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Uremic Toxin Receptor AhR Facilitates Renal Senescence
and Fibrosis via Suppressing Mitochondrial Biogenesis

Hongyan Xie, Ninghao Yang, Li Lu, Xi’ang Sun, Jingyao Li, Xin Wang, Hengjiang Guo,
Li Zhou, Jun Liu, Huijuan Wu, Chen Yu,* Wei Zhang,* and Limin Lu*

Retention of metabolic end-products in the bodily fluids of patients with
chronic kidney disease (CKD) may lead to uremia. The uremic toxin indoxyl
sulfate (IS), a tryptophan metabolite, is an endogenous ligand of aryl
hydrocarbon receptor (AhR). It is clarified that the upregulation and activation
of AhR by IS in tubular epithelial cells (TECs) promote renal senescence and
fibrosis. Renal TEC-specific knockout of AhR attenuates renal senescence and
fibrosis, as well as the suppression of PGC1a-mediated mitochondrial
biogenesis in ischemia reperfusion (IR)- or I1S-treated CKD mice kidneys.
Overexpression of peroxisome proliferator-activated receptor gamma
coactivator 1-a (PGC1la) attenuates IS-induced cell senescence and
extracellular matrix production in cultured TECs. Mechanistically, AhR is able
to interact with PGCla and promotes the ubiquitin degradation of PGCla via
its E3 ubiquitin ligase activity. In summary, the elevation and activation of AhR
by the accumulated uremic toxins in the progression of CKD accelerate renal
senescence and fibrosis by suppressing mitochondrial biogenesis via
promoting ubiquitination and proteasomal degradation of PGCla.

1. Introduction

Chronic kidney disease (CKD) affects nearly 10% of adults world-
wide and is characterized by progressive decline in renal function

and irreversible morphological changes.
Understanding the mechanism of CKD is
essential in nephrological research.!!]

Recent reports indicate the appearance
of a senescent phenotype in the kidneys
with interstitial fibrosis.[>3] Senescent cells,
such as the senescent tubular epithelial
cells (TECs), that exhibit secretory pheno-
types and produce proinflammatory and
profibrotic cytokines, facilitate the progres-
sion of renal fibrosis.I! An opinion was re-
cently accepted that renal fibrosis is a con-
sequence of the accelerated senescence of
the kidneys under pathological conditions,
and senescence is an initiator of renal func-
tional deterioration.[?! However, the exact
mechanism that mediates renal senescence
is unclear.

The kidney is a high-energy-consuming
organ with abundant mitochondria.[®! The
mitochondrion is the dominant organelle
that controls cellular energy metabolism.!”]
Disturbance in mitochondrial homeostasis
has been broadly observed in nearly all renal disorders, espe-
cially aging-relevant diseases.®!!l Senescent cells have a de-
creased mitochondrial metabolic rate. Therefore, elucidating the
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Figure 1. AhR was increased in the kidneys of IR- or IS-treated mice. a) Schematic of IR mice preparation. b) Concentration of serum BUN, creatinine
and IS in mice after IR surgery. P < 0.001 versus sham group (n = 6). c) Masson, SA-f-gal staining and immunohistochemistry of AhR micrographs in
mouse kidneys after IR surgery. Scale bar, 50 um. d) Western blot images and quantitative analysis of AhR in mouse kidneys after IR surgery. “*P < 0.001
versus sham group (n = 6). e) Schematic of IS-treated mice preparation. f) Concentration of serum BUN, creatinine and IS in mice after IS treatment.

P < 0.01 versus vehicle group. N.S., no significant difference versus vehicle group (n = 6). g) Masson, SA-f-gal staining and immunohistochemistry of
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mechanism of the disturbance in mitochondrial homeostasis
could be meaningful for understanding the principles of CKD
and exploring novel therapeutic strategies.

A decline in renal function impairs the renal excretion of
metabolic end-products (e.g., uremic toxins), which are thus re-
tained in the bodily fluids.'?l The retention of uremic toxins
proves harmful to almost all organs and tissues. Recently, the
accumulation of uremic toxins was noticed to accelerate renal
senescence and deterioration,!!31* but the underlying molecular
mechanisms remain unclear.

Aryl hydrocarbon receptor (AhR) is primarily known as the
sensor for detecting environmental toxins, such as 2,3,7,9-
tetrachlorodibenzodioxin.['>'®l Emerging evidence has shown
that the uremic toxins indoxyl sulfate (IS) and kynurenine, which
are metabolites of tryptophan, are endogenous ligands of AhR,
so AhR is also considered a uremic toxin receptor.'”18] AhR is
canonically a ligand-activated transcription factor. Followed by
heterodimerization with AhR nuclear translocator, AhR under-
goes ligand-bound nuclear translocation and then initiates the
transcription of target genes. Cytochrome P450 1A1 is a well-
known target gene.[1*2%] A recently identified non-canonical func-
tion of AhR is that AhR functions as a ligand-dependent E3 ubiq-
uitin ligase. AhR, together with damaged-DNA binding protein 1,
RING-box protein 1, transducin-g-like protein 3 and scaffold pro-
tein cullin 4B, forms an E3 ubiquitin ligase complex. AhR acts
as a substrate-specific adaptor for the E3 ubiquitin ligase com-
plex, while cullin 4B is the core enzymatic component. It has
been reported that AhR regulates the proteasomal degradation
of sex steroid receptors.[?!l AhR expression has been observed
to be increased in the renal tubules of CKD and acute kidney
injury mice, but the role of AhR elevation has not been fully
investigated.!19-2223]

In the present study, we presented data that AhR was elevated
following the accumulation of uremic toxins. AhR promoted the
degradation of peroxisome proliferator-activated receptor gamma
coactivator 1-a (PGCla) via its ubiquitin ligase activity. As a key
regulator of mitochondrial biogenesis, the decrease in PGCla
suppressed mitochondrial biogenesis and adenosine triphos-
phate (ATP) production and thus facilitated renal senescence and
fibrosis.

2. Results

2.1. AhR is Upregulated in Ischemia Reperfusion (IR)- or
IS-Treated Mice and Mouse Tubular Epithelial Cells (mTECs)

In IR-induced CKD mice, serum concentrations of blood urea ni-
trogen (BUN), creatinine and IS were apparently increased at 28
days after IR surgery (Figure 1a,b). Masson and SA-f#-gal stain-
ing results showed significant increases in the extracellular ma-
trix (ECM) deposition and senescence-associated f-galactosidase
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(SA-p-gal)-positive staining area. Immunohistochemical stain-
ing and Western blot results showed that AhR was increased
and mainly located in the TECs within the kidneys of IR mice
(Figure 1c,d).

To confirm the effect of uremic toxins and obviate the potential
interference of other factors in the IR model, an IS-induced CKD
model was established (Figure 1e) as previously described.!'%]
Biochemical analysis showed that serum IS was significantly el-
evated, whereas no obvious changes in serum BUN or creati-
nine were observed after 50-day IS treatment (Figure 1f). Be-
sides, ECM deposition, SA-f-gal-positive staining area, and the
expression of AhR were elevated in the kidneys of [S-treated mice
(Figure 1g,h). In cultured mTECs, the expression of AhR was in-
creased in a concentration- and dose-dependent manner after IS
treatment (Figure 1i,j). Colocalization of AhR with p21, a marker
of senescence, was increased in tubules after IR or IS treatment,
which suggested that AhR was expressed in TECs with a senes-
cent phenotype (Figure 1k). Besides, AhR was also colocalized
with p16™K*A another marker of senescence, and the colocaliza-
tion signals were increased in renal tubules of IR and IS mice
(Figure S1a, Supporting Information). Collectively, these results
indicated that the uremic toxin receptor AhR was increased and
colocalized with senescent TECs in fibrotic kidneys.

The mRNA level of AhR in IR and IS mouse kidneys was in-
creased (Figure S1b,c, Supporting Information). In addition, we
searched the Nephroseq database and analyzed AhR mRNA level
in the kidneys of healthy individuals and CKD patients. The data
showed that the AhR mRNA level was increased in the kidneys of
patients with diabetic nephropathy (Figure S1d,e, Supporting In-
formation) and CKD (Figure S1f, Supporting Information). The
AhR mRNA level in the kidneys of patients with CKD was neg-
atively correlated with the estimated glomerular filtration rate
(eGFR; Figure S1g, Supporting Information).

2.2. TEC-Specific Knockout of AhR Attenuated Renal Injury,
Senescence, and Fibrosis in IR Mice

To investigate the role of AhR elevation in renal fibrosis,
TEC-specific AhR knockout mice (Cret AhR¥) were generated
by crossbreeding transgenic AhRY! mice with Ggtl-Cre mice
(Figure S2a, Supporting Information). The genotypes of the
mice were identified by PCR (Figure S2b, Supporting Informa-
tion), and Cre” AhRY! littermates were used as controls. West-
ern blot results showed that the expression of AhR was signifi-
cantly reduced in the kidneys of Cre* AhR"! mice when compared
with Cre” AWRM! mice (Figure S2c, Supporting Information). Im-
munofluorescence results showed that the colocalization signals
of AhR and Megalin (a marker of proximal tubules) or NCC (a
marker of distal tubules) were increased in IR- and IS-treated
Cre” AWR'? mice. The signals of AhR disappeared in the proxi-
mal tubules, but not in the distal tubules of IR- and IS-treated

AhR micrographs in mouse kidneys after IS treatment. Scale bar, 50 um. h) Western blot images and quantitative analysis of AhR in mouse kidneys after

IS treatment. “*P < 0.01 versus vehicle group (n = 6). i,j) Western bolt images and quantitative analysis of AhR in mouse tubular epithelial cells (mTECs)
treated with the indicated concentrations of IS for prespecified durations. “P < 0.05, ““P < 0.01, “*P < 0.001 versus control (Con) group (n = 3). k)
Co-immunofluorescence of AhR and p21in mouse kidneys after IR or IS treatment. Scale bar, 25 pm. Data were shown as mean =+ SD. Statistical analysis
was performed by two-tailed unpaired Student’s t-test (the right panel of b, the left and middle panel of f, h), two-tailed unpaired Welch’ t-test (the left
and middle panel of b, d, the right panel of f), and one-way ANOVA with Tukey’s multiple comparisons test (i, j).
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Figure 2. Renal tubular epithelial cell-specific knockout of AhR mitigated the decline in renal function, senescence and fibrosis in IR mice. a) Serum
BUN, creatinine and IS concentrations in mice from different groups. P < 0.001 versus Cre~ AhRMA+sham group, #P < 0.05, ##P < 0.01 versus
Cre~ AhRMA4IR group (n = 5 or 6). b) HE, PAS, Masson, Sirius red and SA-f-gal staining micrographs of kidneys in mice from different groups.
Scale bar, 50 um. Evaluation of tubular injury score based on HE staining. Fibrotic area evaluation based on Masson staining. P < 0.007 versus
Cre~ AhRf-sham group, #P < 0.05 versus Cre" AWRf+IR group (n = 6). c) Western blot images and quantitative analysis of fibrosis markers FN and
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Cre* AWR'? mice (Figure S2d,e, Supporting Information). Com-
pared with Cre- AhRM! mice, Cre* AhRM! mice did not show ob-
vious changes in renal function, histomorphology, or ECM pro-
duction. However, the elevation in serum BUN, creatinine and IS
induced by IR treatment was significantly blunted in Cre* AhR¥f
mice when compared with Cre~ AhR¥! mice (Figure 2a). Hema-
toxylin and eosin (HE), periodic acid—Schift (PAS), Masson and
Sirius red staining results showed that the renal tubular injury
and collagen deposition induced by IR treatment were also atten-
uated in Cre* AhRY! mice. SA-f-gal staining showed that the in-
creased SA-p-gal-positive signals induced by IR treatment were
alleviated in Cre* AhR'! mice when compared with Cre- AhR'!
mice (Figure 2b). Western blot results showed that fibrosis mark-
ers fibronectin (FN) and a-smooth muscle actin (a-SMA), as well
as senescence markers p16'™N¥** and p21 were significantly ele-
vated in Cre- AhRY? mice after IR treatment, and these changes
were blunted in Cre* AhR? mice (Figure 2c). Similar changes in
FN, collagen I (Col I) and a-SMA were confirmed by evaluating
the mRNA levels (Figure 2d). Meanwhile, TEC-specific knock-
out of AhR evidently inhibited the IR-induced increases in the
mRNA levels of p16™¥#4 and p21, and the secretory factors IL-
1p, TNF-a, IL-6, and TGFp1 (Figure 2e). These results suggested
that TEC-specific knockout of AhR attenuated IR-induced renal
dysfunction, tubular injury, interstitial ECM deposition, and the
appearance of a senescent phenotype.

2.3. TEC-Specific Knockout of AhR Attenuated Renal Injury,
Senescence, and Fibrosis in IS-Treated Mice

To confirm the effects of AhR upregulation on tubular injury,
renal senescence and fibrosis, Cre* AhR'! mice were recruited
in an IS-induced CKD model. As shown in Figure 3a, chronic
IS administration significantly increased the serum IS level, al-
beit without obvious change in the serum BUN and creatinine
levels. Compared with IS-treated Cre” AhR™! mice, no obvious
difference in serum IS was observed in IS-treated Cre* AhRM/
mice, which suggested that the knockout of AR in renal TECs
did not alter the elevated IS status in IS-treated mice. HE,
PAS, Masson and Sirius red staining showed that IS adminis-
tration induced renal tubular injury and interstitial ECM sedi-
mentation compared with vehicle-treated mice. These changes
were blunted in the IS-treated Cret AhRY! mice. Besides, SA-g-
gal staining showed that the increase in SA-p-gal-positive sig-
nals induced by IS treatment was alleviated in Cre* AhR! mice
when compared with Cre-AhR'" mice (Figure 3b). The ele-
vation in FN, a-SMA, p16™*~ and p21 analyzed by Western
blot, and the mRNA levels of p16™N%4, p21, IL-18, TNF-a, IL-
6, and TGFp1 quantified by quantitative polymerase chain re-
action (QPCR) in IS-treated Cre~ AhR™! mice, was all attenuated
in IS-treated Cre* AhR'? mice (Figure 3c,d). These results sug-
gested that the elevation in uremic toxin IS was able to induce
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renal injury and accelerate renal senescence. Knockout of tubu-
lar AhR blunted the IS-induced renal injury, senescence, and
fibrosis.

2.4. AhR Promoted IS-Induced Cell Senescence and ECM
Production in mTECs or Primary TECs

To confirm the effect of AhR on tubular cell senescence and
ECM production in vivo, the expression of AhR was knocked
down using AhR-targeting siRNA (si-AhR). The IS-induced in-
crease in AhR expression was abolished by transfection with si-
AhR (Figure S3, Supporting Information). Knockdown on AhR
significantly alleviated IS-induced increases in the protein lev-
els of FN, a-SMA, p16N¥*4, and p21 (Figure 4a). Knockdown
on AhR also inhibited IS-induced increases in the mRNA lev-
els of p16N¥*4, p21, IL-18, TNF-a, IL-6, and TGFB1 (Figure 4b).
Knockdown on AR also suppressed IS-induced increase in SA-
p-gal-positive cells (Figure 4c). To further confirm the effect of
AhR, cultured primary TECs from Cre- AhR™! mice (Cre™) and
Cre* AhR'M mice (Cre*) were treated with IS (Figure S4, Sup-
porting Information). Consistently, the knockout of AhR sig-
nificantly alleviated the IS-induced increases in ECM produc-
tion, cell senescence (Figure 4d,e), and SA-g-gal-positive cells
(Figure 4f).

Besides, the role of AhR was identified by transfection using
recombinant adenovirus harboring AhR gene (Ad-AhR) in cul-
tured mTECs. Western blot results showed that the AhR level
was significantly elevated in cells transfected with Ad-AhR or
treated with IS when compared with that in Ad-Con. More-
over, the AhR level in the IS+Ad-AhR group was higher than
that in the IS+Ad-Con group, which suggested that AhR was
overexpressed in mTECs and IS was able to stimulate the ex-
pression of AhR (Figure S5, Supporting Information). Western
blot results showed that compared with Ad-Con cells, FN, a-
SMA, p16™N¥* and p21 expressions did not differ significantly
in Ad-AhR cells but were increased in IS+Ad-Con cells. The
levels of FN, a-SMA, p16™~, and p21 were even higher in
IS+Ad-AhR cells (Figure 4g). Similar changes were observed
in the mRNA levels of p16N¥*A) p21, IL-18, TNF-a, IL-6, and
TGFp1 (Figure 4h). These results indicated that the elevation of
AhR following IS treatment promoted cell senescence and ECM
production.

CH-223191, as already reported previously, is a AhR antago-
nist and competitive AhR ligand.[?*?] As indicated by the pro-
tein levels of FN, a-SMA, p16™“~ and p21 as well as the mRNA
levels of p16™ A, p21, IL-1B, TNF-a, IL-6, and TGFf1, and SA-
p-gal-positive cells, the inhibition of AhR activation could signif-
icantly alleviate IS-induced cell senescence and ECM production
in mTECs (Figure S6a—c, Supporting Information) and human
proximal tubular epithelial cells (HK-2; Figure S6d—f, Supporting
Information).

###p < 0.001 versus Cre~ AhRII+IR group (n = 6). d) The relative mRNA abundance of fibrosis markers FN, Col I, and a-SMA in kidneys from different
groups of mice. **P < 0.001 versus Cre” AhR+sham group, ##P < 0.01 versus Cre” AWRVA4IR group (n = 6). e) The relative mRNA abundance of
senescence markers p16/NK*A p21, and secretory factors IL-14, TNF-a, IL-6, and TGF1 in kidneys from different groups of mice. “*P < 0.001 versus
Cre~ AWRMf-sham group, #P < 0.05, ## P < 0.01, ### P < 0.001 versus Cre- AhRT/+IR group (1 = 6). Data were shown as mean + SD. Statistical analysis
was performed by two-way ANOVA with Tukey's multiple comparisons test (a-e).
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Figure 3. Renal tubular epithelial cell-specific knockout of AhR mitigated the decline in renal function, senescence and fibrosis in IS-treated mice. a)

Fdk

Serum BUN, creatinine and IS concentration in different groups of mice. **P < 0.001 versus Cre- AhRf+vehicle group. N.S., no significant difference
versus Cre” AR tvehicle group or Cre” AWRTAI11S group (n = 5 or 6). b) HE, PAS, Masson, Sirius red and SA-p-gal staining micrographs of kidneys
from different groups of mice. Scale bar, 50 um. Evaluation of tubular injury score based on HE staining. Fibrotic area evaluation based on Masson

"""""" P < 0.001 versus Cre" AhR"ftvehicle group, # P < 0.05 versus Cre~ AhRAI+1S group (n = 6). c) Western blot images and quantitative data
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2.5. TEC-Specific AhR Knockout Attenuated the Suppression of
Mitochondrial Biogenesis in IR- or IS-Treated Mice

Insufficient mitochondrial biogenesis induces cell senescence.
Therefore, we explored whether AhR regulates mitochondrial
biogenesis. PGCla is a key regulator of mitochondrial biogen-
esis and, as a transcriptional coactivator, interacts with nuclear
respiratory factors 1 and 2 to regulate the transcription of mi-
tochondrial transcription factor A (TFAM), and thereby deter-
mine the mitochondrial biogenesis and cellular mitochondrial
content.l?) Western blot results showed that PGCla, TFAM, and
TOM20, which are markers of cellular mitochondrial biogene-
sis, were significantly decreased in Cre- AhR'? mice following
IR surgery, and the suppression of PGCla, TFAM, and translo-
case of outer mitochondrial membrane 20 (TOM20 expressions
was blunted in Cre* AhRM" mice (Figure 5a). Consistent with
these results, the renal oxygen consumption rate (OCR) and mi-
tochondrial DNA (mtDNA) copies were significantly decreased in
Cre~ AWR'? mice following IR surgery, and these reductions were
blunted in Cre* AR mice (Figure 5b). Furthermore, qPCR re-
sults showed that the mRNA levels of 13 mtDNA in IR-treated
Cre* AWR'? mice were higher than those in IR-treated Cre~ AhRM/
mice (Figure 5c). These results suggested that mitochondrial
biogenesis was suppressed in IR mice, which was alleviated by
tubular-specific knockout of AhR. Furthermore, mitochondrial
biogenesis was observed in IS-treated mice. Similarly, IS ad-
ministration suppressed mitochondrial biogenesis, and tubular-
specific knockout of AhR attenuated IS-induced the inhibition
(Figure 5d—f). These data suggested that the accumulation of ure-
mic toxins suppressed mitochondrial biogenesis via upregulation
of AhR.

2.6. AhR Promoted IS-Induced the Suppression of Mitochondrial
Biogenesis in mTECs or Primary TECs

The role of AhR in mitochondrial biogenesis was observed in
vitro. IS-induced reductions in PGCla, TFAM, and TOM20 ex-
pressions were alleviated in mTECs transfected with si-AhR or
in primary TECs isolated from Cre* AhRM! mice (Figure 6a,d).
Similar changes were observed in the OCR, mtDNA copies and
cellular ATP content (Figure 6b,e). To assess mitochondrial mor-
phology, immunofluorescence staining with the mitochondria-
specific fluorescent dye Mitotracker was performed in mTECs or
primary TECs. The mitochondrial morphological changes were
analyzed using Mitochondrial Network Analysis (MiNa), a semi-
automated Image] plugin that enabled the quantification of net-
work parameters. The results revealed a significant reduction in
individual mitochondria, mitochondrial networks, and the mean
mitochondrial length in IS-treated cells when compared with Con
cells, suggesting that IS reduced mitochondrial mass and in-
duced fragmentation. Knockdown on AhR in mTECs (Figure 6c¢)
and knockout of AhR in primary TECs (Figure 6f) alleviated this
effect. On the contrary, compared with Ad-Con cells, no obvious
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change in PGCla, TFAM and TOM20 expressions, as well as
OCR, mtDNA copies, ATP content, and Mitotracker signals, were
observed in Ad-AhR cells whereas all these parameters were de-
creased in IS+Ad-Con cells. Overexpression of AhR aggravated
these changes (Figure 6g—i). The effects of IS and overexpres-
sion of AhR on mitochondrial biogenesis were also confirmed by
observing mRNA levels of 13 mtDNA by qPCR (Figure S7, Sup-
porting Information). These results suggested that knockdown or
knockout of AhR alleviated IS-induced mitochondrial biogenesis
impairment while overexpression of AhR enhanced the effect of
IS.

2.7. Overexpression of PGCla Alleviated 1S-Induced Cell
Senescence and ECM Production

To identify the role of PGCla-mediated mitochondrial biogene-
sis in cell senescence, PGCla was overexpressed by transfection
of recombinant adenovirus harboring PGCla gene (Ad-PGCla)
in mTECs. Overexpression of PGCla reversed the IS-induced re-
ductions in TFAM and TOM20 protein levels (Figure 7a). Overex-
pression of PGCla also inhibited IS-induced increases in FN, a-
SMA, p16™N¥#4 and p21 protein levels (Figure 7b), and p16/N<#4,
p21, IL-1f, TNF-a, IL-6, and TGFf1 mRNA levels (Figure 7c).
IS-induced increase in SA-f-gal-positive signals was also sup-
pressed by PGCla overexpression (Figure 7d). These results in-
dicated that the decrease in PGCla-mediated mitochondrial bio-
genesis was implicated in IS-induced cell senescence and ECM
production.

2.8. AhR Promoted PGC1a Degradation via Ubiquitin
Modification

AhR has been traditionally recognized as a nuclear transcrip-
tional factor, but was recently identified as possessing E3 ubig-
uitin ligase activity. To explore the exact mechanism of AhR-
mediated inhibition of PGCla expression, the distribution of
AhR was measured upon IS stimulation. Immunofluorescence
analysis showed that IS stimulated the expression of AhR and
AhR was mainly located in the cytoplasm, which was also con-
firmed in the kidneys of IR and IS mice. To further identify the
subcellular distribution of AhR, the cytoplasmic and nuclear frac-
tions were separated. The results showed that increased AhR fol-
lowing IS stimulation was only observed in the cytoplasm but not
in the nucleus (Figures 8a and 1k). Intriguingly, the mRNA level
of PGCla was unaffected in the IR- or [S-treated mouse kidneys
(Figure S8a, Supporting Information) and in the IS-stimulated
mTECs with knockdown or overexpression of AhR (Figure S8b,
Supporting Information). In contrast, the protein level of PGCla
was significantly reduced (Figures 5a,d and 6a). To clarify the
mechanism by which AhR repressed the protein level of PGCla,
cycloheximide (CHX) was used to block the protein synthesis.
The result showed that IS treatment accelerated the degradation

showing FN, a-SMA, p16'NK*A ‘and p21 in kidneys from different groups of mice. “**P < 0.001 versus Cre~ AR +vehicle group, # P < 0.05, ##P < 0.01,
###p < 0.001 versus Cre" AWRM+IS group (n = 6). d) gPCR showing the mRNA levels of p16/NK#A p21, IL-1p, TNF-a, IL-6, and TGF1 in kidneys from
different groups of mice. ***P < 0.001 versus Cre~ AhRf+vehicle group, # P < 0.05, ##P < 0.01 versus Cre~ AhRMI41S group (n = 5). Data were shown
as mean + SD. Statistical analysis was performed by two-way ANOVA with Tukey’s multiple comparisons test (a-d).
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Figure 4. AhR promoted IS-induced cell senescence and ECM production in mTECs or primary TECs. The mTECs were transfected with AhR siRNA
(si-AhR) for 12 h and then treated with IS (1000 umol L=") for an additional 36 h. a) Western blot images and quantitative data of FN, a-SMA, p16/NK4A,

and p21in mTECs. *P < 0.01,°

“P < 0.001 versus Con group, #P < 0.05, ##P < 0.01 versus IS group (n = 3). b) The relative mRNA abundance of

p16/NK#A p21, IL-18, TNF-a, IL-6, and TGFf1 in mTECs. “P < 0.05, “*P < 0.01 versus Con group, #P < 0.05 versus IS group (n = 3). c) The SA--gal
staining micrographs and quantitative data showing mTEC senescence. Scale bar, 50 um. “*P < 0.01 versus Con group, #P < 0.05 versus IS group
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of the PGCla protein (Figure 8b). Application of MG132, a pro-
teasome inhibitor, attenuated the decrease in PGCla induced
by IS, which suggested that the enhanced PGCla degradation
was mediated via ubiquitination and the proteasome pathway
(Figure 8c). To identify the interaction between AhR and PGCla,
adenovirus harboring AhR and PGCla were cotransfected into
mTECs. The co-immunoprecipitation (Co-IP) result showed that
the anti-AhR antibody was able to immunoprecipitate PGCla
and the anti-PGCla antibody could also immunoprecipitate AhR
(Figure 8d). The interaction of endogenous AhR and PGCla was
observed following IS stimulation (Figure S8c, Supporting Infor-
mation). Accordingly, IS increased the ubiquitin modification of
PGCla (Figure S8d, Supporting Information), while knockdown
on AhR abolished this increase (Figure 8e). In addition, the AhR
inhibitor CH-223191 decreased the ubiquitination of PGCla in-
duced by IS in both mTECs (Figure 8f) and HK-2 (Figure S8e,
Supporting Information).

The functional domains of AhR have been well documented
in the previous study. Deletion of amino acid residues 110-119
abolishes the nuclear translocational ability of AhR, while dele-
tion of the acidic domain (523-583 amino acids) abolishes the
ubiquitin ligase activity of AhR. To further clarify the exact mech-
anism of AhR in regulating the protein level of PGCla, sev-
eral pcDNA vectors encoding Myc-tagged AhR WT (carrying the
full-length sequence) and two truncated AhR mutants, AhR Aa
(deletion of 110-119 amino acid residues) and AhR Aacid (dele-
tion of the acidic domain), were constructed and transferred into
mTECs.[2?7] AhR WT and AhR Aa decreased the protein level
of PGCla when compared with that of pcDNA, while AhR Aacid
reversed this change (Figure 8g). The Co-IP assays demonstrated
that PGCla co-precipitated with AhR WT and AhR A, but not
AhR Aacid, indicating that the AhR acidic domain was neces-
sary for AhR to interact with PGCla (Figure 8h). Compared with
cells transfected with AhR WT or AhR Aaq, the ubiquitin mod-
ification of PGCla was decreased in cells transfected with AhR
Aacid (Figure 8i).

Cullin 4B is the enzymatic component of the ubiquitin lig-
ase complex. To further identify that AhR decreased PGCla by
cullin 4B-based E3 ubiquitin ligase and proteasomal degradation,
cullin 4B was knockdown by siRNA (si-cullin 4B). As expected,
knockdown on cullin 4B by siRNA alleviated the IS-induced in-
crease in PGCla ubiquitination (Figure 8j). Besides, knockdown
on cullin 4B abolished the IS-induced decrease in the PGCla pro-
tein level (Figure S8f,g, Supporting Information). The Co-IP re-
sults showed that both the anti-Myc and anti-Flag antibodies were
able to immunoprecipitate cullin 4B by exogenously overexpress-
ing Myc-tagged AhR WT or Flag-tagged PGCla (Figure S8h,i,
Supporting Information). Endogenous interaction between AhR
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and cullin 4B was also confirmed to be enhanced by IS (Figure
S8j, Supporting Information). Those data indicated that AhR de-
creased PGCla by the E3 ubiquitin ligase activity but not nuclear
transcriptional factor activity.

3. Discussion

The accumulation of uremic toxins in the bodily fluids is harmful
to all tissues and organs, but the exact mechanism has long been
ignored. Recently, AhR was accepted as a receptor for uremic tox-
ins. As a result, the effects of uremic toxin-activated AhR are of
great interest to many researchers. Recent evidence has shown
that the uremic toxin IS-activated AhR promotes thrombosis and
endovascular injury by inhibiting tissue factor ubiquitination and
degradation.!?] However, understanding the pathological func-
tion of AhR in intrinsic renal cells in CKD is quite limited. In
the study, our data suggested that AhR was increased in CKD
murine models following the accumulation of uremic toxins in
bodily fluids and was mainly distributed in mitochondria-rich
tubular epithelial cells. Tubular-specific knockout of AhR miti-
gated cell senescence and renal fibrosis. Mechanically, AhR was
implicated in the suppression of mitochondrial biogenesis by in-
creasing PGCla ubiquitin degradation.

CKD is an irreversible health issue with high morbidity in the
older population.[?! Renal fibrosis has been recognized as a con-
sequence of accelerated renal cell senescence under pathologi-
cal conditions.[®] Senescent cells exhibit a senescence-associated
secretory phenotype that produces various proinflammatory and
profibrotic cytokines. These cytokines are well-documented to fa-
cilitate renal fibrosis by acting on tubular cells and interstitial fi-
broblasts, and increasing inflammatory cell infiltration. Follow-
ing the decline in renal function, the retention of uremic tox-
ins in the bodily fluids facilitates renal dysfunction in CKD, and
thus creates a vicious circle and accelerates the worsening of re-
nal function. Until 2003, more than 90 uremic toxins were iden-
tified by the European Uremic Toxin Work Group.?”) A recent
study reported that ~130 uremic toxins are increased in CKD
mice and are correlated with a decline in GFR.B! Clarifying
the exact mechanism of uremic toxins in the development of
CKD is an essential issue in renal research. Recent studies have
shown that the administration of the uremic toxin IS suppresses
the expression of klotho and promotes cell senescence and re-
nal fibrosis.['*32-34] although the underlying mechanism has not
been clarified. In this study, we found that AhR was significantly
upregulated in mouse kidneys following the accumulation of ure-
mic toxins in bodily fluids. Besides, the elevation of AhR was ob-
served in IS-treated cultured TECs. Previous studies have shown
increased AhR activity in patients with end-stage renal disease

(n = 3). Primary TECs isolated from Cre AhRYf! mice (Cre™) or Cre* AhRIS mice (Cre™) were treated with IS (1000 umol L") for 36 h. d) Western blot
images and quantitative data of AhR, FN, a-SMA, p16'NK4A ‘and p21in primary TECs. “*P < 0.001 versus Cre~+Con group, #P < 0.05, ##P < 0.01 versus
Cre™+IS group (n = 3). e) The relative mRNA abundance of p16/NK*A) p21, IL-1p, TNF-a, IL-6, and TGFBT in primary TECs. P < 0.01, “*P < 0.001
versus Cre~+Con group, # P < 0.05 versus Cre™+IS group (n = 3). f) The SA-f-gal staining micrographs and quantitative data showing TEC senescence.

adenovirus harboring AhR gene (Ad-AhR) for 36 h. g) Western blot images and quantitative analysis of FN, a-SMA, p16'NK4A

, and p21 expressions in
mTECs. “P < 0.05, “*P < 0.01 versus Ad-Con group, #P < 0.05, ##P < 0.01 versus IS+Ad-Con group (n = 3). h) The relative mRNA abundance of cell
senescence markers p16/N*A and p21 as well as secretory factors IL-14, TNF-a, IL-6, and TGFS1in mTECs. “P < 0.05 versus Ad-Con group, #P < 0.05,
##p <0.01, ##P < 0.001 versus IS+Ad-Con group (n = 3). Data were shown as mean + SD. Statistical analysis was performed by one-way ANOVA with

Tukey’s multiple comparisons test (a-c) and two-way ANOVA with Tukey’s multiple comparisons test (d-h).
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Figure 5. Renal tubular epithelial cell knockout of AhR blunted the suppression of mitochondrial biogenesis in the kidneys of IR- or IS-treated mice. a)
Western blotimages and quantitative data of the protein levels of PGC1a, TFAM, and TOM20 in the kidneys of mice with or without IR surgery. P < 0.001
versus Cre” AhRf+-sham group, # P < 0.05 versus Cre~ AhRAIR group (n = 6). b) The renal oxygen consumption rate (OCR) and mitochondrial DNA
(mtDNA) copies of mice with or without IR surgery. ““P < 0.001 versus Cre~ AhR/f+-sham group, #P < 0.05 versus Cre" AhRT/+IR group (n = 6). c)

gPCR showing the mRNA levels of 13 mtDNA in the kidneys of mice with or without IR surgery. “P < 0.05, **P < 0.01, ***P < 0.001 versus Cre" AhR"f+IR
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and in adenine-induced CKD mice. In addition, AhR activity had
a positive correlation with serum IS level.[?2-28] These results sug-
gested that the accumulation of uremic toxins was able to initiate
the activation of their endogenous receptor AhR. However, the
mechanism of upregulated AhR induced by IS is unclear and was
not within the scope of the current investigation.

The elevation of AhR was mainly observed in renal TECs. Re-
nal TEC-specific knockout of AhR attenuated renal functional de-
terioration and fibrosis, which suggested that the elevation of
AhR was implicated in accelerating renal injury. Increases in
senescent markers were also observed in IR- and IS-treated mice,
while knockout of renal tubular AhR slowed the development of
renal senescence. These results suggested that an increase in
AhR was implicated in accelerating renal senescence. A simi-
lar phenomenon has been observed in cardiac and liver studies,
which showed that the elevation of AhR is associated with organ
fibrosis and cell senescence.[16-3°]

Senescence is inevitably accompanied by a decline in
metabolic rate, which is correlated with the production of ATP
in the mitochondria. In the study, our results showed that OCR,
mtDNA copies, cellular ATP content, and mitochondrial content
were significantly decreased in IR- or IS-treated mouse kidneys,
and were blunted by knocking out AhR in TECs. These data sug-
gested that the elevation of AhR was involved in the suppression
of mitochondrial biogenesis.

The mitochondria are an intracellular organelle with high
metabolic rates. Mitochondrial biogenesis is maintained through
the continuous production of neonatal mitochondria to replace
degenerated mitochondria. PGCla is a key regulator of mi-
tochondrial biogenesis.?®¥] In the experiment, PGCla was
significantly decreased in IR- or IS-treated mouse kidneys and IS-
treated mTECs. Overexpression of PGCla in IS-treated cells re-
stored mitochondrial biogenesis and attenuated the appearance
of senescence. These results suggested that the suppression of
mitochondrial biogenesis due to the downregulation of PGCla
was related to renal senescence.

Another interesting finding in the current study is that AhR
was a negative regulator of PGCla albeit without relying on its
nuclear transcriptional activity. A previous study reported that
AhR acts as a nuclear transcriptional factor that binds to the
promoters of cyclooxygenase 2, FN, collagen IV and connective
tissue growth factor, stimulates the expression of these genes,
and thus initiates mesangial cell proliferation, renal glomeru-
lar fibrosis and macrophage infiltration in mice with diabetic
nephropathy.3®! To our surprise, AhR was hardly detected in the
nucleus either by Western blot or immunofluorescence in our
study. A novel activity of AhR was recently revealed that AhR can
act as a ligand-activated E3 ubiquitin ligase.[21394%] Further inves-
tigation showed that the decrease in PGCla was only observed at
the protein level but not at the mRNA level. PGCla can be modi-
fied by ubiquitination and interact with AhR. The AhR mutant
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lack of transcriptional activity did not influence PGCla, while
the mutant lack of E3 ubiquitin ligase abolished the ability to de-
crease PGCla. All these results suggested that AhR decreased
PGCla via promoting ubiquitination and proteasomal degrada-
tion but not transcriptional regulation. The ligand-activated AhR
acts as an adaptor to bridge the cullin 4B E3 ubiquitin ligase
complex and substrates.[?!] Knockdown on cullin 4B could alle-
viate the IS-induced increase in the PGCla ubiquitination. Sim-
ilar studies showed that kynurenine-activated AhR bridged the
cullin 4B E3 ubiquitin ligase complex and substrates, stimula-
tor of interferon response CGAMP interactor!*!l and runt-related
transcription factor 21*?], facilitating their degradation via the
ubiquitin-proteasome pathway.

Although this study revealed that the elevation of AhR was im-
plicated in renal senescence and functional deterioration, some
questions remain unclear, such as how IS upregulates AhR, why
AhR is retained in the cytoplasm rather than translocates into
the nucleus to act as a transcriptional factor, and whether other
uremic toxins have similar effects after binding to AhR.

In conclusion, our data demonstrated that the uremic toxin
receptor AhR was elevated following the retention of uremic tox-
ins in the bodily fluids. As a novel ligand-activated E3 ubiquitin
ligase, AhR promoted the ubiquitination and proteasomal degra-
dation of PGCla, which suppressed mitochondrial biogenesis
and thereby accelerated renal senescence and fibrosis. Our study
highlights that the elimination of retained uremic toxins to avoid
AhR upregulation is beneficial in patients with CKD. The results
of this study may provide an insight into uremic toxin-induced
damage to other organs such as the heart and brain.

4. Experimental Section

Generation of TEC-Specific AhR Knockout Mice:  For the generation of
AhRI%/* inbred mouse line, the targeting vector was inserted into two
loxP sites on the flank of the fifth and seventh exons of AhR in the zygotes
of C57BL/6N mice. AhR1¥/+ mice were generated using Cyagen (Suzhou,
China). AhR*/+ mice were crossed with Ggt1-Cre mice (expressing Cre
under the control of GgtT promoter; Jackson, https://www.jax.org/strain/
012841) to generate TEC-specific AhR knockout mice (Cre* AhRI). AnRIN
mice without Cre littermates were served as controls (Cre~ AhR"M). The
mice were genotyped by PCR amplification of genomic DNA isolated from
the tail tissue. The primers used for genotyping are listed in Table S1 (Sup-
porting Information).

Renal Histology and Immunohistochemical Staining: The mouse kid-
ney samples were fixed in 10% formalin, embedded in paraffin, and sec-
tioned into at 4-um-thick slices. HE, PAS, Masson, and Sirius Red staining
were performed after deparaffinization and rehydration. Histopathological
changes of tubular injury, such as tubular dilation, disruption, loss of brush
borders and cast formation, were evaluated in a blind manner, and scored
as 0, 1, 2, 3, or 4 based on injury areas of 0%, <25%, 26%-50%, 51%—
75%, and >76%, respectively, in 10 randomly chosen and non-overlapping
fields. Interstitial fibrosis was evaluated based on the proportion of areas

group (n = 6). d) Western blot images and quantitative data of the protein levels of PGCla, TFAM and TOM20 in the kidneys of mice with or without
IS treatment. “**P < 0.001 versus Cre- AhR™f+vehicle group, # P < 0.05 versus Cre"AhRA+IS group (n = 6). e) Renal OCR and mtDNA of mice with
or without IS treatment. **P < 0.001 versus Cre~ AhR"ft-vehicle group, #P < 0.05 versus Cre- AhRYf+IS group (n = 6). f) qQPCR showing the mRNA
***Pp < 0.001 versus Cre- AhRYA +vehicle group, #p < 0.05
versus Cre~ AhRI41S group (n = 5). Data were shown as mean + SD. Statistical analysis was performed by two-tailed unpaired Student’s t-test (mt-Nd1,
mi-Nd2, mt-Nd4, mi-Nd5, mt-Co2, mt-Co3, Atp6, Atp8, mi-Cytb of c), two-tailed unpaired Welch’ t-test (mt-Nd3, mi-Nd4l, mt-Nd6, mt-Co1 of c), and
two-way ANOVA with Tukey’s multiple comparisons test (a, b, d, e, f).
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Figure 6. AhR promoted IS-induced the suppression of mitochondrial biogenesis in mTECs or primary TECs. a) Western blot images and quantitative
data of PGCla, TFAM and TOM20 in mTECs. **P < 0.01 versus Con group, #P < 0.05 versus IS group (n = 3). b) The measurement of OCR, mtDNA
copies, and the ATP contentin mTECs. P < 0.01 versus Con group, #P < 0.05 versus IS group (n = 3). c) Representative images of Mitotracker staining in
mTECs. Scale bar, 10 um. MiNa-based quantification of the mitochondrial morphological parameters, including individual mitochondria, mitochondrial
networks, and mitochondrial length. P < 0.001 versus Con group, # P < 0.05, ##P < 0.01, ###P < 0.001 versus IS group (n = 3). d) Western blot images
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that stained positively with Masson staining in six random fields for each
mouse. The distribution of AhR was determined by immunohistochemi-
cal staining of mouse kidney slices using specific anti-AhR antibody (1:200,
MA1-514, Thermo Fisher Scientific, Waltham, MA).

Animal Preparation:  Eight-week-old male mice (weight 20-25 g) were
subjected to IR surgery. In brief, after anesthetized, the left kidney was ex-
posed, and the renal pedicel was clamped for 40 min with non-traumatic
microvascular clamps. The body temperature was maintained at 37 °C
during surgery. The right kidney was excised at 14 days after surgery. The
sham-operated animals were subjected to the same procedure, except for
renal-pedicle clamping and kidney excision. These mice were euthanized
28 days after IR surgery, and serum and kidney tissues were collected for
further experiments.

For the preparation of IS-treated animals, IS was dissolved in sterile wa-
ter at a concentration of 25 mg mL~". The mice were implemented right
kidney excision. Three days after surgery, IS (200 mg kg™' per day) was
administered via oral gavage. The mice receiving the same volume of ster-
ile water by gavage were used as controls. These mice were euthanized
50 days after IS gavage. The serum and kidney tissues were collected for
further experiments.

Cell Culture and Treatment: MTECs were obtained as a gift from Prof.
Lan’s lab, the Chinese University of Hong Kong, acquired initially from Dr.
Jeffrey B. Kopp, NIH.[*3] HK-2 cells were purchased from FuHeng Biology
(FH0228). MTECs and HK-2 were cultured in DMEM-F12 (Hyclone, Lo-
gan, Utah) supplemented with 10% fetal bovine serum (ExCell Bio, Shang-
hai, China) and 1% (v v~") penicillin-streptomycin (Gibco, Thermo Fisher
Scientific, Waltham, MA) at 37 °Cin a 5% CO, incubator.

Primary TECs were isolated from Cret AhR' or Cre= AR mice. The
renal cortices were chopped and digested with 1 mg mL™" collagenase I
in phosphate-buffered saline (PBS) at 37 °C for 10 min. DMEM-F12 sup-
plemented with 10% FBS was used to stop digestion. The mixture was
passed sequentially through 100 and 70 um filters (BD Falcon). The filtrate
was collected by the bottom and centrifugated. The cells were seeded in a
culture dish in DMEM-F12 supplemented with 10% FBS and 1% (v v™')
penicillin-streptomycin.

IS (13875, Sigma-Aldrich, Darmstadt, Germany) was dissolved in ster-
ile water at a concentration of 250 mmol L~1. MTECs were treated with
IS by incubating at the indicated concentration of IS for the indicated
durations. MTECs or HK-2 were treated with CH-223191 (C8124, Sigma-
Aldrich, Darmstadt, Germany; 10 umol L‘]) for 36 h. MTECs were treated
with MG132 (S1748, Beyotime, Shanghai, China; 20 pmol L™) for 4 h or
CHX (HY-12320, MCE, Shanghai, China; 10 umol L™") for the indicated
durations.

Transfection and Plasmids Construction: Knockdown on AhR in mTECs
was performed by transfecting AhR siRNA (si-AhR, 50 nMmol/L)
using the RNAIMAX reagent according to the manufacturer’s in-
structions (13 778 030, Thermo Fisher Scientific, Waltham, MA).
Mouse si-AhR (5'-UCCCACAUCCGCAUGAUUA-3’) and si-cullin 4B (5'-
GCUGAAUUUAAAGAGGGCAAA-3’) were designed and synthesized by
Biotend (Shanghai, China). Full-length and truncated mouse AhR frag-
ments were established using PCR procedure. The products were cloned
into Myc-tagged pcDNA3.1 vectors. The plasmids were delivered into
mTECs using the Lipofectamine 3000 reagent (L3000008, Thermo Fisher
Scientific, Waltham, MA). Overexpression of AhR or PGCla in mTECs was

www.advancedscience.com

performed by the transfection for 36 h with Ad-AhR (containing Flag tag)
or Ad-PGCla (containing Flag tag), respectively.

RNA Extraction and gPCR:  RNA was extracted from renal tissues or
cultured cells using Trizol (Biocolor Bioscience, Shanghai, China). Then,
cDNA was synthesized by reverse transcription PCR using the PrimeScript
RT reagent kit (Takara, Japan). Subsequently, qPCR was performed us-
ing the SYBR Green Master Mix (Toyobo, Japan) on an Applied Biosys-
tems 7300 Plus system. The relative mRNA levels were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primers used
for amplification are listed in Table S2 (Supporting Information).

Western Blot: Renal tissues and cultured cells were lysed in a 2%
sodium dodecyl sulphate (SDS) lysis buffer. After centrifugation, the su-
pernatant containing the proteins was mixed with loading buffer and
separated on SDS-polyacrylamide gels. Subsequently, proteins were elec-
trophoretically transferred onto a polyvinylidene fluoride membrane (Mil-
lipore, Darmstadt, Germany). Then, the membrane was blocked and in-
cubated with primary antibodies against: AhR (1:2000, MA1-514, Thermo
Fisher Scientific, Waltham, MA); a-tubulin (1:5000, 66031-1-Ig), a-SMA
(1:3000, 14395-1-Ig), GAPDH (1:10 000, 60004-1-Ig), histone 3 (1:1000,
17168-1-AP), TFAM (1:1000, 22586-1-AP), and ubiquitin (Ub, 1:1000,
10201-2-AP) from Proteintech (Wuhan, China); FN (1:2000, F36438, Sigma-
Aldrich, Darmstadt, Germany); TOM20 (1:2000, ab186735), p16/NK4A
(1:2000, ab108349), and cullin 4B (1:5000, ab76470) from Abcam (Cam-
bridge, England); and PGCla (1:1000, AB3242, Millipore, Darmstadt, Ger-
many).

DNA Isolation and mtDNA Copies Identification: ~Following the man-
ufacturer’s instructions, total DNA was isolated from mTECs and renal
tissues using a TIANamp Genomic DNA kit (DP304, TIGENGEN, Beijing,
China). The DNA was subsequently used for gPCR. Copies of mitochon-
drial cytochrome c oxidase subunit 2 (COX2) DNA were used to represent
the copies of mtDNA, and the relative abundance of mtDNA was normal-
ized to nuclear ribosomal protein 18 (RSP18). The primer sequence is dis-
played in Table S3 (Supporting Information).

ATP Measurement: Cellular ATP levels were measured using an ATP
assay kit (50026, Beyotime, Shanghai, China). Briefly, cells were lysed in
the ATP lysis buffer and centrifuged at 12 000 rpm for 5 min at 4 °C. The
supernatant was collected, and 20 L supernatant was mixed with 100 uL
ATP detection working fluid. The ATP concentration was measured by read-
ing the luminescence on a microplate luminometer (Biotek, Milan, Italy)
and converted based on the ATP standard curve. Finally, the ATP concen-
tration was normalized to nmol mg™" protein.

SA-p-gal Staining:  According to the manufacturer’s instructions, the
cultured cells and frozen renal slices (5 pm) were fixed and stained using
an SA-f-gal staining kit (C0602, Beyotime, Shanghai, China).

Analysis of Mitochondrial Morphology: Cells were incubated with
20 nmol L=' MitoTracker Red CMXRos (M7512, Thermo Fisher Scien-
tific, Waltham, MA) for 15 min at 37 °C. Next, the cells were washed
with PBS and incubated with 1 drop mL~" NucBlue Live ReadyProbes
Reagent (Hoechst, R37605, Thermo Fisher Scientific, Waltham, MA). The
stained cells were viewed at 600x magnification using a confocal micro-
scope (NCF950, NOVEL, Ningbo, China).

Using a previously reported method,[**] mitochondrial morphological
parameters, including individual mitochondria, mitochondrial networks,
and mitochondrial length, were quantified using MiNa, a semi-automated

and quantitative data of PGC1a, TFAM and TOM20 in primary TECs. “*P < 0.01 versus Cre~+Con group, #P < 0.05 versus Cre™+IS group (n = 3). e) The
group (n = 3). f) Representative images of Mitotracker staining in primary TECs. Scale bar, 10 um. MiNa-based quantification of the mitochondrial
morphological parameters, including individual mitochondria, mitochondrial networks, and mitochondrial length. P < 0.001 versus Cre~+Con group,
#P < 0.05, ##P < 0.01 versus Cre™+IS group (n = 3). g) Western blot images and quantitative analysis of PGCla, TFAM and TOM20 expressions in
mTECs. “P < 0.05, **P < 0.01 versus Ad-Con group, *P < 0.05 versus IS+Ad-Con group (n = 3). h) The measurement of OCR, mtDNA copies and the
ATP content in mTECs. “P < 0.05, P < 0.01, “P < 0.001 versus Ad-Con group, #P < 0.05 versus IS+Ad-Con group (n = 3). i) Representative images
of Mitotracker staining in mTECs. Scale bar, 10 um. MiNa-based quantification of the mitochondrial morphological parameters, including individual
mitochondria, mitochondrial networks, and mitochondrial length. **P < 0.001 versus Ad-Con group, #P < 0.05, ##P < 0.01, ##P < 0.001 versus
IS+Ad-Con group (n = 3). Data were shown as mean + SD. Statistical analysis was performed by one-way ANOVA with Tukey’s multiple comparisons
test (a-c) and two-way ANOVA with Tukey’s multiple comparisons test (d-i).
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Figure 7. Overexpression of PGCla alleviated IS-induced cell senescence and ECM production. The mTECs were treated with IS (1000 umol L™') or
adenovirus harboring PGCla gene (Ad-PGCla) for 36 h. a) Western blot images and quantitative analysis showing the expressions of PGCla, TFAM and
TOM20 in mTECs. “P < 0.05, **P < 0.01 versus Con group, #P < 0.05, ###P < 0.001 versus IS group (n = 3). b) Western blot images and quantitative
analysis showing the expressions of FN, a-SMA, p16'NK4 and p21in mTECs. **P < 0.01 versus Con group, #P < 0.05 versus IS group (n = 3). c) qPCR
analysis of the relative mRNA levels ofp76'NK4A, p21, IL-18, TNF-a, IL-6, and TGFf T in mTECs. *P < 0.05, P <0.01 versus Con group, #P < 0.05 versus
IS group (n = 3). d) The SA-p-gal staining micrographs and quantitative analysis showing the mTEC senescence. Scale bar, 50 um. P < 0.001 versus
Con group, #P < 0.05 versus IS group (n = 3). Data were shown as mean + SD. Statistical analysis was performed by one-way ANOVA with Tukey’s

multiple comparisons test (a-d).

Image) plugin. Each experiment was repeated three times and at least 10
cells were analyzed per replicate.

OCR Measurement: Fresh renal tissues were shredded into small
pieces, the cultured cells were suspended by trypsinization, and the sam-
ples were dissolved in 2 mL PBS with 25 mmol L™' glucose, 1 mmol L™
pyruvate, and 2% bovine serum albumin. The OCR was examined using a
liquid-phase oxygen measurement system (Oxygenph+, Hansatech, Shan-
dong, China) according to the manufacturer’s instructions. Oxygen con-
sumption was recorded until 1 min using the OxyTrace system, and the
data were normalized to the total protein.

Serum Biochemical Assays: Blood samples were centrifuged to collect
the serum. BUN and creatinine levels were evaluated using the urea nitro-
gen assay kit (C013-2-1) and creatinine assay kit (C011-2-1), respectively,
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Immunofluorescence Staining: Paraffin-embedded mouse kidney tis-
sues were subjected to immunofluorescence as the established protocols.
The mouse kidney slides were incubated with anti-AhR (1:50, MA1-514,
Thermo Fisher Scientific, Waltham, MA), anti-Megalin (1:50, sc-515772,
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Santa Cruz, Dallas, Texas), anti-NCC (1:200, ab95302, Abcam, Cambridge,
England), anti-p21 (1:20, sc-6246, Santa Cruz, Dallas, Texas), or p16/N4A
(1:100, ab108349, Abcam, Cambridge, England) antibodies. MTECs were
seeded in a confocal dish (Costar) and fixed with 4% paraformaldehyde at
room temperature for 20 min. Fixed cells were permeabilized with 0.5%
Triton X-100 for 10 min and blocked with 5% goat serum for 1 h. Then,
the cells were incubated overnight with specific anti-AhR (1:50, MA1-514,
Waltham, MA). Primary TECs were incubated with anti-Megalin (1:50) or
anti-E-cadherin (1:100, 610 181, BD Biosciences, New Jersey) antibodies.
Secondary antibodies and 4',6-diamidino-2-phenylindole were used (Be-
yotime, Shanghai, China) to visualize primary antibodies and nuclei, re-
spectively. Slides and cells were visualized under a confocal microscope
(Leica, Wetzlar, Germany).

Isolation of Cytoplasmic and Nuclear Protein:  Cytoplasmic and nuclear
proteins were isolated using an extraction kit (P0028, Beyotime, Shang-
hai, China) according to the manufacturer’s instructions. Briefly, cells were
lysed in cytoplasmic extraction buffer and centrifuged to collect the super-
natant fraction as cytoplasmic protein. The sediment was resuspended in

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 8. AhR promoted PGCla degradation via ubiquitin modification. a) Immunofluorescence micrographs and Western blot presenting AhR distri-
bution in mTECs after IS treatment (1000 umol L=") for 12 h, with or without transfection using adenovirus carrying AhR gene (Ad-AhR) for 36 h. b)
Western blot images and quantitative data detecting the PGCla in mTECs with IS treatment (1000 umol L™ for 36 h. Cells were treated with cyclohex-

imide (CHX, 10 umol L") for the indicated durations before being harvested. “P < 0.05, **P < 0.01 versus Con group (n = 3). c) Western blot images
and quantitative data detecting the PGCla in mTECs subjected to 36-h IS treatment (1000 pmol L™) in the presence of MG132 (20 umol L™") for 4 h.
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P < 0.01 versus Con group, #P < 0.05 versus IS group (n = 3). d) Co-IP of AhR and PGCla in mTECs cotransfected with Ad-AhR and Ad-PGCla
with IS stimulation (1000 umol L= for 48 h. The lysates were immunoprecipitated with control IgG, anti-AhR, or anti-PGCla antibodies, followed by
Western blot with the indicated antibody (n = 3). e,f) IP analyzing the ubiquitination of PGCla in mTECs. The cells were transfected with AhR siRNA
(si-AhR; e) or treated with AhR inhibitor CH-223191 (10 umol L™7; f) in the presence of IS (1000 umol L™") for 48 h. MG 132 (20 umol L=') was added to
the medium 4 h before cell harvest. The lysates were immunoprecipitated with anti-PGCla antibody, followed by Western blot with anti-ubiquitin (Ub)
antibody (n = 3). g) Schematic of full-length and truncated AhR mutants. Western blot images and quantitative data detecting the PGCla in mTECs.
The cells were transfected with Myc-tagged pcDNA, AhR full-length (WT), 110-119 amino acid-deletion mutant (Aa), or acidic domain-deletion mutant
(Aacid) vectors with IS stimulation (1000 umol L™) for 48 h. **P < 0.07, N.S. (no significant difference) versus pcDNA group (n = 3). h) Co-IP of AhR or
mutants with PGCla in HEK293T cells cotransfected with plasmids encoding Flag-tagged PGCla and Myc-tagged AhR WT, AhR Aa or AhR Aacid with
IS stimulation (1000 umol L=") for 48 h. The lysates were immunoprecipitated with anti-Myc antibody, followed by Western blot with anti-Flag antibody
(n=3).1i) IP of AhR or mutants with PGCla in HEK293T cells cotransfected with plasmids encoding Flag-tagged PGCla and Myc-tagged AhR WT, AhR
Aa or AhR Aacid in the presence of IS (1000 umol L™) for 48 h. MG 132 (20 umol L~1) was added to the medium 4 h before cell harvest. The lysates were
immunoprecipitated with anti-Flag antibody, followed by Western blot with anti-Ub antibody (n = 3). j) IP analysis of PGCla ubiquitination in mTECs
transfected with cullin 4B siRNA (si-cullin 4B) in the presence of IS (1000 umol L™1) for 48 h. MG132 (20 umol L™") was added to the medium 4 h before
cell harvest. The lysates were immunoprecipitated with anti-PGCla antibody, followed by Western blot with anti-ubiquitin (Ub) antibody (n = 3). Data

were shown as mean + SD. Statistical analysis was performed by two-way ANOVA with Tukey’s multiple comparisons test (b, c, g).

nuclear extraction buffer for 30 min at 4 °C, and then centrifugated to col-
lect nuclear fraction in supernatant.

Serum IS Concentration Measurement: The serum IS concentration
was measured using liquid chromatography/mass spectrometry as de-
scribed previously.[*] In brief, 100 pL serum was mixed with 900 pL cold
aqueous methanol (80% v v~} and placed at 20 °C for 1 h. The solution
was centrifuged at 4 °C for 15 min at a speed of 12 000 g. Following recon-
stitution with 80 plL water, the supernatant was evaporated using a nitro-
gen stream. Next, 20 pL of solution was injected and detected using an API
6500 Qtrap Mass Spectrograph (Thermo Fisher Scientific, Waltham, MA).
A standard curve was built up by dissolving IS at different concentrations
and detected using the same protocol.

IP and Ubiguitination Assay: MTECs were transfected with the indi-
cated vectors for 12 h, then treated with 1000 umol L~ IS for 36 h, fol-
lowed by MG 132 treatment for 4 h before being harvested. Then, the cells
were lysed using Western blot and IP lysis buffer (P0013, Beyotime, Shang-
hai, China) containing a protease cocktail (0 469 313 2001, Roche, Basel,
Switzerland) and phenylmethylsulfonyl fluoride (ST505, Beyotime, Shang-
hai, China). The extract was centrifuged at 12 000 rpm for 10 min at 4 °C
to obtain the supernatant. 800-1000 ug total protein was hybridized with
3-5 ug primary antibodies by vertical rotation at 4 °C overnight. Then, the
complex was incubated with Protein A/G PLUS-Agarose (sc-2003, Santa
Cruz, Dallas, Texas) at 4 °C for 4 h. Finally, the precipitate was washed
with PBS for six times. The protein was resuspended with 30 uL 1x SDS
loading buffer followed by Western blot.

Statistical Analysis: The normal distribution test of data was per-
formed using the Shapiro-Wilks normality test. For comparisons of two
groups of normally distributed data, two-tailed unpaired Student’s t test
was used for data of equal variances, or with Welch's correction if equal
variances are not assumed by an F test. For comparisons of more than
two groups, the Brown-Forsythe test was used to assess similar variances,
followed by one-way ANOVA or two-way ANOVA with Tukey’s multiple
comparisons test. The Mann-Whitney test was used for the two groups of
data that did not conform to the normal distribution. Spearman’s correla-
tion analysis was used to assess the correlation between AhR mRNA level
and eGFR. Statistical analysis of the data was carried out using GraphPad
Prism software 8 (La Jolla, CA) and data were shown as mean + SD. Sam-
ple size (n) for each statistical analysis is indicated in each figure legend.
P < 0.05 was considered to be statistically significant.

Ethics Approval: All animal experimental protocols and procedures
complied with the Guidance for Care and Use of Laboratory Animals of
Fudan University and were approved by the Ethics Committee for Exper-
imental Research of Shanghai Medical College, Fudan University, Shang-
hai, China (20200306-097).
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