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ARTICLE INFO ABSTRACT

Keywords: NLRP3/IL-1p activation via thioredoxin (TRX)/thioredoxin-interacting protein (TXNIP) following mitochondria
Diabetic nephropathy ROS (mtROS) overproduction plays a key role in inflammation. However, the involvement of this process in
Mitochondria tubular damage in the kidneys of patients with diabetic nephropathy (DN) is unclear. Here, we demonstrated
Reactive oxygen species (ROS) that mtROS overproduction is accompanied by decreases in TRX expression and TXNIP up-regulation. In ad-
;ﬁil/? FgXiI:Ilmeasome dition, we discovered that mtROS overproduction is also associated with increases in NLRP3/IL-13 and TGF-$
MitoQ expression in the kidneys of patients with DN and db/db mice. We reversed these changes in db/db mice by

administering a peritoneal injection of MitoQ, an antioxidant targeting mtROS. Similar results were observed in
human tubular HK-2 cells subjected to high-glucose (HG) conditions and treated with MitoQ. Treating HK-2 cells
with MitoQ suppressed the dissociation of TRX from TXNIP and subsequently blocked the interaction between
TXNIP and NLRP3, leading to the inhibition of NLRP3 inflammasome activation and IL-13 maturation. The
effects of MitoQ were enhanced by pretreatment with TXNIP siRNA and abolished by pretreatment with
monosodium urate (MSU) and TRX siRNA in vitro. These results suggest that mitochondrial ROS-TXNIP/NLRP3/
IL-1P axis activation is responsible for tubular oxidative injury, which can be ameliorated by MitoQ via the
inhibition of mtROS overproduction.

1. Introduction

Diabetic nephropathy (DN) is a major complication of diabetes and
has become the leading cause of end-stage renal disease worldwide [1].
There is a clear evidence showing that tubular injury plays a pivotal
role in the pathogenesis of DN [2,3] and is closely related to its clinical
manifestations [4]. Hyperglycemia-induced tubular injury has been
attributed to many mechanisms, such as increases in extracellular ma-
trix expression, advanced glycation product generation and Wnt/p-ca-
tenin activity [5,6]. Danesh FR et al. recently reported that mitochon-
drial reactive oxygen species (mtROS) production is increased in the

kidneys of db/db mice; these authors monitored a redox-sensitive green
fluorescent protein biosensor (roGFP) in real time in vivo and found
that the biosensor was expressed specifically in the mitochondrial ma-
trix (db/dbmt-roGFP) [7]. Moreover, our previous studies, as well as
other previous studies, have shown that mtROS overproduction induced
apoptosis activation and tubular cell injury under high-glucose (HG)
conditions [8,9]. Therefore, mtROS overproduction plays a critical role
in tubular damage in DN. However, Sharma K. et al. reported that su-
peroxide production as assessed by in vivo real-time transcutaneous
fluorescence, confocal microscopy and electron paramagnetic re-
sonance analysis was reduced in the kidneys of mice with
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streptozotocin (STZ)-induced type 1 diabetes [10]. These controversial
results might be attributable to differences between the animal models
used in these studies. In addition, the precise mechanism responsible for
the effects of ROS on tubular damage in DN has yet to be elucidated.

Several reports have shown that the NLRP3 inflammasome is closely
associated with DN [11,12]. However, the precise mechanism(s) by
which HG conditions induce NLRP3 inflammasome activation still
needs to be clarified. NLRP3 inflammasome activation by mtROS plays
a central role in cellular responses [13-15]. Mitochondrial dysfunction
has been regarded as a fundamental factor in the triggering of NLRP3-
mediated inflammation [16], and mtROS overproduction is a critical
contributor to NLRP3 inflammasome activation [15]. Thioredoxin-in-
teracting protein (TXNIP) is a regulator of oxidative stress that is in-
volved in cell proliferation, differentiation and apoptosis. TXNIP also
inhibits the antioxidant activity of the endogenous antioxidant thior-
edoxin (TRX) by binding to the protein. Both TRX and TXNIP are ex-
pressed in the cytoplasm and mitochondria [17], where they regulate
the NLRP3 inflammasome as well as cell apoptosis [13,18], suggesting
that the TXNIP/NLRP3 inflammasome play a key role in the patho-
genesis of DN. However, the involvement of the TXNIP/NLRP3 in-
flammasome in the development of DN in tubulopathy remains largely
unknown.

MitoQ is an orally bioavailable mitochondrial-targeted antioxidant
that consists of a lipophilic triphenylphosphonium (TPP) cation cova-
lently linked to the ubiquinone of the mitochondrial respiratory chain.
MitoQ protects against a range of oxidation-related diseases, including
cardiovascular disease [19], metabolic syndrome [20], Alzheimer's
disease [21] and DN [22]. In this study, we applied MitoQ as a sca-
venger of mtROS to determine the role and regulatory effects of the
TXNIP/NLRP3/IL-1P axis in tubular injury in DN. We demonstrated
that TXNIP/NLRP3/IL-1f axis activation plays a key role in tubular
injury in DN.

2. Materials & methods
2.1. Antibodies and other reagents

Antibodies targeting the following proteins were used in this study:
NLRP3 (sc-66846, rabbit polyclonal, Santa Cruz Biotechnology, USA;
ab4207, goat polyclonal, Abcam, USA), TRX (ab26320, rabbit poly-
clonal/ab16965, mouse monoclonal, Abcam, USA), TXNIP (sc-166234,
mouse monoclonal, Santa Cruz Biotechnology, USA; ab215366, rabbit
polyclonal, Abcam, USA), COX IV (ab14744, mouse monoclonal,
Abcam, USA), Fibronectin (FN) (ab45688, rabbit monoclonal, Abcam,
USA), Caspase-1 (ab1872, rabbit polyclonal, Abcam, USA), IL-1p
(ab9722, rabbit polyclonal, Abcam, USA), IL-18 (#10663-1-AP, rabbit
polyclonal, Proteintech, USA), Collagen I (M38, mouse monoclonal,
DSHB Biosciences, USA; ab23446, mouse monoclonal, Abcam, USA),
and Collagen IV (ab6586, rabbit polyclonal, Abcam, USA). MitoQ was
obtained from FOCUS Biomolecules, and monosodium urate (MSU),
TXNIP siRNA, TRX siRNA, DHE, MitoTracker Red, MitoSOX Red and
DCFDA were purchased from Invitrogen.

2.2. Clinical data

Patients with DN (n = 15) and control patients with minor primary
lesions who did not have diabetes (n = 15) were recruited for the study.
Kidney biopsy tissues were stained with periodic acid-Schiff (PAS), and
mitochondrial morphological changes were detected by electron mi-
croscopy (EM), as described in ref [23]. Tubulo-interstitial and glo-
merular injury were evaluated and scored based on the Tervaet semi-
quantitative scoring system, as described in Ref. [24]. All experiments
described above were performed under the supervision and with the
approval of the Institutional Human Experimentation Ethics Com-
mittee, Second Xiangya Hospital, Central South University.
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Table 1
Clinical characteristics of the patients with DN and the patients with minor lesions who
did not have diabetes.

Clinical data Control DN

N 15 15

BMI (kg/m?) 23 + 3.4 24.9 *+ 4.0
Blood glucose (mmol/L) 4.50 + 0.51 8.5 + 2.3*
HBAlc (%) 4.78 + 0.49 8.1 + 0.6*
Total cholesterol (mmol/L) 6.32 = 0.12 7.14 = 0.23*
Triglyceride (mmol/L) 2.67 + 0.42 4.15 + 1.8*
LDL (mmol/1) 2.1 £ 0.61 2.8 £ 0.9*
ALT (U/L) 18.3 £ 4.2 17.8 £ 5.6
AST (IU/L) 24.2 9.2 23.9 8.2
Albumin (g/1) 38.9 + 3.9 32.2 £ 1.8
Scr (umol/L) 92.30 + 8.86 94.23 * 7.87
BUN (mmol/L) 5.81 = 0.34 6.01 = 0.23
UA (umol/L) 350 * 68 402 + 87
Urine protein (g/24h) 3.15+1.28 4.37 = 1.12%
Red blood cells count in urine sediment 14750 + 1023 10233 + 1124
Systolic pressure (mmHg) 118.24 + 4.30 147.32 + 2.3*
Diastolic pressure (mmHg) 81.70 + 1.72 94.46 + 2.32*

Note: HBAlc, glycosylated hemoglobin; LDL, low-density lipoprotein; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; Scr, serum creatinine; BUN, blood
urea nitrogen; UA, uric acid. *p < 0.05, vs control. Values are the mean *+ SE. n = 15.

2.3. Animal experimental design

Eight-week-old diabetic male db/db mice from the Aier Matt
Experimental Animal Company (Suzhou, China) were randomly divided
into a DN group that received MitoQ treatment (DN + MitoQ) (n = 12)
and a DN group (n = 12). Eight-week-old db/m mice served as controls
(n = 12). The mice in the DN+ MitoQ group were intraperitoneally
injected with MitoQ twice a week for 12 weeks (5 mg/kg), and the mice
in the control and DN groups were injected with a 0.1 mol/L sodium
citrate solution. The mice were sacrificed at 24 weeks of age, and the
kidneys were harvested as discussed previously [22]. All procedures
were conducted in accordance with the relevant institutional guidelines
of the Animal Experimentation Ethics Committee of Second Xiangya
Hospital of Central South University.

2.4. Proteomic analysis

Proteomic analysis of the kidney tissues was performed as described
in ref [25]. Briefly, kidney proteins were extracted, alkylated by methyl
methane-thiosulphonate (MMTS), digested by incubation with trypsin
and then labeled with iTRAQ reagents. The proteins were also subjected
to strong cation exchange (SCX) chromatography and high-performance
liquid chromatography (HPLC) experiments. The proteins were identi-
fied and quantified by using Mascot v2.3 (Matrix Science, London, UK).

2.5. Quantitative real-time PCR

RNA was extracted from the kidney tissues and was reverse-tran-
scribed into cDNA using a TaKaRa cDNA Synthesis Kit. Real-time PCR
was performed using SYBR premix EXTaqTM reagents (TaKaRa). The
sequences of the primers (from Sangon Biotech Corporation, Shanghai,
China) for FN, Collagen I and Collagen IV were as follows: FN (Mouse),
5’-CTTT GGCAGTGGTCATTTCAG-3’ (sense) and 5-TGGTAGGTCTTCC
CATCGTCA-3’ (antisense) (product size: 142 bp); Collagen I (Mouse),
5’-CGDCATCAAGGTCTACTGC-3’ (sense) and 5-GAATCCA TCGGTCAT
GCTCT-3’ (antisense); and Collagen IV (Mouse), 5-ATGTCAATGGCAC
CCATCAC-3" (sense) and 5-CTTCAAGGTGGACGGCGTAG-3’ (anti-
sense). The data are presented as fold changes (224,

2.6. Morphological analysis

Briefly, 4-um-thick kidney tissue sections were prepared for



Y. Han et al.

Tubular interstitial

damage score

~
o

~
o

o

o
o

o
°

Redox Biology 16 (2018) 32-46

o

= Tubular interstitial damage 2 Oxidative stress intensity

= Glomerular damage 3 @ @B NLRP3 fluorescence intensity -
S S
# ] 2 05 25 8
: > 5 X, 2
7] 4
0.4 20
2 8 t g
£ 2 03 15 o
T o o
5 % x
1= w 02 10
2 3 z
) 2 ©
£ - 01 05 >
s = i
00 X 00 00 @
° 4
Control DN Control DN

— 25 .
8o
':E §z.o
Lo
£0°
G 810 pe
SE ]
a8 _ S
|200.5 r=0.752 3 o r=0.644
p<0.01 <_an.s p<0.01
0.0 02 04 0.6 08 1.0 O oo 02 04 06 08 1.0
Relative NLRP3 expression Relative NLRP3 expression
Control DN i
> QLO
[7]
Js0 o c .
> 08
~4.0 £
£ o6
[} F
230 2
2 1]
Qa0 o™
[} 2
= . ] _
=10 r=0.674 gu r=0.742
=] L. p<0.01 g . p<0.01
00 02 04 06 08 10 0 02 04 06 08 10
Relative NLRP3 expression Relative NLRP3 expression

o

©
3

~
3

@
g

o
S

&
3

™

r=0.704
p<0.01

1.0

%tubular cells with
fragmented mitochondria

0.2 04 0.6 0.8
Oxidative stress intensity

Mitochondrial fragmentation(%)

Fig. 1. Tubular injury, NLRP3 expression and ROS production are enhanced in the kidney tissues of patients with DN. A: PAS and DHE staining showing that tubular injury, interstitial
fibrosis (top panels) and ROS production (bottom panels) are enhanced in the kidney tissues of patients with DN. IF revealed that NLRP3 expression is increased in patients with DN
(middle panels) (magnification x 400). B: Tubulo-interstitial damage and glomerular damage scores. C: Quantification of DHE signal intensity and NLRP3 expression. D-G: Analysis of the
correlations between NLRP3 expression and tubulo-interstitial damage (D), glomerular damage (E), urine protein (F) and oxidative stress (G) in the kidneys of patients with DN. H:
Representative image of the electron microscopy analysis. The number of tubular cells with mitochondrial fragmentation was notably increased in the renal tissues of patients with DN
(Hd, f) compared with those of control patients (He, e) (magnification x 10,000). I: Relative percentage of renal tubular cells with fragmented mitochondria. J: Correlation between
mitochondrial fragmentation in tubular cells and oxidative stress. *P < 0.05, P < 0.05 versus control. Values are the mean * SE. n = 15.

hematoxylin-eosin (H&E), PAS and Masson trichrome staining, as de-
scribed in ref [26].

2.7. Immunohistochemistry (IHC)
Kidney tissue sections from humans or mice were prepared for IHC,
as described in ref [22]. The tissues were incubated with anti-NLRP3

(1:200), anti-TRX (1:100), anti-TXNIP (1:100), anti-Caspase-1 (1:200),
anti-IL-1f (1:200) or anti-IL18 (1:100) antibodies.

2.8. Analysis of renal apoptosis

Apoptosis was detected by terminal deoxynucleotidyl transferase
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dUTP nick end-labeling (TUNEL) staining in situ, according to the
manufacturer's instructions [22].

2.9. Western blot (WB) analysis

Equal amounts of extracted kidney protein or cellular protein were
subjected to SDS-PAGE, as described in ref [27]. The following primary
antibodies were used in the experiment: anti-NLRP3 (1:500), anti-TRX
(1:500), anti-IL-1f (1:500), anti-Caspase-1 (1:500), anti-TXNIP (1:500),
anti-FN (1:2000), anti-Collagen I (1:2000) and anti-B-actin (1:6000).
Antibody-antigen complexes were detected with enhanced chemilumi-
nescence (ECL) (Amersham Pharmacia Biotech, Uppsala, Sweden).
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Fig. 2. TRX, TXNIP, NLRP3, IL-1f and IL-18 expression is altered in the kidney tissues of patients with DN. A: Immuno-histochemical analysis of TRX, TRX, TXNIP, NLRP3, IL-1f3 and
IL-18 expression in the kidney tissues of patients with DN and controls (magnification x 200). B: Semi-quantification of IHC staining for TRX, TXNIP NLRP3, IL-1f and IL-18. C-F: Analysis
of the correlations between oxidative stress and TRX (C), TXNIP (D), IL-1f (E) and IL-18 expression (F) in patients with DN. G-J: Analysis of the correlations between NLRP3 expression
and TRX (G), TXNIP (H), IL-1p (I) and IL-18 expression (J) in patients with DN. Values are the mean + SE.*P < 0.05 versus control. n = 15.

2.10. Cell line

The HK-2 cell line, a human proximal tubular epithelial cell line,
was purchased from ATCC and maintained in DMEM/F12, as described
in ref [26]. The cells were treated with different concentrations of p-
glucose and with or without MitoQ, siRNA, inhibitors or activators.

2.11. Cell transfection

HK-2 cells were pre-transfected with TXNIP or TRX siRNA using
Lipofectamine 2000 (Life Technologies, USA), as previously described
[22].
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2.12. Assessment of MPTP expression and mitochondrial H,0, production

Mitochondrial permeability transition pore (MPTP) expression was
detected by a Mitochondrial Calcium Fluorescence Detection Kit
(Genmed Scientifics Inc.), and mitochondrial H>O, production was as-
sessed with scopoletin fluorescence, as described in ref [28].

2.13. Analysis of Caspase-1, IL-1B, IL-18 and TGF-§ activity

Caspase-1 (R&D Systems, USA), IL-1f, IL-18 and TGF-p (Ray
Biotech, USA) expression and activity levels in the above cells were
detected with the corresponding ELISA Kits, according to the
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Table 2
Characteristics of the different groups mice (X = S).

Group db/m db/db db/db + MitoQ
N 12 12 12

BW (g) 23.3%x15 52.6 + 3.0* 49.0 + 1.8
KW (mg) 118 = 4.2 203 + 22.1* 189 + 19.3+#
BS (mmol/1) 5.35+ 0.5 33.1 = 2.2% 29.8 + 2.6%%
BUN (mmol/1) 6.32 = 0.64 9.15 + 1.52* 7.23 + 1.03**
Scr (mg/dl) 0.12 = 0.01 0.17 = 0.04* 0.14 + 0.07**
TC (mmol/1) 1.22 +0.32 3.25 + 0.84* 3.08 + 0.74**
TG (mmol/1) 0.63 = 0.23 1.8 £ 0.13* 1.62 + 0.25*%

Note: BW, body weight; KW, kidney weight, BG, blood glucose; TC, total cholesterol; TG,
triglyceride. *p < 0.05, vs db/m group; *p < 0.05,vs db/db group. Values are the
mean * SE. n = 12.

manufacturers’ instructions [27,29].

2.14. Measurement of mitochondrial ROS and mitochondrial membrane
potential

Intracellular superoxide production was detected with di-
chlorodihydrofluorescein diacetate (DCF-DA), and mtROS levels were
determined by MitoSOX Red (Molecular Probes). Mitochondrial mem-
brane potential (MMP) was assessed with tetramethylrhodamine, ethyl
ester (TMRE) dye (Molecular Probes), as previously described [9,30].

2.15. Cell immunofluorescence (IF)

HK-2 cells were seeded onto round glass dishes and grown to near
confluency, and then they were subjected to various treatments. The
cells were first immersed in MitoTracker Red (1:1000, Molecular Probe,
Invitrogen) solution diluted in serum-free DMEM/F12 buffer for 8 min
in the dark. After being washed thrice with PBS, the cells were fixed
with 4% paraformaldehyde for 5min, permeabilized with ice-clod
methanol for 10 min at — 20 °C and incubated in blocking buffer (1%
BSA, 0.3% Triton X-100 in PBS, pH 7.4) for 1 h. The cells were subse-
quently incubated with primary antibody solution for 2h at room
temperature. The cells were then washed thrice with PBS and incubated
with FITC- or Rhodamine-conjugated secondary antibody solution for
1 h in the dark. The cell nuclei were stained with Hoechst (1:25000) for
1 min, and then images were obtained by a confocal laser scanning
microscope (Zeiss LSM 780), as described in ref [27].

2.16. Confocal microscopy

Confocal microscopy was carried out with an LSM 780 META laser
scanning microscope (Zeiss, Thornwood, NY). Laser excitation of the
green, red and blue fluorescence was performed sequentially using
488-, 568- and 405-nm lasers, respectively. The wavelengths of the
emission filters used for the green, red and blue fluorescence were
490-578 nm, 565-712 nm, and 410-495 nm, respectively. The analysis
was performed using LSM 510 software (Zeiss), as described in ref [31].

2.17. Immunoprecipitation (IP)/WB analysis

IP/WB analysis was carried out as described previously [32].

2.18. Flow cytometry analysis

Apoptosis was measured using an Annexin V-FITC Apoptosis
Detection Kit (BD Bioscience). NLRP3 localization in the mitochondria
was detected with COX IV and anti-NLRP3 antibody staining. Flow
cytometry was used to test the interactions between NLRP3 and TXNIP
and between TXNIP and TRX using anti-NLRP3, anti-TRX, and anti-
TXNIP antibodies, as described in ref [33]
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2.19. Luminex cytokine assays

IL-1pB, IL-18, FN and Collagen I expression levels in HK-2 cells were
measured with commercial Milliplex Human Cytokine Kits, according
to the manufacturer's instructions (R&D Systems, Luminex Human
Magnetic Assay, USA), and were detected with a Bio-Plex Suspension
Array System (MAP™ Technology, Austin, Texas USA). The data were
acquired and analyzed as the median fluorescence intensity (MFI), as
described in ref [34].

2.20. Statistical analysis

Statistical analysis of the experimental data was performed using
SPSS 13.0 software, and the results are presented as the mean * SE.
Measurement data were analyzed by one-way analysis of variance (one-
way ANOVA). Multiple comparisons of the means of two samples were
performed using independent-samples T-tests, and the correlations be-
tween two variables were assessed using Pearson correlation analysis.
P < 0.05 indicated that the difference was statistically significant.

3. Results

3.1. Biological characteristics of and kidney morphological changes in
patients with DN

Patients with DN exhibited noticeably higher blood glucose, he-
moglobin Alc (HbA1C) and 24-h urine protein levels than control
subjects, as shown in Table 1. There was no difference in age or sex
between the two groups. PAS staining revealed that mesangial expan-
sion and focal tubular atrophy had occurred in the kidneys of patients
with DN (Fig. 1 Aa, b), while DHE staining showed that ROS levels in
the kidneys of patients with DN were elevated compared with those in
the kidneys of control subjects (Fig. 1Ae, f). Severe glomerulosclerosis
and tubulo-interstitial injury were noted in the kidneys of patients with
DN (Fig. 1B). Furthermore, IF analysis showed that NLRP3 expression
in the kidneys of patients with DN was increased compared with that in
the kidneys of control subjects (Fig. 1Ac, d and C). Additionally, NLRP3
expression was positively correlated with tubulo-interstitial damage
(r = 0.752, Fig. 1D), glomerular damage (r = 0.644, Fig. 1E), urine
protein (r = 0.674, Fig. 1F) and oxidative stress (r = 0.742, Fig. 1G).
EM revealed that extensive foot process fusion, significant mitochon-
drial fragmentation and damage (Fig. 1H) and prominent increases in
the numbers of tubular cells with fragmented mitochondria (Fig. 1I)
had occurred in the kidneys of patients with DN. Moreover, oxidative
stress levels as measured by fluorescence intensity were positively
correlated with the numbers of tubular cells with mitochondrial frag-
mentation (r = 0.704, Fig. 1J).

3.2. TRX and TXNIP, NLRP3, IL-1f and IL-18 expression in the kidney

IHC and semi-quantification demonstrated that the kidneys of pa-
tients with DN had markedly higher TXNIP, IL-18, IL-18 and NLRP3
expression but lower TRX expression than the kidneys of control sub-
jects (Fig. 2A and B). Oxidative stress was positively correlated with
TXNIP (r = 0.365, Fig. 2D), IL-1p (r = 0.531, Fig. 2E) and IL-18 ex-
pression (r = 0.412, Fig. 2F) but was negatively correlated with TRX
expression (r = —0.545, Fig. 2C). Additionally, NLRP3 expression was
positively correlated with TXNIP (r = 0.623, Fig. 2H), IL-1p (r = 0.590,
Fig. 2I) and IL-18 expression (r = 0.560, Fig. 2J) and negatively cor-
related with TRX expression (r = —0.577, Fig. 2G).

3.3. MitoQ reversed the biochemical parameter alterations and
morphological changes noted in the kidneys of db/db mice

There was no significant difference in body weight or kidney weight
between the db/db mice treated with MitoQ for 20 weeks and the
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Fig. 3. Effects of MitoQ on morphological and functional characteristics, as well as oxidative stress and apoptosis, in the kidneys of db/db mice. A: Body weight changes in db/m, db/
db and db/db mice treated with MitoQ for 8-20 weeks. B: Blood glucose levels. C: Proteinuria levels. D: Urinary H,0, levels. E: Urinary TBARS levels. F: Urinary 8-OHdG levels. G: Renal
MDA concentrations. H: Kidney sections stained with H&E, PAS, Masson trichrome, DHE and TUNEL (magnification X 400). I: Tubulo-interstitial damage and glomerular damage scores.
(J) Oxidative stress densities and TUNEL-positive cell percentages in the kidneys of the different groups. K: Analysis of the correlation between oxidative stress and tubulo-interstitial
damage (r = 0.663, P < 0.05). L: EM analysis shows that the kidney tissues of db/db mice displayed obvious basement membrane thickening and notable mitochondrial morphological
changes in compared with those of db/m mice (Lb vs La and Le vs Ld). These changes were reversed by MitoQ treatment (Lc vs Lb and Lf vs Le) (magnification x 10,000). M: Relative
percentages of fragmented mitochondria in the three groups. The data are presented as the mean + SE; r: correlation coefficient; *P < 0.05 vs control group; “P < 0.05 vs db/db group.

n=12.

untreated db/db mice (Table 2, Fig. 3A). Blood glucose (Table 2,
Fig. 3B), urine protein (Table 2, Fig. 3C), blood urea nitrogen, serum
creatinine, cholesterol and triglyceride levels (Table 2) were increased
in untreated db/db mice compared with control mice; however, all of
these increases were significantly attenuated following treatment with
MitoQ. Enhancements of urinary H,O, thiobarbituric acid reactive
substances (TBARS), 8-oxo-deoxyguanosine (8-OHdG) and renal mal-
ondialdehyde (MDA) content were also attenuated by MitoQ treatment
(Fig. 3D-G). H&E and PAS staining showed that glomerular mesangial
matrix proliferation was enhanced in db/db mice compared with con-
trol mice; however, this enhancement was alleviated in db/db mice
treated with MitoQ (Fig. 3H-c vs H-b and H-f vs H-e). Further analysis
demonstrated that tubulo-interstitial fibrosis, ROS generation and cell
apoptosis (apoptotic cells indicated by the arrow) were enhanced in the
kidneys of db/db mice compared with those of control mice (Fig. 3Hh-n
vs Hg-m); however, these enhancements were dramatically attenuated
following MitoQ administration (Fig. 3Hi-o vs Hh-n). These results
were confirmed by the quantification analysis (Fig. 3I). The alterations
in renal oxidative stress levels and apoptotic cell numbers noted in db/
db mice (Fig. 3J) were significantly reversed by MitoQ treatment. In
addition, renal oxidative stress was found to be strongly positively
correlated with tubulo-interstitial injury (r = 0.663, Fig. 3K). MitoQ
dramatically ameliorated the basement membrane thickening, foot
process fusion and mitochondrial fragmentation noted in the kidneys of
the db/db mice (Fig. 3L and M).

3.4. MitoQ attenuated TXNIP, NLRP3 and IL-1J up-regulation and
inhibited FN and Collagen I and IV expression in the kidneys of db/db mice

The proteomics analyses showed that NLRP3, TXNIP, Caspase-1 and
IL-1P levels in the protein extracts of db/db mouse kidneys were higher
than those in the protein extracts of control mouse kidneys; however,
TRX levels in the protein extracts of db/db mouse kidneys were lower
than those in the protein extracts of control mouse kidneys (Fig. 4A).
Similar results were observed in the IHC experiments. All of the above
alterations were partially attenuated by MitoQ treatment (Fig. 4B and
C). Correlation analysis showed that the NLRP3 expression was posi-
tively correlated with TXNIP (r = 0.695, Fig. 4E), Caspase-1 (r = 0.674,
Fig. 4F), and IL-1B (r = 0.694, Fig. 4G) expression but was negatively
correlated with TRX expression (r = —0.707, Fig. 4D). These results
were confirmed by WB analysis (Fig. 4H and I). Moreover, MitoQ
treatment significantly reduced FN, Collagen I, and Collagen IV mRNA
and protein levels (Fig. 5A-G). Correlation analysis demonstrated that
NLRP3 expression was strongly positively correlated with Collagen I
(r = 0.652, Fig. 4H), Collagen IV (r = 0.761, Fig. 41I) and FN expression
(r = 0.590, Fig. 4J). These results indicated that MitoQ suppresses the
development of fibrosis by blocking the TXNIP/NLRP3/IL-1f axis.

3.5. MitoQ mitigated ROS generation and mitochondrial dysfunction and
blocked TXNIP/NLRP3/IL-1p signaling pathway activation in HK-2 cells
exposed to HG conditions

As shown in the upper panel of Fig. 6A, exposure to HG conditions
increased oxidative stress levels as measured by DCFDA staining in HK-
2 cells; however, this effect was abolished by MitoQ administration.
Exposure to HG conditions also reduced MMP and increased mtROS
levels, as shown by TMRE and MitoSOX Red staining, respectively.
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These changes were reversed in cells pretreated with MitoQ (Fig. 6A,
middle and bottom panels). The effects of MitoQ were dose depen-
dent (Fig. 6B, C and D). Pretreatment with MitoQ also decreased the
intracellular levels of H,O, in a dose-dependent manner in cells ex-
posed to an HG environment (Fig. 6E). Similar results were noted when
MPTP expression was examined (Fig. 6F). WB analysis showed that
exposure to HG conditions increased NLRP3, TXNIP, Caspase-1, IL-1f3,
Collagen I and FN expression levels and decreased TRX expression le-
vels in a dose-dependent manner in HK-2 cells (Fig. 6G and H). How-
ever, these changes were significantly reversed by MitoQ (Fig. 6G line 5
vs line 3 and 6 H). Further investigation showed that MitoQ attenuated
the alterations in the expression of these proteins in a dose-dependent
manner (Fig. 61 and J). Additionally, MitoQ pretreatment alleviated the
abovementioned changes in NLRP3, TRX and TXNIP expression in the
mitochondria of HK-2 cells exposed to HG conditions and prevented the
translocation of NLRP3 to the mitochondria (Fig. 7A-D).

3.6. MitoQ attenuated the co-localization of and interactions between
TXNIP and TRX, as well as the co-localization of and interactions between
TXNIP and NLRP3

Excessive mtROS production causes TRX to dissociate from its
binding protein, TXNIP, which subsequently binds to NLRP3 and pro-
motes NLRP3 inflammasome activation [15]. Thus, we assessed the
alterations in the co-localization of TXNIP and TRX and TXNIP and
NLRP3 using IF staining. The co-localization of TXNIP and NLRP3 was
increased in HK-2 cells exposed to an HG environment; in contrast, the
co-localization of TRX and TXNIP was reduced in HK-2 cells exposed to
HG environment. These changes were reversed by treatment with
MitoQ (Fig. 7E-H). These results were confirmed by flow cytometry
analysis (Fig. 7I-K). IP/WB assays utilizing NLRP3, TRX and TXNIP
antibodies showed that the interactions between TXNIP and TRX were
significantly reduced in cells treated with HG; however, contrasting
results were observed for the interactions between TXNIP and NLRP3.
MitoQ administration dramatically reversed these changes in a time-
dependent manner. No change was seen in TXNIP expression, which
served as a loading control (Fig. 7L, N and O). Additionally, HG in-
creased the interaction between TXNIP and NLRP3 (Fig. 7M, line 2 vs
line 1); this effect was aggravated in cells treated with MSU, a selective
NLRP3 activator (Fig. 7M, line 4 vs line 2), but was attenuated in cells
treated with MitoQ (Fig. 7M, line 5 vs line 2). The inhibitory effect of
MitoQ on the interaction between TXNIP and NLRP3 was partially
blocked by pretreatment with MSU (Fig. 7M, line 7 vs line 5), sug-
gesting that MitoQ regulated the binding of TXNIP to NLRP3 by sup-
pressing mtROS production in HK-2 cells exposed to HG conditions.

3.7. MitoQ down-regulated FN, Collagen I and TGF-f3 expression by
suppressing the biological TXNIP/NLRP3/IL-1f axis in HK-2 cells exposed
to HG conditions

Cell fluorescence staining demonstrated that MitoQ down-regulated
FN and Collagen I expression in HK-2 cells exposed to HG conditions
(Fig. 8A). WB analysis revealed that MitoQ reduced enhancements of
cleaved Caspase-1, IL-1B3 and IL-18 expression in a dose-dependent
manner in cells exposed to HG conditions (Fig. 8B) and altered the
activity of Caspase-1, IL-1f, IL-18, TGF-f and TGF-} content and cell
apoptosis (Fig. 8C-H).
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Fig. 4. Effects of MitoQ on renal NLRP3, TRX, TXNIP, Caspase-1 and IL-1p expression in db/db mice. A: Renal expression of the proteins detected by iTRAQ-based quantitative
proteomics analysis in db/m and db/db mice. Green represents down-regulation, red represents up-regulation, and black represents no change. The bar code (— 1-1) at the top shows the
color scale of the log, values. B: Inmunohistochemical analysis of NLRP3 (Ba-c), TRX (Bd-f), TXNIP (Bg-i), Caspase-1 (Bj-1) and IL-1P expression (Bm-0) in kidney tissues. (magnification
X 200). C: Quantification of NLRP3, TRX, TXNIP, Caspase-1 and IL-1f expression in tissues from the different groups. D-G: Analysis of the correlations between NLRP3 expression and
TRX, TXNIP, Caspase-1 and IL-1f expression: r (NLRP3/TRX) = —0.707 (D), r (NLRP3/TXNIP) = 0.695 (E), r (NLRP3/Caspase-1) = 0.674 (F) and r (NLRP3/IL-1) = 0.694 (G). H:
Western blotting analysis of NLRP3 (H, first line), TRX (H, second line), TXNIP (H, third line), Caspase-1 (H, fourth line) and IL-1f expression (H, last line) in the kidneys in the
different groups of mice. I: Densitometric analysis of the WB analysis results. Values are the mean * SE; r: correlation coefficient; *P < 0.05 vs control group; *P < 0.05 vs db/db group.

n=12.
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IV (C) in the kidneys in the different groups of mice. D: Western blotting analysis of FN (upper panel), Collagen I (middle panel) and Collagen IV (bottom panel) expression in the
kidneys in the different groups. E: Densitometric analysis of the WB analysis results. The FN, Collagen I and Collagen IV signals were normalized to the B-actin signals for the same
samples to determine the fold-change relative to the control (Ctrl), whose expression level was set as 1. F: IF showing Collagen I (Fa-c), Collagen IV (Fd-f) and FN expression (Fg-i) in
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To determine whether MitoQ regulated the expression of in- (Fig. 81 bar 2 vs bar 1); however, these alterations were reversed by
flammatory cytokines and profibrotic signals via the mtROS/TXNIP/ treatment with MitoQ or TXNIP siRNA (Fig. 8I bar 4 vs bar 2 and bar 8
NLRP3 axis, we carried out siRNA experiments. Luminex assay de- vs bar 2) and enhanced by treatment with MSU (Fig. 8I bar 6 vs bar 2).
monstrated that IL-1f, IL-18, FN, and Collagen I protein expression The down-regulatory effects of MitoQ on the expression of these pro-
levels were extremely high in HK-2 cells exposed to an HG environment teins were partially blocked when the agent was administered in
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Fig. 7. Effects of MitoQ on the associations between NLRP3 expression and TRX and TXNIP expression in HK-2 cells subjected to an HG environment. A-D: IF analysis showing MMP
and NLRP3 (A), TRX (B), and TXNIP expression (C) in HK-2 cells exposed to HG conditions and pretreated with or without MitoQ. D: Quantification of NLRP3, TRX and TXNIP expression
in HK-2 cells exposed to HG and pretreated with or without MitoQ. E-H: Confocal immunofluorescence images and semi-quantification showing the co-localization of TRX and TXNIP (E,
G) and TXNIP and NLRP3 (F, H) in HK-2 cells exposed to HG conditions and pretreated with or without MitoQ. I-K: Flow cytometry and quantification analysis of COX IV and NLRP3
expression (I), TRX-TXNIP interactions (J), and TXNIP-NLRP3 interactions (K) in HK-2 cells cultured under HG conditions and pretreated with or without MitoQ. L, M: Co-IP and WB
analysis showing the interactions between TXNIP and NLRP3 and between TXNIP and TRX in HK-2 cells subjected to HG conditions and treated with MitoQ or MSU. N-P: Quantification
analysis of the interactions between TXNIP and NLRP3 (N, P) and between TXNIP and TRX (O) in HK-2 cells cultured under HG conditions following MitoQ or MSU administration. Values

are the mean = SE; *P < 0.05 vs control group; “P < 0.05 vs HG group. n = 3.

combination with MSU in cells exposed to HG conditions (Fig. 8I bar 9
vs bar 4); however, they were remarkably enhanced by TXNIP siRNA
(Fig. 8I bar 10 vs bar 4). Similar results were obtained by WB analysis.
The expression profile of NLRP3 was similar to that of IL-13. The
changes in the expression of these proteins noted in HK-2 cells treated
with TXNIP siRNA contrasted with those observed in cells transfected
with TRX siRNA (Fig. 8J and K).

4. Discussion

Signals released by the mitochondria regulate and promote the in-
flammatory response during aging [35], and long-lived species display
lower ROS production and/or higher antioxidant capacity [36]. Cel-
lular ROS are also generated by the NADPH oxidase (NOX) system;
however, many studies have demonstrated that NOX-derived ROS can
activate NLRP3 inflammasomes [37] and that NLRP3 inflammasome
activation triggered by TXNIP/NADPH oxidase signaling is also in-
volved in podocyte injury under HG conditions [38]. In addition, the
inhibition of Nox4-responsive oxidative stress and the ROS-sensitive
NLRP3 signaling pathway under HG conditions protects against en-
dothelial cell dysfunction both in vivo and in vitro [39]. These data
clearly indicate that NOX plays a role in NLRP3 inflammasome acti-
vation. However, multiple lines of evidence indicate that the mi-
tochondria are a major intracellular sources of ROS (90%) [40].
Moreover, previous studies by our laboratory and others have shown
that mitochondrial ROS production plays a key role in the development
of DN [22,26,41]. Thus, in this study we focused mainly on elucidating
the mechanisms of NLRP3 inflammasome activation by mtROS and
demonstrated that mitochondrial dysfunction activated the TXNIP/
NLRP3/IL-1j3 biological axis in the kidney, a change associated with
tubular damage and renal fibrosis in patients with DN and db/db mice.
We also demonstrated that MitoQ treatment reduced mtROS levels and
therefore inhibited the TXNIP/NLRP3/IL-1( signaling pathway, which
led to the alleviation of kidney injury in db/db mice. We also demon-
strated that MitoQ suppressed the dissociation of TXNIP from TRX and
prevented the binding of TXNIP to NLRP3, thereby inhibiting NLRP3
inflammasome activation. These data suggested that the activation of
the mtROS-TXNIP/NLRP3/IL-13 biological axis plays an essential role
in kidney tubular injury in DN and that as an inhibitor of this pathway,
MitoQ may serve as a therapeutic agent capable of facilitating DN re-
gression.

Chronic inflammation and inflammasome activation have been re-
ported to play an essential role in the development of DN [42], and
previous studies have shown that both the mRNA and the protein ex-
pression of NLRP3, ASC and IL-1B were enhanced in PBMCs [43];
NLRP3 has been suggested to be strongly associated with renal tubular
epithelial-mesenchymal transition (EMT), which is facilitated by en-
hancements of TGF-B1 signaling [44]. With regard to the regulation of
the NLRP3 inflammasome, multiple studies have demonstrated that
mtROS are major activators of the NLRP3 inflammasome [13,45]. Ad-
ditionally, TXNIP has been shown to play a role in NLRP3 inflamma-
some activation [46,47]. Activated NLRP3-mediated inflammation
cleaves the precursors of IL-1p and IL-18, which leads to an immuno-
inflammatory response [48,49]. Recent studies have revealed that TRX
and TXNIP play a role in the pathogenesis of DN. HG conditions have
been shown to reduce TRX activity by increasing the expression of
TXNIP, which acts as an inhibitor of TRX [50]. Transgenic mice
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overexpressing TRX exhibited less mesangial matrix expansion and
tubular injury in the kidney [51]. Conversely, increased TXNIP ex-
pression has been associated with Collagen IV accumulation in the
kidneys of STZ-induced diabetic mice [52]. Collectively, these findings
suggest that alterations in the TXNIP/NLRP3/IL-1f biological axis
participate in the development of DN. However, whether NLRP3 is di-
rectly activated by mtROS via the modulation of the interactions be-
tween TRX and TXNIP remains unknown.

To verify the role of the mtROS-TXNIP-NLRP3-IL-1f3 biological axis
in the development of DN, we examined mitochondrial morphology and
function; mtROS production; and TRX, TXNIP, NLRP3 and IL-1§ ex-
pression in the kidney tissues of patients with DN and db/db mice. The
results showed that mitochondrial fragmentation and ROS production
were increased in kidneys of patients with DN, as were the expression
levels of the above proteins; furthermore, the above results showed that
these changes were interrelated (Figs. 1 and 2). Our findings are con-
sistent with the notion that mitochondrial dysfunction under hy-
perglycemia plays a central role in the development of diabetic com-
plications, including DN [53,54], and they are also in agreement with
the hypothesis that mtROS overproduction-induced oxidative tubular
injury and cell apoptosis play a crucial role in the pathogenesis of DN
[9,32]. These observations also indicate that mtROS production is re-
lated to TXNIP/NLRP3/IL-1 biological axis activation in the kidneys of
patients with DN.

To confirm the role of mtROS in the modulation of the activation of
the TXNIP/NLRP3/IL-1f3 biological axis in DN, we applied the mi-
tochondria-targeted antioxidant MitoQ to prevent ROS overproduction
within the organelle. MitoQ has been reported to ameliorate ROS
overproduction, suppress NLRP3 inflammasome activation and de-
crease IL-1f hypersecretion in a chronic ethanol-induced mouse mac-
rophage model [55] and experimental mouse colitis [56]. Here, we
showed that blood glucose and proteinuria levels were improved in db/
db mice following 12 weeks of intraperitoneal injections of MitoQ
(Fig. 3 and Table 2). Notably, treatment with MitoQ efficiently atte-
nuated kidney injury and improved mitochondrial fragmentation, ROS
generation, and cell apoptosis in the kidney in db/db mice (Fig. 3),
observations consistent with those of previous studies on type 1 dia-
betes [57] and metabolic syndrome in mice [20]. Proteomics analysis
showed that the expression levels of the components of the TXNIP/
NLRP3/IL-13 biological axis were altered in the kidney tissues of db/db
mice; these findings were confirmed by both IHC and WB analysis
(Fig. 4). Notably, all the protein expression changes were partially at-
tenuated by treatment with MitoQ; these effects were accompanied by
decreases in FN and Collagen I expression (Figs. 4 and 5). These results
suggested that the decreases in mtROS levels in the kidneys of db/db
mice induced by MitoQ attenuated TXNIP/NLRP3/IL-1f signaling
pathway activation and thus alleviated renal cell apoptosis and fibrosis.
Furthermore, the results indicated that mtROS-mediated TXNIP/NLRP3
pathway activation participated in the pathogenesis of DN.

TXNIP binds to NLRP3 via the leucine-rich repeat domain after it
dissociates from TRX, and then it activates the NLRP3 inflammasome in
response to oxidative stress [15]. The inhibition of TXNIP by TXNIP
siRNA in podocytes was shown to prevent NLRP3-mediated in-
flammation activation under hyperhomocysteinemia conditions [37].
Moreover, emerging evidence suggests that TXNIP/NLRP3 inflamma-
some activation is responsible for endothelial cell inflammation and cell
death [58,59]. Based on these observations, we hypothesized that a
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Fig. 8. Effects of MitoQ, MSU, TRX siRNA and TXNIP siRNA on TXNIP/NLRP3/IL-1f axis and pro-fibrotic protein expression and apoptosis in HK-2 cells cultured under HG
conditions. A: IF showing FN (Aa-c) and Collagen I (Ad-f) expression in HK-2 cells subjected to HG treatment following MitoQ treatment. B: WB analysis of Caspase-1, cleaved IL-13 and
IL-18 expression in HK-2 cells cultured under HG conditions and treated with different concentrations of MitoQ (50,100, 150 nM). C-H: ELISA of Caspase-1 (C), IL-1f (D), IL-18 (E), TGF-B
(F) activity; TGF-B expression (G); and relative apoptosis (H) in HK-2 cells subjected to HG conditions and treated with different concentrations of MitoQ (50, 100, 150 nM). I: Luminex
analysis of IL-1f, IL-18, FN and Collagen I expression in HK-2 cells subjected to an HG environment and treated with MitoQ, MSU or TXNIP siRNA. J, K: WB and densitometric analysis of
NLRP3, IL-1f, IL-18 and FN expression in HK-2 cells exposed to an HG environment and pretreated with MitoQ, TRX siRNA or TXNIP siRNA. Values are the mean = SE; *P < 0.05 vs

control group; P < 0.05 vs HG group. n = 3.

similar event may also occur in tubular cells exposed to an HG en-
vironment. In support of this hypothesis, we showed that HG stimula-
tion increased mtROS generation and TXNIP, NLRP3 and IL-1f protein
expression and decreased TRX protein expression in HK-2 cells and that
all of these changes were partially reversed by MitoQ treatment (Fig. 6).
Furthermore, in agreement with a previous report showing that NLRP3
inflammasome activation promotes the redistribution of NLRP3 to the
perinuclear space, where it co-localizes with mitochondria [13], using
confocal microscopy, we observed that NLRP3 was localized mainly in
cytoplasmic granular structures in cells not treated with HG but was
translocated mainly to the mitochondria in HK-2 cells treated with HG
(Fig. 7). Similarly, as shown in a previous study, uric acid crystals in-
duced the dissociation of TXNIP from TRX, resulting in the binding of
TXNIP to NLRP3 in an ROS-sensitive manner [15]. In this study, we
showed that HG reduced the interactions between TRX and TXNIP but
increased the interactions between NLRP3 and TXNIP. These alterations
were reversed by treatment with MitoQ but were aggravated by treat-
ment with MSU (Fig. 7). To confirm the effect of the mtROS-TXNIP-
NLRP3-IL-1f biological axis on HG-induced immuno-inflammation, we
knocked down TRX or TXNIP with siRNA. The results showed that the
abovementioned alterations in NLRP3, IL-1f, IL-18, FN expression and
relative activity in HK-2 cells exposed to HG conditions were reversed
by treatment with MitoQ; however the effects of MitoQ were abolished
by transfection with TRX siRNA or treatment with MSU but were en-
hanced by TXNIP siRNA (Fig. 8). These findings indicated that the
modulation of TXNIP expression by mtROS plays a central role in
NLRP3 inflammasome activation in tubular injury in DN.

Recent studies have shown that the binding of TXNIP to NLRP3 is a
key signaling mechanism necessary for NOX-derived ROS-mediated
NLRP3 inflammasome formation in glomerular injury under hyperho-
mocysteinemia [37]. In addition, Nox4 inhibition significantly atte-
nuated ROS production and TXNIP, NLRP3, Caspase-1 and IL-1f pro-
tein expression in rats treated with an HG diet [39], indicating that
NOX-induced ROS production may play a critical role in the TXNIP/
NLRP3 biological axis. We propose that the inhibition of mtROS pro-
duction and NOX expression in diabetic mice may result in a phenotype
whose strength is sufficient to inhibit NRLP3 inflammasome activation;
this hypothesis should be confirmed in a future study.

In summary, we provided evidence showing that mtROS-TXNIP-
NLRP3-IL-13 pathway activation is a critical contributor to kidney
tubular injury in DN. These results revealed that the pathogenesis of DN
is driven by a novel mechanism in which high levels of mtROS or the
suppression of TRX expression interrupt the interactions between TRX
and TXNIP, thereby promoting the binding of TXNIP to NLRP3, re-
sulting in NLRP3/IL-1f signaling pathway activation and leading to
apoptosis and fibrosis. Additionally, this study confirmed that MitoQ is
a possible therapeutic option in the management of DN and other re-
lated diseases. Finally, this study indicated that TXNIP is a very im-
portant molecule that modulates oxidative stress-induced injury in DN.
We plan to generate TXNIP-knockout mice, which we will treat with a
high-fat diet, to further demonstrate the role of the TXNIP/NLRP3
biological axis in development of DN.
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