kidney during acute AAN,
we isolated infiltrating CD451 cells from the injured
kidneys and delineated subpopulations through
flow cytometry (Figure 5A). Macrophages contribute
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to the injury and repair phase of toxic AKI. However,
the number of MHCII1CD11b1CD641F4/80hi macro-
phages from TNF PTKO kidneys after AA injection
was similar to WTs (Figure 5B). Injured kidneys from
TNF PTKO mice also had similar numbers of
MHCII1CD11c1CD1031 and MHCII1CD11c1CD11bhi

dendritic cells and CD642CD11b1 monocytes compared
with WTs (Figure 5, C–E). Thus, TNF from the PT ag-
gravates kidney injury without affecting the renal accu-
mulation of myeloid cells.

TNF in the Proximal Nephron Promotes Cell Cycle Arrest
Cell cycle arrest features prominently in the AKI to CKD

transition.21 We therefore posited that TNF modulates
proximal tubular injury by regulating the cell cycle. To test
this possibility, injured kidneys underwent collagenase
digestion and fixation, followed by propidium iodide
staining and flow cytometric analysis (Figure 6A).18 Con-
sistent with protection from cell cycle arrest, TNF PTKO
kidneys showed higher proportions of cells in the G0/G1
phase and reduced percentages of cells in the G2/M phase
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(Figure 6, B and C). To explore whether TNF in the PT
contributes to these cell cycle differences, we administered
pifithrin-a, which preserves cell cycle progression, to the
cohorts on day 1 of AAN. Pifithrin-a treatment raised and
equalized the proportions of cells in G0/G1 in the WT and
PTKO kidneys and correspondingly reduced and equalized
the proportions of cells at the G2/M phase in the groups
(Figure 6, B and C). We found that renal injury was reduced
and equalized in the TNF PTKO and WT groups with
pifithrin-a treatment as reflected by blinded scoring of
PAS staining kidney sections, mRNA levels for lipocalin2/
NGAL (1.0060.25 versus 0.8860.24 au; P 5 NS), and BUN
levels (14667 versus 14167 mg/dl; P 5 NS) (Figure 6,
D–G). These data suggest that TNF elaborated by the PT
instigates injury after AA exposure in part by contributing
to cell cycle arrest.

Pifithrin-a Enhances Cellular Respiration in AA-Injured
Kidney Tubular Epithelium
Pifithrin-a also affects the function of mitochondria that

maintain the health of proximal tubular cells, a key target of
acute AA-induced injury. Using Seahorse analysis, we ex-
amined the effect of pifithrin-a (30 M) on OCRs in WT
murine primary RTCs treated with AA (10 mM) or vehicle
for 12 hours (Supplemental Figure 5A). Pifithrin-a at least
partially restored spare respiratory capacity and maximal
respiration in AA-treated cells (Supplemental Figure 5B-C).
Pifithrin-a also enhanced the spare respiratory capacity in

RTCs exposed to TNF (50 ng/ml) (6.7260.89 versus
4.3760.41 pmol/min) (Supplemental Figure 5, D–F).

Deletion of TNF from the Proximal Nephron Attenuates
Renal Fibrosis in Chronic AAN
To determine whether TNF in the PT contributes to

kidney scar formation after chronic AAN, we administered
AA 4 mg/kg IP every other day for 6 injections and ex-
amined renal injury parameters 4 weeks later.22 PAS-
stained sections of TNF PTKO kidneys demonstrated less
architectural disruption than WTs (Figure 7A) and blunted
mRNA levels for lipocalin2/NGAL (Figure 7B). BUN levels
were also lower in TNF PTKO mice than in the WTs (7067
versus 97 6 9 mg/dl; P , 0.05) after chronic AAN (Figure
7C), having been reduced approximately 39% back toward
baseline BUN levels. In the chronic AAN model, we found
that mRNA levels for genes encoding TGF-b, fibronectin,
and collagen I (Col-I) were lower in injured kidneys from
TNF PTKO mice than in WTs (Figure 7, D–F) as were
protein levels of Col-I (Figure 7, G and H). By contrast,
no differences were seen between the groups in serum or
urine TNF levels (Supplemental Figure 4, C–D). Treating
the mice during chronic AA exposure concomitantly with
pifithrin-a reduced and equalized BUN levels (36 6 3
versus 30 6 2 mg/dl; P 5 NS) (Figure 7C), renal mRNA
expression for kidney injury and inflammatory mediators,
and markers of fibrosis in the groups (Figure 7, B–H).
Proportionately, treatment with pifithrin-a reduced BUNs
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by 96% toward the baseline level in WTs but by 79% toward
baseline in the TNF PTKO cohort. By contrast, subjecting
our TNF DNKO mice to the chronic AAN model, we found
that deletion of TNF from the DN did not affect renal
architecture, BUN levels, or mRNA levels for the genes
encoding NGAL and PAI-1 (Supplemental Figure 6A-D).
Thus, TNF in the proximal nephron, but not DN, propa-
gates kidney injury and fibrosis after chronic AA exposure.

TNF in the PT Drives Expression of Regulated Cell Death
Proteins in Chronic AAN
Because AA exposure induced signaling pathways for

regulated cell death in the PT in our scRNA-seq analysis,
and TNF influences activation of these pathways,23,24 we
measured renal expression of several TNF-regulated pro-
teins that trigger apoptosis and/or necroptosis in the WT
and PTKO cohorts after acute or chronic AAN. At the
protein level, we found that, compared with WT controls,
PTKO kidneys expressed similar levels of Bax, Bcl2, and
p53, all linked to apoptosis, but lower levels of RIPK3, an
early trigger for necroptosis, in our acute AAN model
(Figure 8A). By contrast, renal levels of all these proteins

were blunted in the PTKO cohort in our chronic AAN
model (Figure 8B).

Discussion
Kidney damage deriving from AA exposure occurs en-

demically in Balkan countries and as a spectrum of herbal
nephropathies in Asia. Whereas early reports suggested
that AA could curtail inflammation,25 more recently inhi-
bition of the cytokine TNF attenuated the severity of chronic
AAN in an experimental model, highlighting the proin-
flammatory effects of AA in kidney disease.6 However, TNF
is produced by a broad range of cell lineages including
TECs andmacrophages, and whether the capacity of TNF to
drive AA-induced renal fibrosis relates to TNF’s effects on
acute tubular injury is not clear. This study therefore dis-
criminates the acute and chronic effects of TEC-derived
TNF on renal inflammation, injury, fibrosis, and activation
of regulated cell death pathways after AA exposure. Our
studies were restricted to males because female mice are
reportedly more resistant to AA-induced renal injury.26 We
find that TNF from the proximal but not the DN promotes
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acute AA-induced injury in part by inducing G2/M
cell cycle arrest, which ultimately aggravates kidney
fibrosis with chronic exposure. Accordingly, treatment
with pifithrin-a, which restores the cell cycle, attenuates
kidney fibrosis in chronic AAN and abrogates differ-
ences in AA-induced injury between WT mice and those
with PT-specific TNF deletion (PTKOs). Interestingly,
TNF generated in the PT seems to promote tubulointer-
stitial injury and inflammation independently of im-
mune cell recruitment.
Generated by macrophages, T lymphocytes, TECs, and

podocytes, TNF could affect kidney damage by regulating
inflammation and/or cell survival. We previously report-
ed that macrophage-derived TNF aggravates kidney in-
jury and inflammation by stimulating TEC necroptosis
during nephrotoxic serum nephritis.27 During experimen-
tal hypertension, increased TNF production from renal

parenchymal cells promotes BP elevation by modulating
tubular function,28,29 and in hypertensive humans, ele-
vated TNF receptor signals mark increased risk of CKD
progression.30 Levels of TNF increase in renal tissue dur-
ing toxic AKI,31,32 and TNF generated in the kidney clearly
promotes toxic injury.33 Accordingly, serum TNF is a
promising biomarker in predicting AKI severity.34 We
previously reported that TNF from the DN exacerbates
cisplatin nephrotoxicity.10 By contrast, in this study, we
found that TNF from the DN does not influence kidney
injury and inflammation after AA injection. The reason for
this discrepancy is not clear but may relate to a less
vigorous renal inflammatory cell infiltrate during acute
AA versus cisplatin exposure. Next, we examined the
effects of TNF from the proximal nephron on the patho-
physiology of AAN and found that PTEC-specific deletion
of TNF attenuates AA-induced tubular damage after 4
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days. Moreover, kidneys from TNF PTKO mice had lower
levels of mRNA encoding IL-1b and TGF-b compared with
WTs. Thus, TNF can drive renal IL-1b generation in ex-
perimental AKI, converse to our previous report that IL-1
receptor stimulation induces renal TNF.20 Moreover, the
early divergence between our experimental groups in
profibrotic cytokine generation may help to explain the
protection from tubulointerstitial fibrosis detected in the
TNF PTKOs in our chronic AAN model.
Given that TNF from the proximal nephron stimulated

generation of these cytokines after AA exposure, we eval-
uated the infiltration of myeloid immune cells at 4 days
after AA injection. Here, we found that PTEC-specific TNF
deficiency does not influence the number of dendritic cells,
macrophages, or monocytes accumulating in the kidney
during acute AAN. Admittedly, we did not measure ca-
pacity of intrarenal myeloid cells for cytokine production
or phagocytosis in the current studies. Nevertheless, the
lack of differences in immune cell accumulation between
the WT and PTKO kidneys in the AAN model may have
permitted detection of the clear detrimental effects of
proximal tubular TNF here because we have found that
TNF produced by T lymphocytes, for example, can actu-
ally protect the kidney by regulating IL-17A generation
and renal infiltration of neutrophils.35 Others have even
reported that TNF blockade can exacerbate lupus nephritis
and also glomerulonephritis associated with rheumatoid
arthritis.36,37 Thus, TNF from the proximal nephron may
aggravate acute AAN independently of immune cell
functions, allowing the development of future therapies
targeting proximal tubular TNF with limited off-target
systemic side effects.
Whereas AKI survivors exhibit an increased risk of de-

veloping CKD, the mechanisms underlying this suscepti-
bility warrant definition. Maladaptive repair after AKI is

characterized by persistent inflammation, activation of
myofibroblasts, and increased extracellular matrix depo-
sition.38 Because fate tracing studies failed to provide
incontrovertible evidence of epithelial to fibroblast transi-
tion, attention turned to other alterations in TEC behavior
during the AKI to CKD transition. Yang et al.21 demon-
strated that TEC arrest in the G2/M phase drives fibro-
genesis in multiple rodent models of kidney injury,
including severe bilateral ischemic AKI, unilateral ische-
mic AKI, and AAN. However, the initiating mechanisms
of cell cycle arrest after toxic AKI remained unclear. After
ischemia, TNF produced by macrophages drives inflam-
mation and fibrosis, promoting the AKI to CKD transi-
tion.39 However, during AAN, we found that TNF from
the proximal nephron does not affect macrophage infil-
tration. We therefore focused on the role of proximal
nephron-derived TNF to alter the cell cycle of TECs.
In our hands, TNF from the proximal nephron aug-

ments the proportions of TECs stuck in the G2/M phase
with consequent exacerbations in kidney fibrosis after
chronic AAN. p53 is a tumor suppressor that regulates
cell death and metabolism in response to injurious stim-
uli, including hypoxia and DNA damaging agents,40 and
plays a fundamental role in instigating proximal tubular
cell injury.41 In turn, post-translational activation of p53
promotes the apoptosis of TECs after AA injection.14

Activation of p53 protein inhibits CDC2/cyclin B com-
plexes essential for the G2/M transition, yielding cell
cycle arrest of TECs at the G2 phase.42–44 Accordingly,
pharmacological inhibition or genetic deletion of p53
attenuates tubular injury and apoptosis.45–48 We found
that restoring the cell cycle with pifithrin-a treatment
equalizes levels of kidney injury and renal function be-
tween the TNF PTKO and WTs during acute AAN, with
similar effects on renal fibrosis in our chronic AANmodel.
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Thus, TNF from the proximal nephron may exacerbate
AA-induced G2/M cell cycle arrest.
Mitochondria are highly complex organelles that fulfill

cellular energy demands and therefore govern the prolif-
eration and death of cells. Proximal TECs reabsorb solutes
in an ATP-dependent manner leading to substantial re-
quirements for mitochondrial content and function.49 Mi-
tochondrial dysfunction allows chronic inflammation, toxic
injury, and metabolic derangements, promoting the AKI to
CKD transition. As such, mitochondrial dysfunction con-
tributes to proximal tubular cell death in experimental
AAN.50,51 Human proximal tubular epithelial (HK-2) cells
treated with AA have decreased levels of ATP production,
mitochondrial membrane depolarization, and cytochrome
C release.52,53 Jiang et al.54 reported that respiratory control
ratios and ATP content are reduced in tubular cells by AA
treatment in a dose-dependent manner, highlighting dys-
function of mitochondrial energy metabolism in the neph-
ron. In our current in vitro studies with primary kidney
tubular cells, the basal levels of cellular respiration are quite
low and actually rise rather than fall with AA exposure. We
speculate that these discrepancies may arise from our use of
cultured primary TECs rather than a cell line. However,
consistent with the earlier studies, we find that spare re-
spiratory capacity and maximal respiration in renal TECs
are reduced by AA treatment.
Impairment of tubular mitochondrial respiration by

insults including cisplatin or inhibition of hepatocyte
nuclear factor-1b associates with increased local TNF
generation.55,56 We find that cell cycle rescue with pifi-
thrin-a treatment may partially restore cellular respira-
tion in these epithelial cells after AA or TNF exposure.
Nevertheless, given the subtle in vitro effect in our
studies of pifithrin-a on spare respiratory capacity in
TNF-treated tubular cells, it seems more likely that the
benefits of pifithrin-a treatment in our in vivo studies
accrue from ameliorating TNF-dependent cell cycle ar-
rest in the PT.
There are several important limitations to this study.

First, in our proximal tubular deletion model, we were not
able to detect any evidence of reduced TNF generation in
the serum or urine at baseline or injured conditions and
also did not detect an increase in circulating or excretion of
TNF in the WT cohort with injury. The lack of TNF in-
duction in the serum during injury is particularly surpris-
ing because we previously saw a 60-fold induction in
circulating TNF during cisplatin nephrotoxicity, although
in that model TNF is admittedly a fundamental pathogenic
mediator.7,10 Thus, the only evidence pointing to efficacy
of deletion is the reduction in renal gene expression for
TNF at baseline in the PTKO animals and the reductions in
kidney damage in the acute and chronic models. Although
we have looked for tubular TNF expression with our
scRNA-seq approach, we acknowledge that this strategy
may not be sufficiently sensitive to detect low levels of
TNF expression. In this regard, our scRNA-seq data sug-
gest that most TNF in the kidney during nephrotoxic
injury comes from infiltrating inflammatory cells. On
the other hand, we acknowledge off-target Tnfa mRNA
deletion in the lungs of our DNKO animals as is plausible
with the cadherin-16 promoter,57 but submit that this did
not affect the kidney injury response. We further

acknowledge that the protection from chronic kidney in-
jury in the PTKO animals likely occurs largely as a result of
their mitigated acute AA-induced injury and that pifi-
thrin-a treatment demonstrates both TNF-dependent and
TNF-independent renoprotective effects in our models.
Moreover, we recognize that any effects of pifithrin-a on
cellular respiration that we have detected in vitro are
quite small such that the extent to which these effects
contribute to the diminished renal injury with proximal
tubular deletion of TNF is not clear.
In summary, TNF from the proximal nephron drives

AA-induced kidney injury and tubulointerstitial fibrosis.
Proximal tubular TNF promotes kidney damage and
fibrogenesis by driving the G2/M cell cycle arrest of
TECs, which can be rescued by pifithrin-a treatment. In
contrast to the effects of TNF on immune cells in other
types of kidney disease, TNF from the proximal nephron
does not modulate kidney accumulation of innate
immune cells during AAN. These studies illustrate the
distinct effects of TNF from the proximal nephron in
AA-induced kidney disease. Given the inherent chal-
lenges in designing TNF-dependent therapies targeted
to the nephron, particularly with the low level of intrinsic
tubular TNF expression, future studies may identify
tubule-specific targets downstream of TNF for the dis-
ruption of the AKI to CKD transition.
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