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S-adenosylhomocysteine (SAH) is hydrolyzed by SAH hydrolase (SAHH) to homocysteine and adenosine.
Increased plasma SAH levels were associated with disturbed renal function in patients with diabetes. However,
the role and mechanism of SAHH in diabetic nephropathy is still unknown. In the present study, we found that
inhibition of SAHH by using its inhibitor adenosine dialdehyde (ADA) accumulates intracellular or plasma SAH
levels and increases high glucose-induced podocyte injury and aggravates STZ-induced diabetic nephropathy,
which is associated with Nod-like receptor protein 3 (NLRP3) inflammasome activation. Inhibition or knockout
of NLRP3 attenuates SAHH inhibition-aggravated podocyte injury and diabetic nephropathy. Additionally, SAHH
inhibition increases thioredoxin-interacting protein (TXNIP)-mediated oxidative stress and NLRP3 inflamma-
some activation, but these effects were not observed in TXNIP knockout mice. Mechanistically, SAHH inhibition
increased TXNIP by inhibiting histone methyltransferase enhancer of zeste homolog 2 (EZH2) and reduced tri-
methylation of histone H3 lysine 27 and its enrichment at promoter of early growth response 1 (EGR1). More-
over, EGR1 is activated and enriched at promoters of TXNIP by SAHH inhibition and is essential for SAHH
inhibition-induced TXNIP expression. Inhibition of EGR1 protected against SAHH inhibition-induced NLRP3
inflammasome activation and oxidative stress and diabetic nephropathy. Finally, the harmful effects of SAHH
inhibition on inflammation and oxidative stress and diabetic nephropathy were also observed in heterozygote
SAHH knockout mice. These findings suggest that EZH2/EGR1/TXNIP/NLRP3 signaling cascade contributes to
SAHH inhibition-aggravated diabetic nephropathy. Our study firstly provides a novel insight into the role and
mechanism of SAHH inhibition in diabetic nephropathy.

1. Introduction

Diabetic nephropathy (DN) is the most common chronic microvas-
cular complication of diabetes [1]. It has become a major reason for
patients with end stage renal disease (ESRD) [2]. Hyper-
homocysteinemia (HHcy) is a risk factor of many different chronic dis-
eases including DN and ESRD [3]. S-adenosylhomocysteine (SAH) is the

metabolic precursor of homocysteine and is reversibly hydrolyzed to
homocysteine and adenosine by SAH hydrolase (SAHH). We and other
studies showed that SAH is positively associated with cardiovascular
risk and is a more sensitive indicator of renal insufficiency than homo-
cysteine [4,5]. Loehrer et al. reported that plasma SAH levels increased
by more than 40-fold, whereas plasma tHcy levels only increased by
about 5-fold in patients with ESRD [6]. Furthermore, the plasma SAH
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levels were also related to disturbed renal function in patients with type
2 diabetes [7]. However, the role and mechanism of increased plasma
SAH levels in diabetic nephropathy is still unknown.

The Nod-like receptor protein 3 (NLRP3) inflammasone is a key
mediator of innate immune system in response to a host of initiating
factors [8-11]. Upon activation, NLRP3 inflammasone transforms the
pro-caspase-1 to cleaved caspase-l and then cleaves the
pro-inflammatory cytokines IL-1f to their active forms and induces
different cell injury [12]. It has been shown that homocysteine can
induce NLRP3 inflammasone activation and podocyte injury [13,14].
However, the effect of SAH on NLRP3 inflammasone activation and
podocyte injury independent of homocysteine is still unclear.
Thioredoxin-interacting protein (TXNIP) is an upstream partner to
NLRP3 and that these two proteins interaction was necessary for NLRP3
inflammasone activation [15,16]. Experimental evidence has shown
that hyperglycemia and HHcy can induce TXNIP expression and ROS
production [17,18]. SAH has the similar structure of homocysteine and
contains a highly reactive thiol group and is readily oxidized to produce
ROS [19,20]. However, there is still no direct evidence about the
regulation mechanism of SAH on TXNIP expression. And it is still un-
known whether TXNIP mediates SAH-induced ROS production.

Epigenetic regulation of TXNIP has been implicated in diabetic kid-
ney disease [21]. SAH is produced as a by-product of methylation of
DNA and histone utilizing S-adenosyl-methionine (SAM) as a methyl
donor [4,22,23]. The histone methyltransferase enzyme enhancer of
zeste homolog 2 (EZH2) is part of the polycomb repressor complex 2, a
multi subunit complex, which trimethylates lysine residue 27 on histone
3 (H3K27me3), an epigenetic mark associated with heterochromatin
formation and gene silencing [24]. EZH2 depletion increases TXNIP
expression and induces oxidative stress and podocyte injury in diabetes
[25]. However, it is uncertain whether the effect of EZH2 mediated
SAHH inhibition on diabetic nephropathy. In the present study, we used
SAHH inhibitor, adenosine dialdehyde (ADA), to investigate the role and
mechanism of SAHH inhibition-accumulated SAH in diabetic
nephropathy.

2. Methods
2.1. Experimental animals

The C57BL/6J mice were purchased from The Jackson Laboratory
(Bar Harbor, Maine, USA) [23]. NLRP3 knockout (Nlrp3’/ ) mice on a
C57BL/6J background were obtained from Jackson Laboratories (Bar
Harbor, Maine, USA). TXNIP knockout (Txnip ~/~) mice on a C57BL/6J
background were generated by Shanghai Model Organisms Center, Inc.
The C57BL/6J mice were randomized to two groups. Diabetes groups
were induced by intraperitoneal injections of STZ (40 mg/kg in fresh 0.1
M sodium citrate buffer, pH4.5) daily for 5 days. Control (non-diabetic)
groups received citrate buffer. After the last STZ injection, the animals of
each group were then further randomized to receive either ADA (1
mg/kg ip twice weekly) or vehicle for 8 weeks. Additionally, NIirp3~/~
and Txnip ~/~ mice and their WT littermate controls at 8 weeks of age
were received STZ (40 mg/kg ip injections) daily for 5 days, After the
last STZ injection, the mice were further randomized to receive either
ADA (1 mg/kg ip twice weekly) or vehicle for 8 weeks. After ADA in-
jections, the mice were individually placed in metabolic cages for 24 h to
collect urine samples. To investigate the role of EGR1 in the effect of
SAHH inhibition on diabetic nephropathy, the C57BL/6J mice were
received STZ daily for 5 days, and then randomized to receive three
treatments for 8 weeks, including control, ADA plus scrambled shRNA,
and ADA plus EGR1 shRNA (10° pfu/mL iv twice weekly). Furthermore,
because the homozygous SAHH knockout mice are embryonic lethal,
heterozygous SAHH knockout (SAHH'/") mice obtained from Cyagen
Biosciences were received STZ daily for 5 days at 8 weeks of age, and
then were sacrificed at 8 weeks after STZ injection. The mice were
maintained in accordance with standard animal care requirements and
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housed in a temperature-controlled (24 °C) room with a 12-h light/dark
cycle, with free access to food and autoclaved water. Body weight and
food, as well as water intake, were monitored in each group of mice
weekly. Blood pressure was measured by tail cuff plethysmography
using a noninvasive blood pressure system. The Shenzhen Center for
Disease Control and Prevention and Sun Yat-sen University Animal
Committees approved all animal experiments.

2.2. Cell culture

An immortalized human podocyte cell line was cultured in RPMI-
1640 medium supplemented with both 10% fetal bovine serum (FBS)
and 100 U/ml penicillin-streptomycin in humidified 5% CO3 incubator
and firstly incubated at 33 °C. After the cells reached at 70% confluence,
they were incubated at 37 °C for 2 weeks to allow differentiation before
any experimental manipulations. When differentiated cells had grown
up to 75% confluence, they were transferred to 2% FBS media for 12 h.
These cells were exposed to media containing either normal glucose (as
a control, 5.6 mmol/L p-glucose), high glucose (HG, 20 mmol/L p-
glucose), ADA (20 pmol/L) or SAHH shRNA for 24 h.

2.3. Detection of biochemical indexes

At the end of study, mice were anesthetized and exsanguinated by
withdrawing the maximum amount of blood from the orbital vein.
Fasting blood samples were placed into microtubes containing chilled
EDTA and centrifuged immediately at 3000 g for 10 min; plasma was
stored at —80 °C until further study. Blood glucose and hemoglobin A;.
were measured by using a Sysmex XE-2100 Automated hematology
analyzer (Roche, Cobas Integra 400). Urine albumin was measured using
an ELISA kit (Bethyl Laboratory, Houston, TX), plasma and urine
creatinine was measured using a colorimetric assay kit (Abcam). Urinary
8-hydroxy-2'-deoxyguanosine (8-OHdG) was assessed by OxiSelect™
Oxidative DNA damage ELISA kit according to the manufacturer’s
guidelines (Cell BioLabs). Plasma total homocysteine (tHcy) levels were
measured by high-performance liquid chromatography (HPLC) and
fluorescence detection [26]. Plasma or intercellular S-adenosylhomo-
cysteine (SAH) and S-adenosylmethionine (SAM) levels were measured
by stable-isotope dilution liquid chromatography-electrospray injection
tandem mass spectrometry (HPLC-MS/MS) as previously described [27].

2.4. SAHH activity assay

The activity of SAHH in kidney tissues was assayed by using a
commercial fluorometric kit (Biovision, Mountain View, CA, USA) ac-
cording to the manufacturer’s protocol.

2.5. Intracellular ROS measurement

The fluorescent probe DCFH-DA (Beyotime Biotechnology Co.,
Shanghai, China) was used to measure intracellular ROS. After pre-
treatment with HG (20 mmol/1), ADA (20 pmol/L) in the presence or
absence of TXNIP siRNA or scrambled siRNA, AdEZH2 or Ad-control, or
anti-miR-101, podocytes were equilibrated for 30 min at 37 °C in Krebs
buffer and then incubated with DCFH-DA (10 pmol/L) for 20 min at
37 °C in the dark and then examined using a fluorescence microscope
(BX51, Olympus).

2.6. Western blot analysis

Total protein lysates from the kidney or podocytes were solubilized
in SDS-PAGE sample buffer, separated on a 10%-12% SDS-
polyacrylamide gel, and transferred electrophoretically onto poly-
vinylidenedifluoride (PVDF) membranes. Membranes were incubated
for 1 h at 24 °C in Tris-buffer saline (TBS)-0.1% Tween-20 containing 5%
BSA. Membranes were then incubated overnight at 4 °C with the
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primary antibodies to desmin (1:500) (Santa Cruz), synaptopodin
(1:500) (Santa Cruz), NLRP3 (1:300) (Abcam), cleaved caspase-1
(1:500) (Cell signaling technology), cleaved gasdermin D (1:500) (Cell
signaling technology), TXNIP (1:400) (Abcam), EGR1 (1:500) (Cell
signaling technology), EZH2 (1:500) (Cell signaling technology),
H3K27me3 (1:500) (Cell signaling technology), B-actin (1:2000)
(Abcam), and histone H3 (1:200) (Cell signaling technology). Mem-
branes were then incubated with horseradish peroxidase-conjugated
secondary antibodies for 1 h at 24 °C, and developed using a chemilu-
minescent substrate (Pierce). Band intensities were quantified using
Image J software.

2.7. Quantitative Real-Time PCR

Total RNA from kidney or podocytes was isolated using TRIzol re-
agent (Invitrogen) following the manufacturer’s instructions. RTqQPCR
primers for NLRP3, TXNIP, EGR1, and EZH2 were designed using Primer
Express software 3.0 and are shown in Table S1. PCR assays were per-
formed using the ABI 7500 machine (Applied Biosystems) and con-
ducted in triplicate wells for each sample. Baseline values of
amplification plots were set automatically, and threshold values were
kept constant to obtain normalized cycle times and linear regression
data. The following reaction mixture per well at a final volume of 20 pL
was used: 10 pL SYBR Green mix I, 0.8 pL primers at the final concen-
tration of 10 pM, 1 pL. ROX reference dye, 1 pL cDNA, and 7.2 pL. RNAase
free water. For all experiments, the following PCR conditions were used:
denaturation at 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s
and then at 60 °C for 60 s. Quantitative normalization of cDNA in each
sample was performed using f-actin as internal control. Relative quan-
tification was performed using the 2~22Ct method.

2.8. Immunofluorescent staining of F-actin

To determine whether SAHH inhibition-induced NLRP3 inflamma-
some activation could result in changes of podocytes cytoskeleton,
podocytes were pretreated with caspase-1 inhibitor Z-YVAD (10 pmol/L;
Biovision, Mountain View, CA, USA) or transfected with NLRP3 siRNA
or TXNIP siRNA or scrambled siRNA, and then exposed to HG (20 mmol/
1), ADA (20 pmol/L) for 48 h. The cells were fixed in 4% para-
formaldehyde for 15 min at room temperature after washing, per-
meabilized for 5 min with 0.1% Triton X-100 in PBS, and blocked for 30
min with 5% BSA. F-actin was stained with phalloidin (Abcam, MA,
USA) for 15 min at room temperature. The slides were examined by
confocal laser scanning microscopy. The cells with distinct F-actin fibers
were counted as described previously [28]. Scoring was obtained from
100 podocytes on each slide in different groups.

2.9. Tissue histology and immunohistochemistry or immunofluorescent
staining

Kidneys were immediately harvested, fixed in 10% buffered
formalin, and embedded in paraffin; 3-pm sections were subjected to
Periodic Acid Schiff (PAS) and Masson staining. Paraffin-embedded
kidney tissue sections were heated at 98 °C for 8 min in citric acid
buffer for antigen retrieval, blocked with 0.1% Triton X-100, normal
serum of the same species as the secondary antibody, Avidin/Biotin and
quenched with 3% hydrogen peroxide. After blocking, sections were
incubated with anti- NLRP3 (Abcam) and anti- TXNIP (Abcam) over-
night at 4 °C. Biotinylated secondary antibodies were applied and
VECTASTAIN® ABC reagents (1: 200, Vector Labs, Burlingame CA) were
used according to the manufacturer’s instructions. Control sections were
incubated with IgG2a isotype antibody (eBioscience). Sections were
counterstained with hematoxylin. After staining, randomly choosing
glomerular cross sections to calculate positively stained area using
Image Pro Plus 6.0 software (Media Cybernetics, Bethesda, MD, USA).
The data were exhibited as positively stained area/glomerular area (%).
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For SAHH, nephrin, WT-1, F-actin, EZH2, H3K27me3, and EGR1
immunofluorescent staining in kidney tissues or podocytes, sections
were incubated with primary antibodies to SAHH (Abcam), nephrin
(Abcam), WT-1 (Abcam), F-actin (Abcam), EZH2 (Cell signaling tech-
nology), H3K27me3 (Cell signaling technology), and EGR1 (Cell
signaling technology) overnight at 4 °C followed by incubation with an
Alexa Fluor 594-labeled secondary antibody (1:400, Molecular Probes)
and/or Alexa Fluor 488-labeled secondary antibody (1:400, Molecular
Probes). The slides were then immersed in ProLong Gold mounting
medium with DAPI (Invitrogen) to visualize the nuclei. After staining,
randomly choosing glomerular cross sections to calculate positively
stained area or cells using Image Pro Plus 6.0 software (Media Cyber-
netics, Bethesda, MD, USA). The data were exhibited as positively
stained area/glomerular area (%) or positively stained cells (%).

2.10. Transmission electron microscopy

For detection of ultra structural changes of kidney, tissue samples
were fixed with 3% glutaraldehyde in 0.1 mol/L phosphate buffers
overnight. Transmission electron microscopy was performed on kidney
cortical tissue from four mice of each group. Representative micrographs
from each animal were examined using a semiquantitative technique to
assess podocyte morphology and identify podocyte abnormalities
(adsorption droplets, vacuoles, or pseudocysts) per area glomerulus as
previously described [18].

2.11. Caspase-1 activity assay

After being transfected with NLRP3 siRNA/scrambled siRNA; TXNIP
siRNA/scrambled siRNA, or pretreated with caspase-1 inhibitor (Z-
YVAD), podocytes were incubated with HG (20 mmol/L) or ADA (20
pmol/L) for 48 h. Caspase-1 activity in supernatant of podocytes and
kidney tissues from different groups of mice was assayed by a com-
mercial kit (Biovision, Mountain View, CA, USA), which was used to
represent the activation of NLRP3 inflammasome. The data were
calculated as the fold changes compared to control cells or mice.

2.12. ELISA measurement for IL-1p production

The IL-1f production in supernatant of podocytes and kidney tissues
from different groups of mice was measured by ELISA kits according to
the protocol described by the manufacturer (R&D Systems, Minneapolis,
MN, USA).

2.13. Promoter reporter assay

TXNIP promoter-luciferase reporter plasmids (pGL3B-1081) were
constructed according to the protocol described previously [23]. Podo-
cytes were seeded in six-well plates 24 h before transfection and trans-
fected with 0.5 pg of the TXNIP reporter plasmid, or empty pGL3, along
with 0.2 pg of a p-galactosidase plasmid (pCMV, Clontech), using jetPEI
(Polyplus). Twenty-four hours after transfection, podocytes were incu-
bated with HG (20 mmol/L) or ADA (20 pmol/L). Cells were harvested
after 24 h, and luciferase and p-galactosidase activities were measured
with a reporter assay system (Promega, Madison, MI). Promoter activ-
ities are expressed as luciferase values normalized for p-galactosidase.

2.14. Chromatin immunoprecipitation (ChIP) assay

ChIP was carried out in kidney tissues or podocytes using the ChIP
Assay EZ ChIP kit (Millipore) [29]. Briefly, podocytes or tissues were
cross-linked in 1% formaldehyde for 10 min at room temperature.
Cross-linking was stopped by addition of glycine to a final concentration
of 125 mM for 5 min. Nuclear extracts were prepared by lysing with lysis
buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 0.1%
Triton X-100, 0.1% sodium deoxycholate, with protease inhibitors) and
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were resuspended in sonication buffer (0.75%SDS, 2 mM EDTA, and 50
mM Tris-HCl [pH 8.0]). The chromatin was sheared to a final size of
200-500 bp base pairs by sonication with a Bioruptor machine for a total
of 20 min with 30-s ‘on’ and 1-min ‘off’ cycles. After preclearing with
Protein A or G beads (Upstate), ten percent of original precleared
chromatin was removed for use as a control for total input DNA, each
ChIP assay was performed using 500 ng of chromatin and 2 pL of rabbit
polyclonal H3K27me3 and EGR1 primary antibody (Cell Signaling
Technology) or normal rabbit IgG (Santa Cruz Biotechnology) incuba-
tion overnight at 4 °C with rotation. The next day, Protein A-agarose or
Protein G-agarose beads were added and incubated at 4 °C for a further
1-2 h to recover the immune complexes. The complex was washed twice
with lysis buffer, once with high salt buffer (50 mM HEPES-KOH pH 7.5,
500 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 0.1% sodium deoxy-
cholate), twice with LiCl buffer (10 mM Tris-HCl pH 8.0, 0.25 M LiCl,
0.5% Nonidet P40, 0.5% sodium deoxycholate, 1 mM EDTA) and once
with TE buffer, followed by elution in TE buffer containing 1% SDS.
After washing and elution, DNA was reverse cross-linked overnight at
65 °C, RNAse treated for 30 min at 37 °C, proteinase K treated for 2 h at
45 °C, purified using a spin column to a final volume of 50 pL, and
subjected to analysis by quantitative real-time PCR. PCR was performed
with the primer sequences of promoter regions of TXNIP (mouse forward
primer, ATATCGGGTGGGCTCTTTCT, and reverse, ATTTCAT-
GACTCGCCTGAGC; human forward primer, CCTCCTATTTCCGTTC-
CACA, and reverse, TCAGGCCTCATTGTGTGTGT); and EGR1 (mouse
forward primer, AGGTGGGATCCTCAACCGCA, reverse, TGCA-
TACTCGGCCACCAGTC; human forward primer, AACGTGGAGGC-
GACGGAAGA, and reverse, CAGTGCGGAGGACCCGTTTA) to determine
the enrichment of H3K27me3 at promoter region of TXNIP and EGR1,
and the enrichment of EGR1 at promoter region of TXNIP. Data were
normalized with input control.

2.15. ChIP sequencing

ChIP, sequencing library preparation, and data analysis were con-
ducted by LC-Bio (Hangzhou, Zhejiang, China). Genomic DNA degra-
dation and contamination were monitored on 1% agarose gels. DNA
purity was checked using the NanoPhotometer® spectrophotometer
(IMPLEN, CA, USA). The DNA concentration was measured using a
Qubit® DNA Assay Kit in a Qubit® 2.0 Fluorometer (Life Technologies,
CA, USA). A total amount of 50 ng DNA per sample was used as input
material for the ChIP sample preparations. Sequencing libraries were
generated using NEBNext® Ultra™ DNA Library Prep Kit for Illumina®
(NEB, USA) following the manufacturer’s recommendations and index
codes were added to attribute sequences to each sample. The clustering
of the index-coded samples was performed on a cBot Cluster Generation
System using a HiSeq Rapid Duo cBot Sample Loading Kit (Illumina)
according to the manufacturer’s instructions. After cluster generation,
the library preparations were sequenced on an Illumina Hiseq 2500
platform and 50 bp single-end reads were generated. Raw sequencing
data were cleaned to filter adapters and low quality reads using FASTQC
(v0.11.5) and the unique mapped reads were harvested by mapping the
cleaned reads to genome with no more than two mismatches by Bowtie
2. MACS2 (v2.1.1) was used to call peak, giving a robust and high res-
olution ChIP-Seq peak predictions. Peaks were annotated related genes
using Homer (v4.10). DeepTools (v2.4.1) was used to plot gene coverage
of the reads near TSS and TES. ChIPseeker (v1.5.1) was used to depict
the reads distribution on chromosomes. Homer (v4.10) was used to
search motif and analyze transcription factors. The full dataset is
available in the National Center for Biotechnology Information Gene
Expression Omnibus database with the accession number GSE158210.
Raw data are accessible at https://www.ncbi.nlm.nih.gov/geo/query/a
cc.cgi?acc=GSE158210.
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2.16. Statistical analyses

Results are expressed as means + SEM. Statistical analyses were
performed by two-tailed unpaired Student’s t-test, Mann-Whitney U test,
or by one-way or two-way ANOVA followed by Bonferroni posthoc tests
to determine statistical significance between the groups. A probability
value < 0.05 indicated statistical significance. Statistical analyses were
performed using GraphPad Prism software (version 5.0; GraphPad
Software Inc., San Diego, CA).

3. Results

3.1. SAHH inhibition increases high glucose-induced podocyte injury and
aggravates STZ-induced diabetic renal injury

To investigate the effect of intracellular SAH accumulation on
podocyte, we used the SAHH inhibitor ADA or SAHH shRNA to down-
regulate SAHH and accumulate intracellular SAH levels (Fig. S1).
SAHH inhibition aggravated high glucose-induced loss of F-actin
(Fig. 1A), which is indispensable for the structure and function of
podocyte. In addition, SAHH inhibition reduced high glucose-decreased
podocyte marker synaptopodin expression. On the contrary, the protein
expression of desmin was increased by SAHH inhibition in the presence
of high glucose stimulation (Fig. 1B). To explore the effect of SAHH
inhibition-accumulated SAH on diabetic renal injury, eight-week aged
C57BL/6 mice were intraperitoneally injected with STZ or ADA or their
combination. STZ treatment reduced body weight and increased kidney
weight, plasma glucose, and hemoglobin A;., but had no significant
effect on systolic BP. In contrast, ADA treatment did not change these
indicators (Fig. S2). On the other hand, although ADA treatment did not
change the protein expression of SAHH, it markedly reduced the activity
of SAHH and increased the plasma levels of SAH. However, STZ treat-
ment did not change the protein expression and activity of SAHH and
plasma levels of SAH (Fig. 1C and F and Fig. S1). Additionally, ADA
treatment aggravated STZ-increased levels of urine albumin and creat-
inine ratio (UACR) and plasma creatinine (Fig. 1D and E). To evaluate
the effects of SAHH inhibition on renal structure, we further examined
the pathological changes and glomerular ultra structure of kidneys from
different groups. Compared with control, combination of ADA and STZ
significantly increased PAS- and Masson-positive area and effacement of
the podocyte foot processes and reduced WT-1- and F-actin-positive
stained cells compared with control or STZ groups (Fig. 1G-I, Fig. S3A,
and Fig. S4A). Taken together, these results suggest that SAHH inhibi-
tion aggravated high glucose-induced podocyte injury and STZ-induced
diabetic renal injury.

3.2. NLRP3 inflammasome activation contributes to SAHH inhibition-
aggravated podocyte injury and diabetic nephropathy

To explore the mechanism of SAHH inhibition on renal injury, we
further examined the protein expression of NLRP3. Western blot and
immunohistochemistry staining showed that the protein expression of
NLRP3 was consistently increased by SAHH inhibition in the presence or
absence of HG or STZ treatment (Fig. 2A and B). The mRNA levels of
NLRP3 were also significantly increased in ADA-treated mice compared
with control mice (Fig. 2C). Because the activation of NLRP3 inflam-
masone transforms the pro-caspase-1 to cleaved caspase-1 and then
cleaves IL-1p to its active forms [30]. Hence, we further measured the
caspase-1 activity and IL-1p production. We found that SAHH inhibition
by ADA noticeably increased IL-1p production and caspase-1 activity in
podocyte and kidney homogenates (Fig. 2D). Furthermore, the protein
expression of cleaved caspase-1 and gasdermin D were increased by ADA
in the presence of HG or STZ treatment in podocyte and kidney ho-
mogenates (Fig. S5). To determine whether NLRP3 inflammasome
activation mediates SAHH inhibition-induced podocyte injury, we pre-
treated podocyte with NLRP3 siRNA or caspase-1 inhibitor Z-YVAD. In
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Fig. 1. SAHH inhibition increases high glucose-induced podocyte injury and aggravates STZ-induced diabetic nephropathy. (A) Podocytes were incubated
with HG (20 mM) or ADA (20 pmol/L) for 24 h. F-actin was stained with rhodamine-phalloidin and examined by confocal laser scanning microscopy. Scale bar, 50
pm. (B) The protein expression of Desmin and Synaptopodin were assayed by Western blot in podocytes. Values are presented as mean + SEM; n = 3, *P < 0.05 vs.
control group; #P < 0.05 vs. HG group (determined by one-way ANOVA). (C) The activity of SAHH in kidney tissues was assayed by using a commercial fluorometric
kit. (D-E) Urine albumin was measured using an ELISA kit, plasma and urine creatinine was measured using a colorimetric assay kit. (F) Inmunofluorescence
staining of SAHH and podocyte marker nephrin in kidney tissues. Scale bar, 20 ym. (G) Glomerular morphological changes were detected using Periodic Acid Schiff
(PAS) staining. Scale bar, 20 pm. (H) Representative images and quantitation of podocyte ultrastructure changes by transmission electron microscopy (TEM) ex-
amination. Scale bar, 2 pm. (I) Representative immunofluorescence images and quantitation of WT1+ podocytes in glomeruli. Scale bar, 20 pm. Results are mean +
SEM; n = 6-10, *P < 0.05 vs. Ctrl group; #P < 0.05 vs. STZ group (determined by one-way ANOVA).

these experiments, either NLRP3 knockdown or caspase-1 inhibition
abrogated the SAHH inhibition-induced NLRP3 inflammasome activa-
tion and podocyte injury (Fig. 2E-G). To investigate the role of NLRP3
inflammasome activation in SAHH inhibition-induced diabetic ne-
phropathy, we treated NIrp3~/~ mice with or without ADA. No

significant changes in body weight and plasma glucose of these mice
were presented in Fig. S6. NLRP3 knockout abrogated the increased
levels of UACR, plasma creatinine, IL-1p, and caspase-1 activity induced
by ADA treatment in WT mice (Fig. 3A-C). Furthermore, NLRP3 defi-
ciency protected against SAHH inhibition-induced glomerular
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Fig. 2. SAHH inhibition increases high glucose-induced NLRP3 inflammasome activation in vitro and in vivo. (A) The protein expression of NLRP3 was
assayed by Western blot in kidney tissues and podocytes. (B) Representative immunohistochemistry staining images and quantitation of NLRP3 expression in kidney
tissues sections. Scale bar, 20 pm. (C) The mRNA levels of NLRP3 were measured by qRT-PCR in vivo. (D) IL-1f production and caspase-1 activity in supernatant of
podocytes and kidney tissues was measured by ELISA and commercial kits. (E) The protein expression of NLRP3 was assayed by Western blot in podocytes incubated
with ADA (20 pmol/L) in the presence or absence of NLRP3 siRNA for 48 h. (F) The protein expression of densmin and synaptopodin were assayed by Western blot in
podocytes incubated with ADA (20 pmol/L) in the presence or absence of NLRP3 siRNA or caspase-1 inhibitor (Z-YVAD) for 48 h. (G) F-actin was stained with
rhodamine-phalloidin and examined by confocal laser scanning microscopy. Scale bar, 50 pm. Values are presented as mean + SEM; n = 3, for in vitro assays and n =
6-8 for in vivo assays, *P < 0.05 vs. control group; #P < 0.05 vs. ADA or HG (determined by one-way ANOVA or unpaired Student’s t-test).
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extracellular matrix expansion and interstitial fibrosis, loss of podocyte 3.3. SAHH inhibition induced TXNIP expression and increased oxidative
and F-actin, and effacement of podocyte foot processes (Fig. 3D-F, stress in vivo and in vitro

Fig. S3B, and Fig. S4B). Taken together, our observations suggest that

NLRP3  inflammasome  activation  contributes to  SAHH Because thioredoxin-interacting protein (TXNIP) as a binding part-
inhibition-aggravated podocyte injury and diabetic nephropathy. ner to NLRP3, the association between these two proteins was necessary
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Fig. 3. Knockout of NLRP3 attenuates SAHH inhibition-aggravated diabetic nephropathy. (A-B) Urine albumin and creatinine was measured using commercial
kits. (C) IL-1p production and caspase-1 activity in kidney tissues was measured by commercial kits. (D) Glomerular morphological changes and quantitation were
detected using PAS staining. Scale bar, 20 pm. (E) Representative podocyte ultrastructure changes and quantitation of podocyte abnormalities (%) by TEM exam-
ination. Scale bar, 2 pm. (F) Representative immunofluorescence images and quantitation of WT1+ podocytes in glomeruli. Scale bar, 20 pm. Results are mean +
SEM; n = 6-8, *P < 0.05 vs. ADA-treated WT mice (determined by one-way ANOVA).

for downstream inflammasome activation. Therefore, we further
focused on TXNIP, the negative regulator of the antioxidant TRX,
dissociate from TRX to bind with NLRP3 [15]. ADA treatment increased
protein expression of TXNIP in podocytes in the presence or absence of
high glucose. Furthermore, the mRNA and protein expression of TXNIP
was dramatically increased in kidney tissues of ADA-treated mice
injected with STZ compared to control mice (Fig. 4A-C). Because TXNIP
contributes to redox status of cells and can promote cell oxidative injury
[16], we further tested the effect of SAHH inhibition on the levels of ROS
in podocytes. As shown in Fig. 4D, combination of ADA with high
glucose significantly augmented ROS production to levels greater than
ADA or high glucose treatment alone. Additionally, the urinary levels of
oxidative stress marker 8-hydroxy-2'-deoxyguanosine (8-OHdG) were
significantly increased in ADA-treated mice compared to control mice
with or without STZ injection (Fig. 4E).

3.4. Downregulation of TXNIP alleviates SAHH inhibition-induced
NLRP3 inflammasome activation and diabetic nephropathy

To evaluate whether TXNIP mediates SAHH inhibition-induced
NLRP3 inflammasome activation, podocyte was transfected with
TXNIP siRNA or scrambled siRNA. As expected, TXNIP siRNA trans-
fection attenuated SAHH inhibition-increased ROS generation
(Fig. 4F-G). Furthermore, downregulation of TXNIP abolished SAHH
inhibition-induced NLRP3 inflammasome activation, including
deceased protein expression of NLRP3, IL-1f production and caspase-1
activity (Fig. 4H-I). Additionally, these findings were further verified
in Txnip~/~ mice. The changes of body weight and glucose were showed
in Fig. S7. In agree with in vitro findings, TXNIP knockout decreased the
urinary levels of 8-OHAG in Txnip~~ mice compared to ADA-treated WT
mice (Fig. 5A). Moreover, the NLRP3 inflammasome activation was
blocked in Txnip~/~ mice compared to their littermate WT mice with
ADA treatment (Fig. 5B and D). Txnip~/~ mice had a significant reduc-
tion in UACR and plasma creatinine compared with WT mice treated
with ADA (Fig. 5C). TXNIP deficiency attenuated the PAS- and Masson-
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Fig. 4. SAHH inhibition induced TXNIP expression and increased oxidative stress in vivo and in vitro. (A) Protein expression of TXNIP was assayed by Western
blot in vivo and in vitro. (B) Immunohistochemistry staining and quantitation analyses of TXNIP expression in kidney tissues. Scale bar, 20 pm. (C) The mRNA levels of
TXNIP were measured by quantitative RT-PCR. (D) Intracellular ROS production was measured by DCF staining and examined using a fluorescence microscope. Scale
bar, 50 pm. (E) Urinary levels of oxidative stress marker 8-hydroxy-2'-deoxyguanosine (8-OHdG) were measured by an ELISA kit according to the manufacturer’s
protocol. (F) Protein expression of TXNIP was assayed by Western blot in podocytes incubated with TXNIP siRNA transfection. (G) Intracellular ROS production was
measured by DCF staining and examined using a fluorescence microscope. Scale bar, 50 pm. (H) Caspase-1 activity and IL-1p production in supernatant was measured
by commercial kits. (I) The protein expression of NLRP3 was assayed by Western blot in podocytes. Values are mean + SEM; n = 3 for in vitro assays and n = 6-8 for

in vivo assays, *P < 0.05 vs. control group; #P < 0.05 vs. ADA group (determined by one-way ANOVA).
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Fig. 5. TXNIP mediated SAHH inhibition-induced NLRP3 inflammasome activation and diabetic nephropathy. (A) Urinary levels of 8-OHdG were measured
by an ELISA kit. (B) Caspase-1 activity and IL-1p production in kidney tissues was measured by commercial kits. (C) Urine albumin and creatinine was measured
using commercial kits. (D) Immunohistochemistry staining and quantitation analyses of NLRP3 in kidney tissues. Scale bar, 20 ym. (E) Glomerular morphological
changes were detected using PAS staining. Scale bar, 20 pm. (F) Representative podocyte ultrastructure changes and quantitation of podocyte abnormalities (%) by
TEM examination. Scale bar, 2 pm. (G) Representative immunofluorescence images and quantitation of WT1+ podocytes in glomeruli. Scale bar, 20 pm. Values are
mean + SEM; n = 6-8 for in vivo assays, *P < 0.05 vs. ADA-injected WT mice (determined by one-way ANOVA or unpaired Student’s t-test).

positive area and numbers of abnormal podocyte and increased WT-1-
and F-actin-positive staining in Txnip~/~ mice compared to their litter-
mate WT mice treated with ADA (Fig. 5E-G, Fig. S3C, and Fig. S4C).
Collectively, our findings suggest that TXNIP-mediated NLRP3 inflam-
masome activation is essential for SAHH inhibition-aggravated diabetic
nephropathy.

3.5. SAHH inhibition increased TXNIP by inhibiting EZH2 expression

It has been reported that EZH2 can negatively regulates TXNIP
expression, oxidative stress, and podocyte injury [25]. To examine how
SAHH inhibition regulates TXNIP, we next sought to explore whether
SAHH inhibition increased TXNIP expression by inhibiting EZH2.
Western blot and immunofluorescent staining showed that the protein

expression of EZH2 was markedly decreased in ADA-treated mice in the
presence of STZ pretreatment (Fig. 6A and B). In agree with in vivo re-
sults, SAHH inhibition by ADA treatment dramatically reduced the
protein expression of EZH2 in podocyte in the presence of high glucose
condition. EZH2 is mainly responsible for trimethylation of H3K27
(H3K27me3), which was also deceased by ADA treatment in the pres-
ence or absence of high glucose stimulation (Fig. 6C). Consistently,
knockdown of EZH2 by siRNA reduced expression of H3K27me3 and
increased TXNIP and ROS production (Fig. S8). Conversely, we next
asked the question as to whether upregulation of EZH2 would attenuate
these processes induced by SAHH inhibition. Thus, we infected podo-
cytes with adenovirus plasmids expressing EZH2 (AdEZH2) or control.
AdEZH2 infection increased protein expression of EZH2 and H3K27me3,
attenuated the protein expression of TXNIP and ROS generation induced



X. Dai et al.

A o

N \gd >

S L& &L
EZH2|_._...-.--~|85KD

ﬁ-acﬁn| — — — -| 43kD

Ctrl

B
ADA

STZ

Redox Biology 45 (2021) 102033

STZ+ADA

Ctl STZ ADASTZ+ADA

c &
S 0 K G
O R X
1.5 )
EZH2 [wmwr o=y s | 85KD - T 10
[ E [ 0.8
== g -
B-actin| e e e w=—] 13,0 g5 10 . $
m'..,_ * T 0.6 * %
17kD 80 3
wame =] 53, . i .
[ ~
) . S 2
Histone H3 | gump e e o= |17} = 0
0.0
Ctrl  HG ADA HG+ADA T Ctrl  HG ADA HG+ADA
D AdCtrl AJEZH2 E F
EZH2 85kD
. A 2 Ctrl ADA+AdCtrl ADA+AdEZH2
B-actin El 43kD R8O e 7
ctrl pO pON
H3K27me3|E| 17kD TXNIP [ e e e = | 444D
Histone H3 E’ 17kD p-actin | —_——— -l 43kD
e Adctrl
£ 08 g & AORSHE i 5 2 25 "
— c =
%06 : £os8 =2 520 +
5 3 2 515 £
%04 I EL0.6 # g g g
£ L % 04 g 510
202 =3 e
2 = 0.2 5 Los
o =]
0 0.0 £ 00
EZH2 H3K27me3 & & & P g
o\ﬁ‘v vf‘vb & vva
v vp v ?9

Fig. 6. SAHH inhibition increased TXNIP by inhibiting EZH2 expression. (A) Protein expression of EZH2 was assayed by Western blot in kidney tissues. (B)
Representative immunofluorescence images and quantitation of EZH2 expression in kidney tissues sections. Scale bar, 20 pm. (C) Protein expression of EZH2 and
H3K27me3 were assayed by Western blot in podocytes. (D) Protein expression of EZH2 and H3K27me3 were assayed by Western blot in podocytes treated with
AdEZH2 or Adctrl. (E) Protein expression of TXNIP was assayed by Western blot in podocytes treated with ADA (20 pmol/L) with or without AdEZH2 infection. (F)
Intracellular ROS production was measured by DCF staining in podocytes treated with ADA (20 pmol/L) with or without AAEZH2 infection. Values are mean + SEM;
n = 3 for in vitro, 6-8 for in vivo assays, *P < 0.05 vs. control or Adctrl group; #P < 0.05 vs. ADA group (determined by one-way ANOVA or unpaired Student’s t-test).

by SAHH inhibition (Fig. 6D-F). Additionally, it has been established
that miR-101 can negatively regulate EZH2 expression [24,31,32]. To
test whether miR-101 inhibition would augment EZH2 expression and
abolish the SAHH inhibition-induced TXNIP expression and ROS gen-
eration, we used a sequence-specific oligonucleotide inhibitor (anti--
miR-101) to antagonize its effects in podocytes. In agree with previous
studies, treatment with anti-miR-101 resulted in a strikingly increased
protein expression of EZH2 and H3K27me3. Similarly, anti-miR-101
treatment abrogated the SAHH inhibition-induced TXNIP protein
expression and ROS generation (Fig. S9).

3.6. The transcription factor EGR1 is required for SAHH inhibition-
induced TXNIP expression

Next, to investigate whether SAHH inhibition induced TXNIP
expression by reducing the enrichment of histone repressive marker
H3K27me3 at the promoter of TXNIP, we employed chromatin immu-
noprecipitation (ChIP) to determine the enrichment of H3K27me3 at
TXNIP promoters. Unexpectedly, we found that the enrichment of
H3K27me3 at TXNIP promoters was not significantly changed by ADA
treatment in podocyte (Fig. 7A). These results enable us to post a

10

question whether EZH2 regulated TXNIP expression through the
repression of H3K27me3 at the promoter of other trans-acting factors.
We performed ChIP sequencing and compared the differential peaks
between ADA and control and found that the enrichment of H3K27me3
at promoter of early growth response 1 (EGR1) was the maximum sig-
nificant decreased peak in ADA group compared with control (Fig. 7B).
We further verified that the protein expression of EGR1 was significantly
increased by ADA treatment in podocyte (Fig. 7C). Moreover, to localize
the protein expression of EGR1, immunofluorescent staining showed
that the protein expression of EGR1 is colocalized in nucleus with
H3K27me3 and is simultaneously increased by ADA treatment with or
without high glucose (Fig. 7D). Similarly results of the EGR1 and
H3K27me3 protein expression were observed in vivo (Fig. 7E). To test
whether EGR1 directly binds with the promoter of TXNIP and regulates
its expression, we performed ChIP and binding sites prediction by
JASPAR database and verified by luciferase activity assay. We found
that SAHH inhibition increased the enrichment of EGR1 at the promoter
of TXNIP in podocyte (Fig. 7F). Overexpression of EGR1 increased
promoter activity of TXNIP in full-length promoter cloned plasmid. By
deleting different fragments of promoter of TXNIP, we found that the
fragment from 335 to 727 is required for EGR1-increased promoter



X. Dai et al. Redox Biology 45 (2021) 102033

o e Ctrl

Z%5257 5 ADA i -

xX o amw wive ;Am

EE20 - am ; Input
S8215 _A.L__.._“ s . AR Bske e A L. R A P
S o

291.0

3 w.ﬂm
Sgos Ctrl
E g 0.0

G300 HeKaTmes il v e b e e S,

EGR1
o
C E L ITL
v
IR eort [ N0 O Q| 750
[OEES TR S p-actin| — e e -| 43kD
ECRT | e s W89 | 75,1 HK2Tmes [ - | 1740
B-actin| ey emny ¢ @mm® | 43kD Histone H3 N o | 17D
— g G S
Ctrl HG+ADA
F .
1.5 — s > &5, Ctrl
810 * 215 3 B,
= * +3 10 © 5,
& 08 = £ £ K
w > 0] 5 '& g 3 1
0.0 woo s S2o0
& & FoF T IgG  EGR1
it K
A3 (’)x . /\5\
G © H it
o SCRsi EGRsi Ctri PO 0
. ° EGR1[ M o5 | 75kD  TXNIP [ e s = =] 44KD
o A B-actin E 43kD  poactin| S e e ek @ 4o, 1)
B =L 08 A A £=) - S
0 1 2 3 4 S 6 7 8 9 0 1 12 13 1.0 *
15 £o08 I.
Ctl == EGR1 3 Bl 4
b= .
-38 2000 §g 10 s o
Luc|P9 Sy = 04
335 2000 = §% 0.5 o2
'S
727 2000 o 0.0 -
Lus| T " SCRsi EGRIsi &S &2
1320 2000 o6 & &
2000 = K -
- )
1811 Luc|P5 2 v
-38 335 Z 4 o 4 =
Luc|P4 B _ o= I
T = 53 i
335 727 ocles 9 E3 < E
592 23, #
1329 3 A
vl [Luc]P2 5 2 £ s
1811 S a3
132 P1 o E E 1
g 0 F oo
. i .0. 1 2 3 4 5 = dé\ ég\ \9\ \'5\ “} \é\
Relative luciferase activity of TXNIP &L F O o
(Fold of Ctrl) Ca x° O
v.O o?' X
v ©

Fig. 7. Transcription factor EGR1 is required for SAHH inhibition-induced TXNIP expression. (A) Podocytes were incubated with ADA (20 pmol/L) for 24 h.
The enrichment of H3K27me3 at TXNIP promoter in podocytes was assayed by chromatin immunoprecipitation (ChIP). (B) ChIP sequencing showed the enrichment
of H3K27me3 at EGR1 promoter were decreased in ADA-treated mice compared with control. (C) Protein expression of EGR1 was assayed by Western blot in
podocytes. (D) Representative immunofluorescence images and quantitation of H3K27me3 and EGR1 expression in podocytes. Scale bar, 2 pm. (E) The protein
expression of H3K27me3 and EGR1 were assayed by Western blot in kidney tissues. (F) The enrichment of EGR1 at TXNIP promoter was assayed by ChIP in
podocytes. (G) The motif of EGR1 from JASPAR database was used to predict the binding sites on TXNIP promoter. The luciferase activity of TXNIP promoter was
measured by a reporter assay system. (H) The protein and mRNA expression of TXNIP and its promoter activity were measured in podocytes treated by ADA with or
without EGR1 siRNA transfection. Values are mean + SEM; n = 3 for in vitro, 6-8 for in vivo assays, *P < 0.05 vs. control; #P < 0.05 vs.ADA (determined by one-way
ANOVA or unpaired Student’s t-test).
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activity of TXNIP (Fig. 7G), suggesting that this fragment is the potential
position where EGR1 directly binds at the promoter of TXNIP. Addi-
tionally, we examine whether the expression of EGR1 is necessary for
SAHH inhibition-induced TXNIP expression. Downregulation of EGR1
by transfecting with EGR1 siRNA significantly abolished SAHH
inhibition-increased the protein and mRNA expression and promoter
activity of TXNIP (Fig. 7H). Collectively, these results suggest that EGR1
is a critical transcription factor for SAHH inhibition-increased TXNIP
expression.

3.7. Knockdown of EGR1 alleviates SAHH inhibition-increased
inflammation and diabetic nephropathy

To investigate whether inhibition of EGR1 could protect against
SAHH inhibition-induced inflammation and diabetic nephropathy, we
intraperitoneally injected C57BL/6 mice with ADA in the presence or
absence of tail vein injection of EGR1 shRNA for 8 weeks. As shown in
Fig. 8A, EGR1 shRNA treatment did not change the body or kidney
weight, blood glucose, and blood pressure. However, compared with
scrambled shRNA, EGR1 shRNA treatment significantly reduced the
kidney injury, such as less mesangial hyperplasia, glycogen deposition,
and interstitial fibrosis, and more numbers of podocyte foot processes,
WT-1 and F-actin positive staining (Fig. 8B). Moreover, downregulation
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of EGR1 abolished SAHH inhibition-induced NLRP3 inflammasome
activation, oxidative stress, and renal function injury (Fig. 8C-E).
Western blot showed that the protein expression of TXNIP and NLRP3
were significantly decreased by EGR1 shRNA treatment (Fig. 8F). These
findings suggest that activation of EGR1 may mediate the harmful effect
of SAHH inhibition on diabetic nephropathy.

3.8. Knockdown of SAHH increases oxidative stress and inflammation
and diabetic nephropathy

Finally, we investigate the role of SAHH in diabetic nephropathy in
SAHH knockout mice and SAHH shRNA-transfected podocyte. The basic
characteristics were not significant different between SAHH”" and wild
type mice at 8 weeks after STZ injection. Plasma SAH levels were
increased whereas SAM/SAH ratios were decreased in SAHH”" mice
compared with wild type mice (Fig. 9A). The protein levels of SAHH
were obviously reduced in SAHH”" mice (Fig. 9B). More PAS- and
Masson-positive staining and numbers of abnormal podocyte and less
WT-1- and F-actin-positive staining were observed in SAHH”" mice
compared with wild type mice (Fig. 9C). Furthermore, knockout of
SAHH increased renal function injury and levels of inflammation and
oxidative stress (Fig. 9D). SAHH shRNA transfection decreased F-actin
expression and increased ROS levels in podocyte (Fig. 9E). Consistently,

mm Ctrl
= ADA+SCRsh

ADA+SCRsh B ADA+EGR1sh

,}.)>‘

ADA+EGR1sh

5

)
g

*

T

n
=]
1

glomerular area (%
-
o o
T 1

PAS staining/total

Abnormal
podocytes (%)
2 &
— %

k

WT-1" staining

cells (%)

- N W A O
o O O O O o
e S e TS

- *
3

nN
CJ
1

(=]
1

S
1

-
F-actin positive
staining(%)
o aN
i Bl
I T % - %
3+ HH

N
N

Interstitial Fibrosis
(% positive Masson staining)
o
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injected with ADA in the presence or absence of tail vein injection of EGR1 shRNA, (B) Representative images and quantitation of PAS staining, TEM examination,
WTT1, F-actin, and Masson staining, (C) The levels of caspase-1 activity and IL-1p production in kidney tissues was measured by commercial kits. (D) Urine albumin
and creatinine was measured using commercial kits. (E) Urinary levels of 8-OHdG were measured by an ELISA kit. (F) Protein expression of EGR1, TXNIP, and NLRP3
was assayed by Western blot. Values are mean + SEM; n = 6-8, *P < 0.05 vs. control; #P < 0.05 vs. scrambled shRNA (determined by one-way ANOVA).
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downregulation of SAHH decreased the expression of EZH2 and
increased the expression of EGR1, TXNIP and NLRP3 in vitro and in vivo
(Fig. 9F). Taken together, these results suggest that knockdown of
SAHH-resulted in SAH accumulation may aggravate diabetic renal
injury through inhibition of EZH2-mediated activation of EGR1-TXNIP-
NLRP3 pathway.

4. Discussion

In the present study, we firstly demonstrate that SAHH inhibition
resulted in SAH accumulation and promote high glucose-induced
podocyte injury and aggravated diabetic nephropathy. Mechanisti-
cally, SAHH inhibition decreased EZH2 expression and thereby reduced
H3K27me3 expression and its enrichment at promoter of EGR1. Inter-
estingly, SAHH inhibition increased EGR1 expression and its binding to
promoters of TXNIP and then induced TXNIP-mediated oxidative stress
and NLRP3 inflammasome activation, and ultimately accelerated dia-
betic nephropathy (Fig. 10). Our study provides important insight on the
effect and mechanism of SAHH inhibition on high SAH-related diabetic
nephropathy.

It has previously been shown that rat podocytes express the inter-
mediate filaments desmin. In healthy control rats, desmin is mainly
located within mesangial cells and vascular smooth muscle cells with
very weak staining in podocytes. Increased desmin expression is a sen-
sitive marker of very early podocyte injury. WT-1 is strongly expressed
in podocytes throughout ontogeny serving as a specific marker. It is also
present in the nuclei of differentiated podocytes in the adult kidneys,
suggesting a key role for WT-1 in the maintenance of podocyte function.
Recent studies of patients and diabetic animal models reported down-
regulation of both synaptopodin and WT-1 in diabetic nephropathy, and
it was concluded that this downregulation may be either related to a
phenotypic podocyte change or podocyte loss [33]. Renal dysfunction is
a critical complication of diabetes [1]. Plasma levels of tHcy and SAH
were increased and positively associated with degree of renal injury in
diabetic nephropathy [7]. However, neither tHcy nor SAH correlated to
the markers of diabetes such as hemoglobin A;., an indicator of
long-term diabetes control, suggesting that probably advanced renal
injury, but not diabetes itself, is associated with disturbed Hcy meta-
bolism [7]. Consistent with this suggestion, although we used STZ to
induce diabetic nephropathy and found that the levels of blood glucose
and hemoglobin A;. were significantly increased in STZ-treated mice,
ADA treatment did not change the levels of blood glucose and hemo-
globin Aj.. These findings suggest that although SAHH inhibition
increased plasma SAH levels, this did not change the status of diabetes.
Hence, the SAHH inhibition-aggravated diabetic nephropathy may be
independent of blood glucose changes. Furthermore, a bulk of studies
has reported a high incidence of HHcy in renal patients. These studies
have also suggested that SAH mediated the harmful effects of Hcy in the
vascular system [4,34,35], for example, SAH but not Hcy was associated
with renal vascular vasodilatory dysfunction [36]. Additionally, plasma
SAH is also a more sensitive indicator of renal insufficiency and much
stronger associated with the degree of impaired renal function than
plasma Hcy [5,7]. In the present study, we found that SAHH inhibition
resulted in increased plasma SAH levels with normal plasma Hcy levels,
indicating that the injury of SAHH inhibition on diabetic nephropathy
might be partially attributed to plasma SAH levels independently of
plasma Hcy levels.

The activation of NLRP3 inflammasomes has been implicated in a
growing number of diverse pathogenesis of various diseases [10,11,37].
Numbers of initiate factors can activate NLRP3 inflammasomes
including high glucose and HHcy [13,14,30]. Consistent with these
studies, we found SAHH inhibition by ADA can also activate and further
accelerate high glucose-induced NLRP3 inflammasomes activation.
These findings suggest SAHH inhibition-accumulated high SAH may
produce similar pro-inflammatory effect of HHcy in the normal Hcy
conditions [15,38-40]. Importantly, it has been confirmed that TXNIP

14

Redox Biology 45 (2021) 102033

binding to NLRP3 is essential for ROS-mediated NLRP3 inflammasomes
activation in the pathogenesis of diabetic nephropathy [30]. In resting
cells, TXNIP interacts with thioredoxin (TRX) and thereby blocks the
anti-oxidative ability of TRX and is unavailable for NLRP3 inflamma-
some activation. After an increase in ROS caused by stimulation such as
glucose, Hey, or SAH, TXNIP is released from oxidized TRX and in turn
binds NLRP3 and induces NLRP3 inflammasome activation. When
knockdown of TXNIP results in an increased anti-oxidative ability of
TRX and reduced ROS levels, and therefore decreases the expression of
NLRP3 and its activation-induced IL-1f production [15].

Additionally, TXNIP can be up-regulated by high glucose, fructose,
and Hey [13,41,42]. SAH has a highly reactive thiol group similar to the
structure of Hey and can be easily oxidized to produce ROS [43]. We and
other studies have shown that increased SAH can increase ROS pro-
duction by different mechanisms in various conditions [19,23,44,45].
However, whether TXNIP participates in SAH-induced ROS production
in diabetic nephropathy is unknown. Therefore, in the present study, we
assess whether SAHH inhibition resulted in SAH accumulation and then
induced TXNIP-mediated ROS production and NLRP3 inflammasomes
activation. As expected, SAHH inhibition increased the expression of
TXNIP and the levels of ROS. Moreover, knockout of TXNIP protect
against SAHH inhibition-induced diabetic nephropathy, which is in
agreement with the findings that protective role of TXNIP deficiency in
diabetic nephropathy [18]. Taken together, these finding suggest that
TXNIP-mediated NLRP3 inflammasomes activation is essential for SAHH
inhibition-induced diabetic nephropathy.

Epigenetic regulation of gene expression plays important role in
varieties of diseases and is mediated by posttranslational modifications
of the chromatin structure, including acetylation and methylation of the
histone tails [46]. It has been demonstrated that hyperglycemia-induced
TXNIP expression was associated with stimulation of activating histone
marks acetylation of H3K9 and decrease in the repressor histone mark
H3K27me3 at the promoter region of TXNIP [21]. EZH2 is the main
methyltransferase enzyme for methylating H3K27me3. It has been re-
ported that EZH2 depletion decreased H3K27me3 expression, whereas
increases TXNIP expression and induces oxidative stress and renal injury
in diabetes [25]. Among the posttranslational modifications, SAH as a
product of methylation negatively feedback regulates methylation status
by competitively inhibiting methyltransferase enzyme [47,48]. How-
ever, whether SAHH inhibition-induced TXNIP expression was associ-
ated with SAH-inhibited EZH2 and H3K27me3 expression is unknown.
In the present study, we found that SAHH inhibition by ADA signifi-
cantly reduced EZH2 and H3K27me3 expression. Overexpression of
EZH2 by adenovirus abolished SAHH inhibition-induced TXNIP
expression and podocyte injury. Agreement with the effect of miR-101 in
inhibiting EZH2 translation [24,31,32], inhibition of miR-101 increased
EZH2 and H3K27me3 expression and produced similar effect. These
results indicate that inhibition of EZH2 due to accumulation of SAH
maybe explain the SAHH inhibition-induced TXNIP expression and
podocyte injury.

Next, to test whether SAHH inhibition-induced TXNIP expression is
attributed to decrease in the enrichment of repressor histone mark
H3K27me3 at the promoter region of TXNIP, we performed ChIP and
ChIP sequencing. Interestingly, we found that SAHH inhibition did not
change the enrichment of H3K27me3 at TXNIP promoter, which is
inconsistent with previous study that hyperglycemia-induced TXNIP
was associated with decreased enrichment of H3K27me3 at TXNIP
promoter in human mesangial cells [21]. On the other hand, the binding
of H3K27me3 to TXNIP promoter was undetectable in DZNep-treated
podocytes [25]. These discrepancies may be explained by the different
experimental conditions such as different cells or treatments. These re-
sults enable us to pose a question whether there may be other trans--
acting factors mediated the repression of EZH2 on TXNIP expression.
Bioinformatics analyses of ChIP sequencing data showed that ADA
treatment decreased the enrichment of H3K27me3 at EGR1 promoter.
Additionally, SAHH inhibition increased EGR1 expression and its
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enrichment at the promoter of TXNIP and thereby increased the lucif-
erase activity of TXNIP promoter. EGR1 knockdown abolished the SAHH
inhibition-induced TXNIP expression, suggesting that EGR1is essential
for SAHH inhibition-induced transcription activation of TXNIP. It has
been demonstrated that EGR1 plays important roles in diabetic kidney
disease involving in the regulation of oxidative stress [49], inflamma-
tion [50,51], and fibrosis process [51,52]. Podocytes EGR1 were
increased in proteinuric patients and mice, whereas loss of EGR1 in mice
protects from renal inflammation and fibrosis and reduced proteinuria
and glomerulosclerosis [52-54]. Taken together, our findings suggest
that SAHH inhibition might regulate TXNIP expression in an
EGR1-dependent manner by inhibiting EZH2-methylated H3K27me3
expression.

In conclusion, our study provided direct evidence that SAHH inhi-
bition induced high SAH-related diabetic nephropathy via EZH2-EGR1-
TXNIP-NLRP3 signaling cascade. These findings elucidate a novel mo-
lecular mechanism for explanation the association between high plasma
SAH levels and renal dysfunction and uncover new potential therapeutic
targets for the treatment and prevention of end stage renal disease with
high SAH.
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