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Abstract— Diabetic nephropathy (DN) is a common diabetic complication. Studies show
that mitophagy inhibition induced-ferroptosis plays a crucial role in DN progression.
UHRF1 is associated with mitophagy and is highly expression in DN patients, however,
the effect of UHRF1 on DN is still unclear. Thus, in this study, we aimed to investi-
gate whether UHRF1 involves DN development by the mitophagy/ferroptosis pathway.
We overexpressed UHRF1 using an adeno-associated virus 9 (AAV9) system in high-fat
diet/streptozotocin-induced diabetic mice. Renal function index, pathological changes,
mitophagy factors, and ferroptosis factors were detected in vivo. High-glucose cultured
human renal proximal tubular (HK-2) cells were used as in vitro models to investigate
the mechanism of UHRF1 in DN. We found that diabetic mice exhibited kidney dam-
age, which was alleviated by UHRF1 overexpression. UHRF1 overexpression promoted
PINK1-mediated mitophagy and inhibited the expression of thioredoxin interacting protein
(TXNIP), a factor associated with mitochondrial dysfunction. Additionally, UHRF1 over-
expression alleviated lipid peroxidation and free iron accumulation, and upregulated the
expression of GPX4 and Slc7al 1, indicating the inhibition effect of UHRF1 overexpression
on ferroptosis. We further investigated the mechanism of UHRF1 in the mitophagy/fer-
roptosis pathway in DN. We found that UHRF1 overexpression promoted PINK1-mediated
mitophagy via inhibiting TXNIP expression, thus suppressing ferroptosis. These findings
confirmed that upregulation of UHRF1 expression alleviates DN, indicating that UHRF1
has a reno-protective effect against DN.
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INTRODUCTION

Diabetic nephropathy (DN) is one of the most
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to investigate the pathogenesis of DN and find effec-
tive treatment.

Mitophagy is a form of autophagy that selectively
degrades damaged or excess mitochondria. Mitophagy
prevents excessive reactive oxygen species (ROS) accu-
mulation and activates the mitochondrial apoptotic cas-
cade, thus reducing kidney injury [2]. DN prominently
exhibits an accumulation of dysfunctional mitochondria,
indicating lowered or aberrant mitophagy. Ferroptosis is
a novel form of programmed cell death, which partici-
pates in the pathogenesis of DN [3]. Mitophagy inhibi-
tion leads to excessive ROS production, whereas a large
accumulation of ROS results in the formation of cellular
ferroptosis [4, 5], indicating that the pathological process
of ferroptosis is closely related to mitophagy. Moreo-
ver, the PINK1/Parkin pathway is a crucial mitophagy
pathway. PINK1 activates Parkin activity resulting in
ubiquitination of multiple proteins and thus promotes
mitophagy [6]. Previous research has shown that PINK1/
Parkin-mediated mitophagy protects renal tubular epithe-
lial cells from ferroptosis [7], suggesting the regulation
of the mitophagy/ferroptosis pathway may be a potential
treatment against DN.

Ubiquitin like with PHD and ring finger domains
1 (UHRF1), an epigenetic regulator, is an important
link between DNA methylation and histone modifica-
tion [8]. UHRF1 knockdown activates the TGF-f sign-
aling pathway and promotes the expression of collagen
type I alpha 1 chain 1 (COL1A1, a main component
of the extracellular matrix) [9]. The accumulation of
extracellular matrix is also a pathological feature of DN
[10]. Thioredoxin interacting protein (TXNIP) inhibits
mitophagy in diabetes [11], coincidentally, UHRF1 also
inhibits the expression of TXNIP by epigenetic regula-
tion [12, 13]. Moreover, UHRF1 knockdown increases
the level of oxidative stress [14, 15], and the inhibition
of UHRF1 expression also aggravates the occurrence
of ferroptosis [16]. Importantly, another study reports
that UHRF1 is highly expressed in DN patients [17].
These findings suggest that UHRF1 may play a protec-
tive function on DN. Given the above, we speculated
that UHRF1 may participate in DN progression via
regulating mitophagy.

In this study, the UHRF1 overexpression mouse
model of diabetes was used to investigate the role of
UHRFI1 in DN. Furthermore, we also determined the
underlying mechanism of UHRF1 using a tubular epi-
thelial cell model.
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METHODS

Tissue Samples

Normal human kidney tissue samples were obtained
from the nondiabetic patients with radical nephrectomy
for renal carcinoma and renal biopsy specimens were col-
lected from DN patients. Signed informed consent forms
were acquired from all patients who participated. This
experiment was approved by the Ethics Committee of the
First Affiliated Hospital of Zhengzhou University and
complied with the Declaration of Helsinki.

Diabetic Nephropathy Animal Models

The animal experiments were cared for according to
NIH guidelines and were approved by the Ethics Committee
of the First Affiliated Hospital of Zhengzhou University.
Seven-week-old male C57BL/6 J mice were randomized
into two groups: Control and HFD-STZ groups. HFD-STZ
mice were fed a high-fat diet (HFD, 60% fat) for 4 weeks.
Then, they were treated with streptozotocin (STZ, 50 mg/
kg/daily intraperitoneal injection) for 5 consecutive days.
After STZ injection, HFD-STZ mice were fed with HFD.
The fasting blood glucose (FBG) level was detected 72 h
after STZ injection. Based on the prior literature [18, 19],
FBG>11.1 mmol/L was considered a successful establish-
ment of the type-1I diabetes mouse model. The control mice
were fed normal feed and injected with an equal volume of
vehicle solution every day for five days, then continued to
be fed with normal feed. After 12 weeks of feed, serum,
urine, and kidney samples were collected for analysis.

For UHRF1 overexpression, mice with success-
ful modeling were divided into three groups: HFD-STZ,
HFD-STZ+NC**Y?, and HFD-STZ+UHRF14°. HFD-
STZ+NC**? and HFD-STZ+UHRF1**?. Mice were
administered 100 pL adeno-associated virus-9 empty
vector (NCAV%) and UHRFI1 overexpressed AAV9
(UHRF124Y9) by renal vein, respectively. HFD-STZ mice
were injected with an equal volume of vehicle solution.
After injection, mice continued to be fed with HFD.

Biochemical Detection

The levels of urinary albumin with Mouse Alb
(albumin) ELISA kit (FineTest, Wuhan, China) and
urine neutrophil gelatinase-associated lipocalin



720

(NGAL) with Mouse NGAL ELISA Kit (FineTest,
Wuhan, China) were detected. Chemiluminescence was
performed to determine urine creatinine, serum creati-
nine (Scr), and serum blood urea nitrogen (BUN). Urine
albumin/urine creatinine (UACR) was used to detect
urinary protein.

Cell Culture and Transfection

Human renal proximal tubular (HK-2) cells were
purchased from iCell (Shanghai, China) and cultured in
the keratinocyte-serum-free medium at 37 ‘C with 5%
CO,. Cells were incubated in the high-glucose (HG,
30 mM) or normal glucose (NG, 5.5 mM) medium for
72 h. NG medium contained mannitol to balance osmotic
pressure. For transfection, cells were transfected with
UHREF1 overexpression plasmids (UHRF1-OE), shPINK1
plasmids (shPINKT1), or TXNIP overexpression plasmids
(TXNIP-OE). 48 h post-transfection, cells were cultured
in HG or NG medium for 72 h for further experiments.

Lipid Peroxidation Measurement

Lipid peroxidation was detected via fluores-
cent probe C11-BODIPY**!**! (Maokang, Shanghai,
China) staining. Cells were incubated with 2 pM C11-
BODIPY#!°! for 20 min. After washing, cells were col-
lected and resuspended for flow cytometry (NovoCyte,
Agilent, USA).

Immunohistochemistry

After paraffin embedding the kidney tissues, the
tissues were cut into sections 5 um thick. Then, the sec-
tions went through antigen retrieval, and incubation
with 3 H,0, Following blocking with 1% BSA, sections
were incubated with primary antibodies against UHRF1
(21402-1-AP, Proteintech, RRID: AB_10860902), GPX4
(DF6701, Affinity, RRID: AB_2838663), Slc7all
(26864-1-AP, Proteintech, RRID: AB_2880661), and
PINK1 (DF7742, Affinity, RRID: AB_2841209) over-
night at 4 ‘C. After washing, sections were incubated with
HRP-labeled goat anti-rabbit IgG for 60 min. The stained
sections were developed with DAB, followed by counter-
staining with haematoxylin. Images were captured using
a BX53 microscope (OLYMPUS, Japan).
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Periodic Acid-Schiff (PAS) Staining

Sections were incubated with periodic acid for
10 min. After washing, sections were stained with
Schiff’s reagent for 15 min. Then, hematoxylin solution
was used to counterstain for 2 min. Sections were dehy-
drated in the subsequent steps: 75% ethanol for 2 min,
85% ethanol for 2 min, 95% ethanol for 2 min, absolute
ethanol for 5 min, and xylene for 10 min. Images were
captured by a BX53 microscope (OLYMPUS, Japan).

Western Blot

The proteins from tissues and cells were extracted
and the protein quantification was conducted using a
BCA protein quantification kit (Beyotime, Shanghai).
Next, proteins were split with SDS-PAGE and transferred
onto PVDF membranes (Millipore, USA). After blocking
with 5% BAS solution for 1 h, membranes were incubated
with primary antibodies against UHRF1 (21402-1-AP,
Proteintech, RRID: AB_10860902), PINK1 (DF7742,
Affinity, RRID: AB_2841209), Parkin (AF0235, Affinity,
RRID: AB_2833410), TXNIP (18243-1-AP, Proteintech,
RRID: AB_2876873), LC3 II/I (14600-1-AP, Proteintech,
RRID: AB_2137737), p62 (18420-1-AP, Proteintech,
RRID: AB_10694431), COX IV (66110-1-Ig, Protein-
tech, RRID: AB_2881509) or B-actin (66009-1-Ig, Pro-
teintech, RRID: AB_2687938). The next day, membranes
were incubated with goat anti-rabbit IgG (SA00001-2,
Proteintech, RRID: AB_2722564) or goat anti-mouse IgG
(SA00001-1, Proteintech, RRID: AB_2722565). Proteins
were detected with enhanced chemiluminescence (ECL)
reagent and the optical density value was determined
using Gel-Pro-Analyzer software.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted with TRIpure solution and
reverse-transcribed into cDNA using BeyoRT II M-MLV
Reverse Transcriptase (Beyotime, Shanghai). Gene
expression was quantified via a Real-Time PCR machine
(Exicycler 96, BIONEER, Korea). The primer sequences
included the homo TXNIP-specific forward 5’-ATCAGT
CAGAGGCAATCA-3’ and reverse 5’-CCAGGAACG
CTAACATA-3’, homo UHRF1-specific forward 5°-CTC
AACTGCTTTGCTCCCA-3’ and reverse 5’-TCTTGC
CACCCTTGACATT-3’, mus UHRF1-specific forward
5’-GAGCAAGAAGAAGGCAAAG-3’ and reverse
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5’-ACAGGGACACCAGGGAT-3’, and mus TXNIP-
specific forward 5’-TTACCCGAGTCAAAGCCGTC-3’
and reverse 5’-CCATCTCGTTCTCACCTGCT-3’. The
gene expression was calculated via the 2724€T method.

Immunofluorescence (IF)

Immunofluorescent staining of tissues was per-
formed on paraffin-embedded tissues. Briefly, sections
were immersed in xylene for dewaxing and dewaxing and
rehydrated through graded ethanols. Next, sections were
blocked with 1% BSA for 15 min followed by incubation
with primary antibodies: LC3 (14600-1-AP, Proteintech,
RRID: AB_2137737) and COX-IV (66110-1-Ig, Protein-
tech, RRID: AB_2881509) at 4 ‘C overnight. Then sec-
tions were incubated with FITC-labeled goat anti-rabbit
IgG and Cy3-labeled goat anti-mouse IgG, followed
by DAPI (Aladdin, Shanghai, China) nuclear stain. All
sections were photographed under a BX53 microscope
(OLYMPUS, Japan).

Oxidative Stress Detection

The levels of malondialdehyde (MDA), glutathione
(GSH), and Fe*" using the MDA assay kit (Jiancheng, Nan-
jing, China), GSH assay kit (Jiancheng, Nanjing, China),
and ferrous ion colorimetric assay kit (Elabscience, Wuhan,
China) according to the manufacturer’s instructions.

CCK-8 Assay

Cells were seeded in 96-well plates (5x 10° cells/
well) and incubated at 37 ‘C with 5% CO,. Then, 10 pl
CCK-8 solution was added into each well and incubated
for 2 h. The optical density (OD) value was detected at
450 nm by a microplate reader (800TS, BioTek, USA).

Chromatin Immunoprecipitation-qRT-PCR
(ChIP-qPCR)

ChIP assay was conducted using a ChIP Assay Kit
(Beyotime, Shanghai, China). Briefly, UHRF1 over-
expression cells were collected and incubated with 1%
formaldehyde for 10 min at 37 °C to cross-linking. Chro-
matin was sheared via sonication to produce DNA frag-
ments. Next, chromatin was immunoprecipitated with an
anti-H3K9ac antibody or IgG. The immunoprecipitated
DNA was amplified with a pair of primers for the TXNIP
promoter (forward 5’-CCTCCTATTTCCGTTCCACA-3’
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and reverse 5’-TCAGGCCTCATTGTGTGTGT-3’). PCR
amplification was carried out using 2 X Taq PCR Master
Mix (Solarbio, Beijing, China). The quantitative analysis
was performed on a Real-Time PCR machine (Exicycler
96, BIONEER, Korea).

Statistical Analysis

The statistical analysis was performed with Graph-
Pad Prism 8 (GraphPad Software, Inc.). The comparison
among more than two groups was used following variance
(ANOVA), and the comparison between two groups was
performed with a t-test. P <0.05 was regarded as a statis-
tically significant difference.

RESULTS

Upregulation of UHRF1 in HFD/STZ-Induced
DN Mice

Previous study reports that UHRF1 is highly
expressed in DN patients [14]. We also detected the
protein expression of UHRF1 in DN and normal kidney
tissues and the results revealed that UHRF1 was upregu-
lated in DN tissues (Fig. la). Furthermore, mice were
induced to DN via HFD-STZ treatment (Fig. 1b). Renal
damage was assessed with UACR, NGAL/Urine creati-
nine ratio, BUN, and Scr. The levels of indicators were
increased in HFD-STZ mice compared with control mice
(Fig. 1c—f), indicating the successful establishment of DN
models. Then, the UHRF1 expression in kidney tissues
was detected and the results showed that UHRF1 expres-
sion both at mRNA and protein levels was upregulated
in HFD-STZ mice (Fig. 1g, h). IHC staining further con-
firmed the higher expression of UHRF1 in HFD-STZ
mice (Fig. 1i, j). These results suggested that UHRF1
was highly expressed in DN mice.

Overexpression of UHRF1 Alleviates DN
in HFD/STZ Mice

To examine the role of UHRF1 in DN, HFD-STZ
mice were injected with UHRF14AY? for overexpressing
UHREF1 (Fig. 2a). The levels of UACR, NGAL/Urine cre-
atinine ratio, BUN and Scr were increased in HFD-STZ
mice, while UHRF1 overexpression reversed the HFD-
STZ-induced changes in these indicators (Fig. 2b—e).
HFD-STZ mice displayed upregulated expression of
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Fig. 1 Upregulation of UHRF1 in high-fat diet (HFD)/streptozotocin (STZ)-induced diabetic nephropathy (DN) mice. (a) Expression of UHRF1
in human kidney was detected by western blot. (b) Study design overview. Seven-week-old male C57BL/6 J mice were fed with an HFD for four
weeks, followed by intraperitoneal injection of STZ (50 mg/kg) for five days. Mice were fed with an HFD for 12 weeks before sacrifice. Two
groups were assessed for (c) urine albumin-to-creatinine ratio (UACR), (d) urine neutrophil gelatinase-associated lipocalin (NGAL)-to-creatinine
ratio (NGAL/creatinine), (e) serum blood urea nitrogen (BUN), and (f) serum creatinine (Scr). (g) The relative mRNA expression level of UHRF1
was determined by quantitative real-time PCR (qRT-PCR). (h) The protein expression of UHRF1 was determined by western blot. (i) The protein
expression of UHRF1 was determined by immunohistochemistry (IHC). Bar=200 pm. (j) Quantification of the IHC assay was represented as a
percentage of UHRF1-positive cells. Data were expressed as mean +SD, with n=6 per group. *P <0.05, **P <0.01.

UHRF1, which was further increased when UHRF1 over-
expression (Fig. 2f, g). Moreover, PAS staining revealed
mesangial matrix expansion and glomerular hypertrophy,
early features of diabetic nephropathy, in HFD-STZ mice,
whereas these injuries were ameliorated by UHRF1 over-
expression (Fig. 2h). These results implied that UHRF1
overexpression alleviated DN of HFD/STZ mice.

Overexpression of UHRF1 Promotes Mitophagy
in DN

Mitophagy is disturbed in DN under hyper-
glycemic conditions [20]. PINK1/Parkin-mediated
mitophagy is one of the crucial mitophagy pathways
[21]. Therefore, to investigate whether UHRF1 affects
mitophagy in DN, PINK1 expression was detected

via IHC. Compared to the control, PINK1 expres-
sion was down-regulated after HFD-STZ treatment,
which was increased when UHRF1 was overexpressed
(Fig. 3a). The results of western blot further revealed
that decreased expression of PINK1 and Parkin caused
by HFD-STZ was reversed by UHRF1 overexpres-
sion (Fig. 3b, c¢). Additionally, hyperglycemia-induced
TXNIP results in mitophagy inhibition in DN [11].
Our results exhibited that UHRF1 overexpression sup-
pressed the rise of TXNIP levels caused by HFD-STZ
(Fig. 3d, e). We also assessed mitophagy levels by ana-
lyzing protein levels of LC3 I/II and p62 in the mito-
chondria. The LC3 II was downregulated and p62 was
upregulated in HFD-STZ mice, while opposite results
were observed after UHRF1 overexpression (Fig. 3f,
g). The results of co-localization of LC3 and COX IV
further confirmed that UHRF1 overexpression rescued
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Fig. 2 Overexpression of UHRF1 alleviates DN in HFD/STZ mice. (a) Study design overview. Seven-week-old male C57BL/6 J mice were fed
with an HFD for four weeks, followed by intraperitoneal injection of STZ (50 mg/kg) for five days. Mice were treated with adeno-associated virus-
UHRF1 overexpression (UHRF1*4Y?) or adeno-associated virus-negative control (NCAAY9) by left renal vein injection. Mice were maintained for
12 weeks of HFD feeding before sacrifice. Four groups were assessed for (b) UACR, (¢) NGAL/creatinine), (d) BUN, and (e) Scr. (f) The protein
expression of UHRF1 was determined by IHC. Bar=200 pm. (g) Quantification of the IHC assay was represented as a percentage of UHRFI1-
positive cells. (h) Representative photomicrographs of periodic acid—Schiff (PAS) staining. Bar=50 pm for tubulointerstitium, and bar=25 pm for
glomeruli. Data were expressed as mean + SD, with n=6 per group. *P <0.05, **P <0.01.

the inhibition of mitophagy in DN (Fig. 3h). These find-
ings suggested that UHRF1 overexpression promoted
mitophagy in DN.

Overexpression of UHRF1 Inhibits Ferroptosis
in DN

Ferroptosis participates in the pathogenesis of DN
[3]. To evaluate the effect of UHRFI1 on ferroptosis,
the levels of ferrous ion (Fe“), MDA, and GSH, three
ferroptosis indicators, were detected in the renal cor-
tex. The levels of Fe?* and MDA were increased, and
the GSH level was reduced in HFD-STZ mice. When

UHRF1 was overexpressed, the levels of Fe?* and
MDA were decreased and the GSH level was increased
(Fig. 4a—c). GPX4 and SLC7AI11 are suppressors of
ferroptosis, their protein expression in HFD-STZ mice
was significantly reduced, but this trend was reversed
by UHRF1 overexpression (Fig. 4d, e). Lipid perox-
ide is a crucial indicator of ferroptosis, which is moni-
tored by C11-BODIPY*3"**! probe. We found that the
increase of lipid peroxidation caused by HFD-STZ was
decreased via UHRF1 overexpression (Fig. 4f). Fur-
thermore, the change of mitochondrial morphology is
a significant feature of ferroptosis, whose main char-
acteristic including smaller mitochondria, increased
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Fig. 3 Overexpression of UHRF1 promotes mitophagy in DN. (a) The protein expression of PINK1 was determined by IHC. Bar=200 pm. (b)
The protein expression of PINK1 and Parkin was determined by western blot. (¢) Quantification of PINK1 and Parkin protein expressions. (d) The
relative mRNA and protein levels of TXNIP were determined by qRT-PCR and western blot. (e) Quantification of TXNIP protein expression. (f)
The protein expression of LC3 II/I and p62 in mitochondria was determined by western blot. (g) Quantification of LC3 II/I and p62 protein expres-
sions. (h) Images of immunofluorescence (IF) staining of LC3 (green) and COX-IV (red) in kidney tissues. Bar=50 pm. Data were expressed as
mean =+ SD, with n=6 per group. *P <0.05, **P <0.01.
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Fig. 4 Overexpression of UHRF1 inhibits ferroptosis in DN. Four groups were assessed for (a) ferrous ion (Fe>*) content, (b) malondialdehyde
(MDA), and (c) glutathione (GSH). The protein expression of (d) Slc7all and (e) GPX4 was determined by IHC. Bar=200 pm. (f) Lipid ROS was
determined by staining with ferroptosis-dependent C11-BODIPY. (g) Mitochondrial morphology was assessed with transmission electron micros-
copy (TEM). Bar=1 pm. The blue arrows point to mitochondria. Data are expressed as mean + SD, with n=6 per group. *P <0.05, **P <0.01.

mitochondrial membrane density, and reduced mito- UHRF1 Reverses HG-Induced Mitophagy
chondrial cristae [22]. Mitochondrial damage by HFD- Inhibition and Ferroptosis

STZ was alleviated by UHRF1 overexpression (Fig. 4g).

Collectively, these findings indicated that UHRF1 over- To further investigate the function of UHRF1 in DN,
expression inhibited ferroptosis in DN. DN cell models were constructed using HG-stimulated
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HK-2 cells. As shown in Fig. 5a, b, HG downregulated
UHREF]1 expression. We speculated that UHRF1 was upreg-
ulated in diabetic mice due to the triggering of the body’s
protective mechanism. However, because of the single
intracellular environment, cells have difficulty respond-
ing in the same way as the body. UHRF1 overexpression
cells were constructed and the successful transfection was
confirmed by western blot (Fig. 5¢). Then, UHRF1 over-
expression cells were incubated in HG medium, and the
upregulated UHRF1 expression confirmed the successful
transfection (Fig. S1). The decreased expression of PINK1
and Parkin caused by HG was upregulated by UHRF1 over-
expression (Fig. 5d, e). Besides, LC3 II was downregu-
lated, and p62 expression was upregulated in cells treated
with HG, whereas UHRF1 overexpression significantly
reversed this trend (Fig. 5f, g). Besides, UHRF1 overex-
pression reduced the expression of TXNIP induced by HG
(Fig. 5h, i). Moreover, reduced cell viability was observed
in HG-induced cells, which was increased by UHRF1
overexpression (Fig. 5j). The morphology of mitochon-
dria was observed and results showed that the morphol-
ogy was altered after treatment with HG, indicating mito-
chondrial damage. This damage was rescued by UHRF1
overexpression (Fig. 5k). Furthermore, lipid ROS genera-
tion and MDA production were enhanced in HG-treated
cells, while these levels were decreased when UHRF1 was
overexpressed (Fig. 51, m). These findings suggested that
UHRF1 overexpression reversed HG-induced deficient
mitophagy and ferroptosis. Moreover, we also detected the
effect of UHRF1 knockdown on DN. UHRF1 knockdown
cells were constructed and the successful transfection was
confirmed by western blot (Fig. S2a). HG medium sig-
nificantly reduced the expression of PINK1 and LC3 II.
UHRF1 knockdown, however, resulted in a further reduc-
tion of their expression (Fig. S2b, c). The decreased cell
viability caused by HG medium was further reduced by
UHRF1 knockdown (Fig. S2d). Further, UHRF1 knock-
down aggravated the generation of lipid ROS (Fig. S2e).
These findings suggested that UHRF1 knockdown exacer-
bated deficient mitophagy and ferroptosis.

UHRF1 Protects HG-Induced HK-2
Cells from Ferroptosis via Promoting
PINK1-Mediated Mitophagy

To further investigate the protection effect of
UHRF1 on DN, PINK 1 knockdown cells were established
and the successful transfection was confirmed by west-
ern blot (Fig. 6a). Then, HK-2 cells were co-transfected

727

with shPINK1 plasmids and UHRF1 overexpression plas-
mids, and were incubated in HG medium. The upregu-
lated protein expression of UHRF1 was found in cells.
The expression of PINK1 and Parkin was upregulated
by UHRF1 overexpression, but this trend was reversed
by PINK1 knockdown (Fig. 6b, ¢). Additionally, UHRF1
overexpression upregulated LC3 II and downregulated
p62 levels, whereas the opposite results were observed
after PINK1 knockdown (Fig. 6d). The increased cell
viability in UHRF1 overexpression cells was inhibited
by PINK1 knockdown (Fig. 6e). Further, PINK1 knock-
down promoted lip ROS accumulation (Fig. 6f) and
MDA production (Fig. 6g), and reduced the levels of
GSH (Fig. 6h) and GPX4 protein expression (Fig. S3) in
UHREF]1 overexpression cells. These results indicated that
UHRF1 alleviated HG-induced ferroptosis via promoting
PINK1-mediated mitophagy.

UHRF1 Inhibits TXNIP Expression
by Promoting H3K9 Deacetylation
in HG-Induced HK-2 Cells

HG induces TXNIP expression by promoting
the acetylation of histone (acetylated H3K9) in the
TXNIP promoter region [23]. Additionally, UHRF1
recruits HDACI1 and thereby suppresses TXNIP expres-
sion through histone deacetylation [13]. To ascertain
whether UHRF1 plays a protective role in DN in this
way, HK-2 cells were transfected with UHRF1 overex-
pression plasmids and incubated in HG medium, the
acetylation level of TXNIP promoter was monitored
by ChIP using the antibody against acetylated H3K9
(H3K9ac) and followed by qRT-PCR. UHRF1 over-
expression cells exhibited a decrease in the levels of
H3K9ac acetylation on the TXNIP promoter, com-
pared to control cells (Fig. 7a), suggesting that UHRF1
regulated TXNIP expression by histone deacetylation
under stimulation with HG. Then, TXNIP overexpres-
sion cells were constructed and the successful transfec-
tion was confirmed (Fig. 7b). Furthermore, cells were
co-transfected with TXNIP overexpression plasmids
and UHRFI1 overexpression plasmids, after incubation
in HG medium, the upregulated protein expression of
UHRFI1 and TXNIP was observed, suggesting the suc-
cessful transfection (Fig. 7c, d). Moreover, the increased
level of PINK1 induced by UHRF1 overexpression was
inhibited by TXNIP overexpression (Fig. 7e). These
findings suggested that UHRF1 suppressed the activity
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Fig. 6 UHRF1 protects HG-induced HK-2 cells from ferroptosis via promoting PINK1-mediated mitophagy. (a) HK-2 cells were transfected with
shPINKI1 plasmids, 48 h post-transfection, the protein expression of PINK1 was determined by western blot. (b) HK-2 cells were co-transfected with
UHRF1-OE and shPINK1 plasmids, 48 h post-transfection, the cells were incubated with HG medium for 72 h. The protein expression of UHRFI,
PINK1, and Parkin was determined by western blot. (¢) Quantification of UHRF1, PINK1, and Parkin protein expression. (d) The protein expres-
sion of LC3 II/I and p62 in mitochondria was determined. (e) The cell viability was determined by a CCK-8 assay. (f) Lipid ROS was determined by
staining with ferroptosis-dependent C11-BODIPY. The levels of (g) MDA and (h) GSH were detected. Data are expressed as mean + SD, with n=3

per group. *P <0.05, **P <0.01.

of the TXNIP promoter to promote PINK1-mediated
mitophagy, thus exerting a protective effect on DN.

DISCUSSION
As a common complication of diabetes, DN has

become one of the leading causes of death in diabetic
patients [24]. In the present study, we aimed to investigate

the protective effect of UHRF1 against DN and its under-
lying molecular mechanisms. First, we found that UHRF1
overexpression improved diabetic renal dysfunction of
diabetic mice via potently reducing the levels of UACR,
NGAL/urine creatinine ratio, BUN, and Scr. Also,
UHRF1 overexpression reversed HG-induced mitophagy
dysfunction and ferroptosis both in mice and HK-2 cells.
Mechanically, UHRF1 promoted histone H3K9 deacety-
lation of the TXNIP promoter region, resulting in the
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suppression of TXNIP expression. The downregulation
of TXNIP promoted PINK1-mediated mitophagy, thereby
inhibiting ferroptosis (Fig. 7f). Our results confirmed that
UHRF]1 had a protective function in DN and may be used
as a therapeutic target to prevent or treat DN.

UHRF1 is a fundamental epigenetic regulator.
Recently, the upregulation of UHRF1 has been found
in DN patients [17]. To explore what role UHRF1 might
play in DN, we established diabetic mice, they exhib-
ited typical features of kidney injury via the detection
of renal function indexes. We also found that UHRF1
was highly expressed in diabetic mice. Importantly,
UHRF1 overexpression significantly alleviated kid-
ney injury in diabetic mice. A plethora of evidence has
proved that mitophagy dysfunction is responsible for
the pathologies of DN [20]. Mitophagy is a specific
form of autophagy that removes defective or damaged
mitochondria [25]. A reduction in mitophagy causes
damaged mitochondria accumulation and oxidative
stress, which contributes to the pathogenesis of DN
[26]. UHRF1 depletion leads to oxidative stress [27],
and it is able to inhibit TXNIP expression by epige-
netic regulation [13]. Coincidentally, TXNIP knock-
down alleviates mitophagy inhibition in HG-induced
HK-2 cells [11]. Another study confirms that UHRF1
promotes the deacetylation of histone H3K9 of the
TXNIP promoter region to mediate, thus inhibiting
the expression of TXNIP [13]. We speculated that
UHRF1 also suppresses TXNIP expression in DN in
this way, thus promoting mitophagy. The results of the
ChIP assay confirmed our conjecture, indicating that
UHRFI1 promoted mitophagy via inhibiting TXNIP
expression. Moreover, it is reported that TXNIP overex-
pression represses PINK1/Parkin-mediated mitophagy
[28]. PINK1/Parkin-mediated mitophagy is a crucial
mitophagy pathway [29]. PINK1 localizes on the dam-
aged mitochondrial outer membrane, then, recruits
Parkin proteins to the mitochondria for activating the
downstream signaling of Parkin. As an E3 ubiquitin
ligase, Parkin promotes the ubiquitination of mito-
chondrial membrane proteins and eliminates damaged
mitochondria via the activation of mitophagy [29]. The
downregulation expression of PINK1 and Parkin was
observed in diabetic mice, and this trend was reversed
after UHRF1 overexpression, suggesting that UHRF1
overexpression promoted PINK1-mediated mitophagy.
Further, upregulated expression of PINK1 caused by
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UHRF1 overexpression was reduced by TXNIP knock-
down, confirming that UHRF1 promoted PINK1-medi-
ated mitophagy by inhibiting TXNIP expression.

Ferroptosis is a novel form of programmed cell
death, which participates in the pathogenesis of DN
[3]. The pathological process of ferroptosis is closely
related to mitophagy. Mitophagy inhibition causes
excessive ROS production, whereas ROS accumulation
eventually leads to ferroptosis [5, 30]. Further, PINK1-
mediated mitophagy alleviates ferroptosis [7, 31].
Therefore, UHRF1 may inhibit ferroptosis by PINK1-
mediated mitophagy. In our study, the occurrence of
ferroptosis was assessed by the levels of MDA and
GSH. The decreased ferroptosis was observed in dia-
betic mice after UHRF1 was overexpressed. Phospho-
lipid peroxidation damage caused by the accumulation
of iron-dependent ROS and lipid peroxide accumulation
is a major cause of ferroptosis [32]. As a main mediator
of ferroptosis, iron metabolism is critical for renal func-
tion [33]. The restriction of iron has been confirmed to
delay DN development in diabetic rats [34]. Consistent
with previous research, we found that UHRF1 overex-
pression reduced Fe’* accumulation in kidney tissues.
In addition, GPX4 normally eliminates the products of
iron-dependent lipid peroxidation, which inactivation
results in ferroptosis due to the accumulation of lipid
ROS [35]. The lip ROS accumulation and downregu-
lated levels of GPX4 occurred in diabetic mice, whereas
UHRF1 overexpression upregulated GPX4 expression
and reduced lipid ROS accumulation. Another ferrop-
tosis inhibitor, SLC7AL11, is upregulated caused by
UHRFI1 overexpression. Moreover, ferroptosis results
in morphological changes in mitochondrial structure,
which could help to further judge whether ferroptosis
occurs [32, 36]. We found that the normal morphol-
ogy of mitochondria was restored to some extent by
UHRF1 overexpression in HG-treatment cells. The
above evidence suggested that UHRF1 overexpres-
sion had an inhibition effect on ferroptosis. Consistent
with previous studies, our results revealed that PINK1
knockdown reversed the inhibition effect of UHRF1
overexpression on ferroptosis, indicating that UHRF1
inhibited ferroptosis via PINK1-mediated mitophagy.
Moreover, our limitation is that the effect of UHRF1
will be further illustrated if we do UHRF1 knockdown
experiments in vivo, and it will be further explored in
future experiments.
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CONCLUSION

In conclusion, our study confirmed that UHRF1 has
a protective effect on DN, possibly via inhibiting TXNIP
expression, thus inducing PINK1-mediated mitophagy to
inhibit ferroptosis. This work may provide a novel approach
to the treatment of DN.
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