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Background: Tubulointerstitial fibrosis (TIF) plays an important role in the progression of diabetic kidney

disease (DKD). Forkhead box O1 (FoxO1) is involved in the regulation of metabolism and cell apoptosis,

but its function in renal TIF induced by DKD is less well understood.

Methods: Human kidney biopsies with DKD and normal controls were used to detect apoptosis and TIF

induced by diabetes. A mouse model with kidney-specific overexpression of Pax2-3aFoxO1 was estab-

lished to further investigate the functions of FoxO1 in vivo. The in vitro roles of FoxO1 were analyzed in

HK-2 cells with 3aFoxO1-knockin (3aFoxO1-KI) or FoxO1-knockdown (FoxO1-KD) via CRISPR/Cas9. West-

ern blot, immunohistochemistry, and chromatin immunoprecipitation were used to explore the underly-

ing mechanisms.

Findings: In this study, DKD patients had increased renal TIF and apoptosis. In vivo study showed

that kidney-specific overexpression of Pax2-3aFoxO1 significantly reduced the expression of p-STAT1

with resultant renal functional impairment, retarding renal TIF and apoptosis in diabetic mice. Mean-

while, We observed that FoxO1-KD in HK-2 cells aggravated the expression of p-STAT1, leading to

activation of epithelial-to-mesenchymal transition (EMT) and intrinsic apoptotic pathway. Conversely,

EMT and apoptosis were significantly attenuated in HK-2 cells with 3aFoxO1-KI under hyperglycemic

conditions.

Interpretation: Taken together, these data suggest that the protection role of FoxO1 against renal TIF and

apoptosis in DKD is likely in part to target STAT1 signaling, which may be a promising strategy for long-

term treatment of DKD.
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Research in context

Evidence before this study

Diabetic kidney disease (DKD) affects >20% of all dia-
betic patients, and tubulointerstitial fibrosis (TIF) is the final
common pathway for many chronic kidney diseases (CKDs),
which leads to end-stage renal failure due to limited thera-
peutic options. Forkhead box O1 (FoxO1), a prominent mem-
ber of the forkhead box family, is involved in the regulation
of cell proliferation, oxidative stress, extracellular matrix ac-
cumulation and epithelial-mesenchymal transdifferentiation
(EMT) in podocytes and Mesangial cells. However, the role of
FoxO1 in TIF induced by diabetes has not been extensively
studied.

Added value of this study

In this study, we found that STAT1 expression was highly
upregulated in the kidneys from patients with DKD and dia-
betic mice with the deactivation of FoxO1, which is essential
for cell apoptosis and renal fibrosis. Importantly, we found
that 3aFoxO1 overexpression in kidney and tubular cells re-
sulted in nuclear accumulation of FoxO1 and a reduction
in cell apoptosis and EMT through binding with STAT1 pro-
moter.

In contrast, we found that loss of FoxO1 aggravated the
expression of STAT1, leading to activation of epithelial-to-
mesenchymal transition (EMT) and intrinsic apoptotic path-
way.

Implications of all the available evidence

This study revealed that FoxO1 overexpression protected
from the development of renal tubulointerstitial fibrosis and
apoptosis induced by diabetes, which strongly suggest that
targeting FoxO1/STAT1 axis represents a new therapeutic ap-
proach to retard the progression of DKD and renal function
decline.

1. Introduction

Diabetic kidney disease (DKD) is the major cause of end-stage

renal disease (ESRD), which is associated with a high mortality

rate, and its prevalence is steadily increasing globally [1] . Although

albuminuria is classically regarded a consequence of diabetes-

induced glomerular damage, it is increasingly recognized that the

renal tubulointerstitium also plays an important role in the patho-

genesis of DKD [2]. Renal tubulointerstitial fibrosis (TIF) is charac-

terized by the deposition of extracellular matrix (ECM), including

fibronectin (FN) and collagen I (Col I) [3,4] . Growing evidences

demonstrate that epithelial-to-mesenchymal transition (EMT) in

tubular epithelial cells (TECs) may be involved in the progression

of DKD, in which TECs start to express fibroblast markers and lose

their epithelial features [5], which ultimately leads to ECM remod-

elling and TIF in DKD. However, the molecular mechanisms under-

lying TIF in DKD remain incompletely understood, and potential

strategies based on blood glucose and blood pressure control are

insufficient to prevent disease progression [6]. Thus, it is crucial to

identify a new therapeutic approach to retard the progression of

TIF and renal function decline.

Forkhead box O1 (FoxO1), a prominent member of the forkhead

box family and subfamily O of transcription factors encoded by the

FKHR gene [7], is involved in the regulation of metabolism, cell

proliferation, oxidative stress, and cell death [8] . Recent studies

have demonstrated that high glucose (HG) induces FoxO1 phos-
horylation at Thr-24, Ala-24, Ser-253 in kidney, which is associ-

ted with its nuclear export and consequently weakened transcrip-

ional activities, leading to ECM deposition in mesangial cells [9,10]

nd podocytes [11].

The Janus kinase/signal transducers and activators of transcrip-

ion (JAK/STAT) pathway is an essential intracellular mechanism

ctivated by cytokines and diabetic factors that regulates cell ac-

ivation, proliferation, and differentiation [12] . STAT1 is a mem-

er of the STAT family and functions as a signal messenger and

ranscription factor [13], which regulates the expression of gene

elated with cell proliferation, oxidative stress and apoptosis [14–

6] . Previous studies showed that STAT1 activation (the phos-

horylated form of STAT1, p-STAT1) can be implicated in both TIF

nd EMT in several conditions, including diabetes, in animal mod-

ls [17–20] . Recent data suggest that re-expression of FoxO1 de-

reases the STAT1 expression in mesangial cells under HG condi-

ion [21] . Moreover, silencing STAT1 could reverse HG-triggered

odocytes injury, which might be involved in FoxO1 mediated-

xidative stress in nucleus [22] . Based on these studies, we hy-

othesize that FoxO1 may retard renal TIF and tubular apoptosis

hrough STAT1 signaling pathway.

In this study, human kidney biopsies with DKD and non-

iabetic biopsies from unaffected portions of the kidney tumor

normal control, NC) were used to detect renal TIF. We then eval-

ated the function of FoxO1 and STAT1 in vivo and in vitro exper-

ments. Our findings suggest an important role for FoxO1 in DKD

rogression and provide an effective therapeutic target for renal

IF and tubular apoptosis induced by diabetes.

. Materials and methods

.1. Human kidney biopsies

Human kidney biopsy specimens from patients with diabetic

idney disease (DKD, n = 5) were obtained from the first affiliated

ospital of Zhengzhou University between 2016 and 2017, and non-

iabetic biopsies from unaffected portions of the kidney tumor

ith normal renal function were served as normal controls (NC,

= 5). The Ethics Committee from Zhengzhou University approved

he use of patient tissue samples in this study. The morphologi-

al diagnosis of DKD was confirmed by histological examination by

renal pathologist through hematoxylin-eosin (HE), periodic acid-

chiff (PAS), picrosirius red (PSR) and Masson staining.

.2. Kidney-specific Pax2-3aFoxO1 mice

Briefly, 3aFoxO1-coding sequences based on mouse FoxO1 se-

uence with three conservative serine/threonine sites mutated

Thr-24 → Ala-24, Ser-253 → Ala-253, Ser-319 → Ala-319) were lig-

ted downstream of Pax2 promoter, and microinjected into fertil-

zed eggs of C57/BL6 mouse. DNA was isolated from mouse tails

nd identified by PCR and gene sequencing, wild-type (WT) litter-

ates were used as normal controls.

.3. Type 1 diabetes mouse model

Type 1 diabetes was induced as previously described [23].

riefly, after 12 h of fasting, six-week-old WT and Pax2-3aFoxO1

ale mice were given a single intraperitoneal injection of

30 mg kg−1 streptozotocin (STZ, Sigma, St Louis, MO, USA) freshly

repared in 0.05 M citrate buffer (pH 4.5). The induction of dia-

etes was confirmed as fasting blood glucose level higher than

6.7 mmol L−1. The mice were kept on a 12-h/12-h light/dark cy-

le at 23 ± 1 °C, with 50 ± 10% relative humidity, under specific

athogen-free conditions. All animals had free access to drinking

ater. The mice were divided into 4 groups (n = 5 per group), and
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acrificed at 16 weeks post treatment. All procedures conducted

n accordance with the Principles of Laboratory Animal Care, and

ere approved by the institutional committees of the Animal Re-

earch Committee and Animal Ethics Committee of Zhengzhou

niversity.

.4. Metabolic data in diabetic mice

Fasting blood glucose was measured monthly from mouse tail

eins using a blood glucose meter (ACCU-CHEK Performa, Roche

iagnostics, Germany). 24-h urine collection was carried out ev-

ry month using metabolic cages. 24 h urinary total protein (24 h-

TP) was measured by ELISA quantification set (Bethyl Laborato-

ies, Texas, USA). Blood samples were collected from the heart of

nesthetized mice. Blood urea nitrogen (BUN) was measured us-

ng commercial ELISA kits (Bethyl Laboratories), and creatinine in

rine and plasma was determined by HPLC (Agilent HP1100 sys-

em; Hewlett Packard, Germany) as recommended. Renal function

as considered with calculation of creatinine clearance (CrCl).

.5. Histopathology and morphometric studies by light microscopy

Kidney samples were fixed in 10% buffered formalin and em-

edded in paraffin for histological analysis. Histology was assessed

y PAS (Jiancheng Bioengineering Institute, Nanjing, China), Mas-

on and PSR staining (Solarbio Life Sciences, Beijing, China) ac-

ording to the manufacturers’ protocols [24] . Tubule morphol-

gy was measured by HE staining (Labio Experimental Audio Sup-

lies, Zhengzhou, China). Immunohistochemistry and immunoflu-

rescence staining were performed as previously described [23].

riefly, kidney sections of 4 μm were incubated with primary an-

ibodies at 4 °C overnight, followed by incubation with horseradish

eroxidase-conjugated or Cy3-conjugated (1:100; Songon Biotech,

hanghai, China.) anti-rabbit secondary antibody. Then, sections

ere stained with DAPI or hematoxylin after being developed with

iaminobenzidine. Light microscope (Olympus, Tokyo, Japan) was

sed to evaluate sections, and quantification of staining was per-

ormed using Image J as described.

.6. TUNEL assay

Apoptosis were detected using In Situ Cell Death Detection Kit

Roche, Germany) in the kidney of human and diabetic mice as de-

cribed.

.7. Cell culture

HK-2 cells were purchased from the Cell Bank of Type Culture

ollection (Chinese Academy of Sciences, Shanghai, China) and cul-

ured in Dulbecco’s modified Eagle’s medium supplemented with

0% fetal bovine serum (Gibco), 1% penicillin (100 units mL−1)-

treptomycin (100 μg mL−1) at 37 °C in a humidified atmosphere of

% CO2. HK-2 cells were grown to 80% confluence and incubated in

serum-free medium overnight, then maintained in normal glu-

ose (NG, 5.6 mM) or high glucose (HG, 12.5 mM and 25 mM) for

8 h according to the experiment. All experiments were performed

n triplicate.

.8. Generation of 3aFoxO1-KI and FoxO1-KD HK-2 cells via

RISPR/Cas9

Briefly, 3aFoxO1 donor plasmids with three conservative ser-

ne/threonine sites mutated were assembled, then co-transfected

nto HK-2 cells with Human Safe Harbor Gene Knock-in kits

GeneCopoeia, USA). FoxO1-KD HK-2 cells were obtained by three

ifferent sgRNA plasmids targeting the first exon of FoxO1.
.9. STAT1 siRNA transfection

HK-2 cells seeded in 6-well plates were transfected with

0 nmol L−1 of STAT1 siRNA using Lipofectamine 2000 (Invitrogen,

arlsbad, CA, USA), and incubated with antibiotic-free HG medium

25 mM) for 48 h for western blot and RT-PCR analysis.

.10. Flow cytometry

Apoptosis were detected by flow cytometry (BD FACSCalibur,

an Jose, CA, USA) by Annexin V-FITC Apoptosis Detection Kit

BestBio, Shanghai, China) in HK-2 cells. Briefly, HK-2 cells were

ashed with cold PBS, treated with 0.25% trypsin, and then la-

elled with Annexin V-FITC and propidium iodide, with excitation

t 488 nm.

.11. Real-time PCR

Total RNA was isolated using TRIzol reagent (Takara, Shiga,

apan) and then reverse transcribed into first-strand cDNA using

n AMV First Strand cDNA Synthesis Kit (Biological Engineering,

hanghai, China). Real-time PCR was performed using SGExcel Ul-

ra SYBR Mixture (Biological Engineering, Shanghai, China) on 7500

ast Real-Time PCR System (Applied Biosystems, Foster City, CA,

SA). Thermal cycles were as follows: 3 min at 95 °C, 40 cycles of

5 °C for 20 s, 60 °C for 30 s, and 72 °C for 25 s. The 2–� Ct method

as used to calculate relative gene expression, using GAPDH as en-

ogenous control. All reactions were run in triplicate. Primers were

esigned using NCBI Primer-BLAST (Supplemental Table 1).

Total RNA was isolated using TRIzol reagent (Takara, Shiga,

apan) and then reverse transcribed into first-strand cDNA using

n AMV First Strand cDNA Synthesis Kit (Biological Engineering,

hanghai, China). Real-time PCR was performed using SGExcel Ul-

ra SYBR Mixture (Biological Engineering, Shanghai, China) on 7500

ast Real-Time PCR System (Applied Biosystems, Foster City, CA,

SA). Thermal cycles were as follows: 3 min at 95 °C, 40 cycles of

5 °C for 20 s, 60 °C for 30 s, and 72 °C for 25 s. The 2–� Ct method

as used to calculate relative gene expression, using GAPDH as en-

ogenous control. All reactions were run in triplicate. Primers were

esigned using NCBI Primer-BLAST (Supplemental Table 1).

.12. Western blot

Renal cortex and HK-2 cells were lysed with RIPA Lysis Buffer

ontaining a cocktail of 1% protease and 1% phosphatase inhibitors

ComWin Biotech, Beijing, China), and then quantified using BCA

ssay reagent kit (Dingguo, Beijing, China). Lysates were sub-

ected to immunoblot analysis using primary antibody: anti-ACTB

Sangon Biotech; D110001), anti-FoxO1 (Abcam; ab39670), anti-

FoxO1 (Sangon Biotech; D155054), anti-STAT1(CST; 9172), anti-

STAT1 (Tyr701) (Cell Signaling Technology; 9167), anti-TGFβ1

Cell Signaling Technology; 3711), anti-Collagen I antibody (Ab-

am; ab6308), anti-fibronectin (Proteintech, 15613-1-AP), anti-

-Cadherin (Cell Signaling Technology; 3195), anti-alpha-Smooth

uscle Actin (Novus; NB600). Protein bands were detected by

nhanced chemiluminescence substrate (Thermo Fisher Scientific,

altham, MA, USA). Relative protein expression was quantified us-

ng Image J.

.13. ChIP assay

The ChIP assay was performed according to the protocol of the

Z-ChIP Kit (Millipore, Billerica, MA) [25] . Briefly, cells were chem-

cally cross-linked with 1% formaldehyde solution for 10 min. Then,

he chromatin extract was precleared and incubated with anti-

TAT1 at 4 °C. The sequence containing the STAT1-binding site in
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the FoxO1 promoter region was analyzed by PCR, and the intensity

was normalized to the level of input by using the same primers.

IgG was used as an isotype control and input DNA was amplified

for each sample in parallel runs.

2.14. Statistical analysis

Statistical analyses were performed using GraphPad Prism 6.0

(GraphPad Software Inc.). Data are presented as the mean ± SEM.

Comparison of two groups in patients was performed by unpaired

t-tests. Differences between multiple groups were evaluated with

one-way analysis of variance (ANOVA) followed by Bonferroni’s

comparison. P-values <.05 were regarded statistically significant.

3. Results

3.1. Tubular FoxO1 and STAT1 expression in renal biopsies of patients

with DKD

To assess the role of FoxO1 and STAT1 in tubulointerstitial fi-

brosis (TIF) induced by DKD, the expression of FoxO1, pFoxO1and

STAT1 was detected in human kidney biopsies with DKD and

normal controls (NC). Immunostaining and quantification in renal

biopsies from patients with DKD showed more intense staining of

p-FoxO1, p-STAT1 and STAT1 expression in the tubules but no sig-

nificant change in total FoxO1 level as compared to NC groups (Fig.

1A-H). Furthermore, we observed an increase in p-FoxO1, p-STAT1

and STAT1 expression in kidney biopsies with DKD, however, there

was no change in FoxO1 by western blot and RT-PCR (Fig. 1I-M).

PSR and Masson staining indicated that renal TIF was prominent

in kidney tissues of DKD patients in comparison to NC (Fig. 2A-B).

Moreover, thickness of tubular basement membrane enhanced in

patients with DKD as illustrated by HE and PAS staining (Fig. 2A-

B). In addition, we found a marked increase in Col I as well as FN

expression in DKD patients (Fig. 2C-I). The clinical baseline charac-

teristics of subjects was shown in Supplemental Table 2.

To assess the role of FoxO1 and STAT1 in tubulointerstitial fi-

brosis (TIF) induced by DKD, the expression of FoxO1, pFoxO1and

STAT1 was detected in human kidney biopsies with DKD and

normal controls (NC). Immunostaining and quantification in renal

biopsies from patients with DKD showed more intense staining of

p-FoxO1, p-STAT1 and STAT1 expression in the tubules but no sig-

nificant change in total FoxO1 level as compared to NC groups (Fig.

1A-H). Furthermore, we observed an increase in p-FoxO1, p-STAT1

and STAT1 expression in kidney biopsies with DKD, however, there

was no change in FoxO1 by western blot and RT-PCR (Fig. 1I-M).

PSR and Masson staining indicated that renal TIF was prominent

in kidney tissues of DKD patients in comparison to NC (Fig. 2A-B).

Moreover, thickness of tubular basement membrane enhanced in

patients with DKD as illustrated by HE and PAS staining (Fig. 2A-

B). In addition, we found a marked increase in Col I as well as FN

expression in DKD patients (Fig. 2C-I). The clinical baseline charac-

teristics of subjects was shown in Supplemental Table 2.

3.2. Apoptosis of renal proximal tubular cells (PTCs) in DKD patients

To further demonstrate the activation of intrinsic apoptotic

pathway in patients with DKD, TUNEL assay was utilized. We ob-

served a significant increase in TUNEL+ tubular cells, supporting

that DKD significantly induced renal tubular epithelial cell apop-

tosis (Fig. 3A-B). In addition, we assessed the expression of Bax

and Bcl2 by using RT-PCR and western blotting. As shown, the

mRNA and protein of Bax expression was increased, whereas Bcl-

2 expression decreased in the DKD patients as compared with NC

group (Fig. 3C-G).
.3. Kidney-specific Pax2-3aFoxO1 improves renal function in diabetic

ice

To ascertain the mechanism by which 3aFoxO1 reduces kidney

njury under diabetes conditions, we utilized the previously vali-

ated kidney-specific Pax2-3aFoxO1 (Pax2-3aFoxO1) mice on the

57BL/6 background [26] (Supplementary Fig. 1). Blood glucose

BG) was similarly elevated in both WT and Pax2-3aFoxO1 dia-

etic mice at 16 weeks (Supplementary Fig. 2). Blood urea nitro-

en (BUN), serum creatinine (Scr), urinary creatinine (Ucr), kidney

njury molecule-1 (KIM-1) and 24-h urine total protein (24 h-UTP)

ere all elevated in diabetic WT mice but were significantly re-

uced in the diabetic Pax2-3aFoxO1 mice (Supplementary Fig. 2).

eanwhile, we also observed a significant drop in creatinine clear-

nce (CrCl) in diabetic WT mice, which was markedly abated in

iabetic Pax2-3aFoxO1 mice (Supplementary Fig. 2). Collectively,

hese data demonstrated that enhanced Pax2-3aFoxO1 in kidney

as beneficial and protected renal function in diabetic mice.

To ascertain the mechanism by which 3aFoxO1 reduces kidney

njury under diabetes conditions, we utilized the previously vali-

ated kidney-specific Pax2-3aFoxO1 (Pax2-3aFoxO1) mice on the

57BL/6 background [26] (Supplementary Fig. 1). Blood glucose

BG) was similarly elevated in both WT and Pax2-3aFoxO1 dia-

etic mice at 16 weeks (Supplementary Fig. 2). Blood urea nitro-

en (BUN), serum creatinine (Scr), urinary creatinine (Ucr), kidney

njury molecule-1 (KIM-1) and 24-h urine total protein (24 h-UTP)

ere all elevated in diabetic WT mice but were significantly re-

uced in the diabetic Pax2-3aFoxO1 mice (Supplementary Fig. 2).

eanwhile, we also observed a significant drop in creatinine clear-

nce (CrCl) in diabetic WT mice, which was markedly abated in

iabetic Pax2-3aFoxO1 mice (Supplementary Fig. 2). Collectively,

hese data demonstrated that enhanced Pax2-3aFoxO1 in kidney

as beneficial and protected renal function in diabetic mice.

.4. Pax2-3aFoxO1 overexpression attenuates renal TIF in diabetic

ice

The degree of renal TIF was detected in the kidneys of diabetic

T and Pax2-3aFoxO1 mice. HE and PAS staining revealed that di-

betes increased tubulointerstitial glycogen deposition in WT dia-

etic mice, whereas notably attenuated in diabetic Pax2-3aFoxO1

ice (Fig. 4A-B, E). In addition, PSR and Masson staining showed

reduction in tubulointerstitial collagen expression in the diabetic

ax2-3aFoxO1 mice as compared to diabetic WT mice (Fig. 4C-D,

-G). Furthermore, immunohistochemical staining for the intersti-

ial Col I and FN showed that the diabetes associated increase in

hese collagens was significantly attenuated by Pax2-3aFoxO1 over-

xpression (Fig. 5A-D). Meanwhile, the results of RT-PCR and west-

rn blot showed that the expression of FN and Col I decreased in

iabetic Pax2-3aFoxO1 mice as compared to diabetic WT mice (Fig.

E-I). Together, these findings suggest the renoprotective effect of

ax2-3aFoxO1 in the development of renal TIF in diabetic mice.

.5. Pax2-3aFoxO1 exhibits decreased tubular apoptosis in diabetic

ice

Apoptosis of renal tubular epithelial cells is a key feature of

he pathogenesis of renal TIF in diabetic mice [27]. To determine

hether kidney-specific Pax2-3aFoxO1 was sufficient to reverse

he increased tubular apoptosis in diabetic mice, we utilized TUNEL

taining and observed a reduction in TUNEL-positive tubular ep-

thelial cells in diabetic Pax2-3aFoxO1 mice compared with dia-

etic WT mice (Fig. 6A-B). Interestingly, the protein expression of

ax was suppressed in diabetic Pax2-3aFoxO1 mice, but Bcl2 in-

reased as compared to diabetic WT mice (Fig. 6C-E). These results
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Fig. 1. Human diabetic kidneys show increased expression of p-FoxO1, p-STAT1 and STAT1. (A-D) Representative images of IHC staining for FoxO1, p-FoxO1, STAT1 and p-

STAT1 in kidney tissues distant from kidney tumor (NC, n = 5) and DKD patients (n = 5). (magnification, 100×). (E-H) Quantification of immunohistochemical staining for

FoxO1, p-FoxO1, STAT1 and p-STAT1. (I) Representative western blots for FoxO1, p-FoxO1, STAT1 and p-STAT1 expression in NC group and DKD patients. β-actin was used as

a loading control. (J-M) Densitometry of FoxO1, p-FoxO1, STAT1 and p-STAT1 was analyzed. (N–O) RT- PCR analysis for FoxO1 and STAT1 mRNA expression in DKD patients

and NC group. Results were normalized with GAPDH levels. The results are expressed as the mean ± SEM, n = 5 kidneys per group, ∗P < .05, P values were determined by

unpaired t-test.
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upported a key role of Pax2-3aFoxO1 in protecting from tubular

poptosis in diabetic mice.

.6. 3aFoxO1-KI inhibits EMT in HK-2 cells under HG condition

HG had no effect on FoxO1 gene expression in HK-2 cells, how-

ver protein level of p-FoxO1 was significantly elevated (Fig. 7A-

). In order to further explore the mechanism by which FoxO1

egulate EMT, HK-2 cells with 3aFoxO1-KI and FoxO1-KD were

onstructed via CRISPR/Cas9 genome editing as previously re-

orted (Supplementary Figs. 3 and 4). Efficiency and specificity of

aFoxO1-KI and FoxO1-KD in cultured HK-2 cells was shown in

upplementary Fig. 5 (3aFoxO1-KI resulted in a 1.9-fold increase,

ut FoxO1-KD lead about 70% reduction in FoxO1 expression as in-

icated by RT-PCR, western blot and immunofluorescence staining).

he results showed that the expression of α-SMA was up-regulated

n HG-induced HK-2 cells, whereas decreased in HK-2 cells with

aFoxO1-KI (Fig. 7D, F, H). Furthermore, HG-treated HK-2 cells with

aFoxO1-KI exhibited a significant increase in E-cadherin relative

o HG-stimulated HK-2 cells (Fig. 7D, E, G). However, FoxO1-KD ag-

ravated the expression of α-SMA, reduced E-cadherin level (Fig.

D-H). Collectively, these findings suggest that FoxO1 is critical to

reventing EMT under HG conditions.

HG had no effect on FoxO1 gene expression in HK-2 cells, how-

ver protein level of p-FoxO1 was significantly elevated (Fig. 7A-

). In order to further explore the mechanism by which FoxO1

egulate EMT, HK-2 cells with 3aFoxO1-KI and FoxO1-KD were

onstructed via CRISPR/Cas9 genome editing as previously re-
orted (Supplementary Figs. 3 and 4). Efficiency and specificity of

aFoxO1-KI and FoxO1-KD in cultured HK-2 cells was shown in

upplementary Fig. 5 (3aFoxO1-KI resulted in a 1.9-fold increase,

ut FoxO1-KD lead about 70% reduction in FoxO1 expression as in-

icated by RT-PCR, western blot and immunofluorescence staining).

he results showed that the expression of α-SMA was up-regulated

n HG-induced HK-2 cells, whereas decreased in HK-2 cells with

aFoxO1-KI (Fig. 7D, F, H). Furthermore, HG-treated HK-2 cells with

aFoxO1-KI exhibited a significant increase in E-cadherin relative

o HG-stimulated HK-2 cells (Fig. 7D, E, G). However, FoxO1-KD ag-

ravated the expression of α-SMA, reduced E-cadherin level (Fig.

D-H). Collectively, these findings suggest that FoxO1 is critical to

reventing EMT under HG conditions.

.7. 3aFoxO1-KI prevented HG -induced apoptosis in HK-2 cells

HG-treated HK-2 cells with 3aFoxO1-KI exhibited a significant

ncrease in Bcl2 and a reduction in Bax expression as compared to

G-treated WT HK-2 cells or HK-2 cells with FoxO1-KD (Fig. 8A-

). In addition, we also validated these findings by staining for an-

exin V and propidium iodide by flow cytometry, which showed

hat 3aFoxO1-KI inhibited apoptosis, whereas FoxO1-KD further

nhanced apoptosis in HK-2 cells under HG condition (Fig. 8D-J).

.8. Elevated STAT1 and TGF-β1 in HK-2 cells and mice under

iabetic condition

As results showed that the deactivation of FoxO1 and activa-

ion of STAT1 in human kidney induced by diabetes, we hypothe-
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Fig. 2. Histological analysis of kidney injury in DKD patients. (A) Representative images of HE, PAS, Masson and PSR staining (magnification, 100×). (B) Quantification of

PAS, Masson and PSR staining. (C) Representative immunohistochemical staining (IHC) for FN and Col I (magnification, 100×). (D) Quantification of IHC staining for FN and

Col I. (E) Representative western blot of FN and Col I. (F-G) Densitometry of FN and Col I was analyzed. (H–I) The mRNA levels of FN and Col I were assessed by RT-PCR. The

results are expressed as the mean ± SEM, n = 5 kidneys per group, ∗P < .05, P values were determined by unpaired t-test.
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Fig. 3. Diabetic-induced apoptosis in tubular cells in human kidney. (A) Apoptosis was assessed by TUNEL analysis. (B) Results of TUNEL analysis were quantified. (C)

Representative western blot of Bax and Bcl-2 in human diabetic kidneys. β-Actin was used as internal control. (D-E) Quantitative analysis of the densitometry of Bax and

Bcl-2. (F-G) The mRNA levels of Bax and Bcl-2 were assessed by RT-PCR. All experiments were performed in triplicate. Data were shown as the mean ± SEM, n = 3. ∗P < .05,

P values were determined by unpaired t-test.

s

T

e

i

(

i

d

a

T

b

(

S

ized that diabetic Pax2-3aFoxO1 mice would be resistant to renal

IF and tubular apoptosis by STAT1 signaling pathway. As expected,

xpression level of STAT1 and p-STAT1 was significantly increased

n diabetic WT mice, while reversed in diabetic Pax2-3aFoxO1 mice

Fig. 9A-G). Similarly, We observed that HG conditions resulted in

ncreased p-FoxO1, STAT1 and p-STAT1 level in HK-2 cells in dose-
ependent manner compared with NG (Supplemental Fig. 6). In

ddition, the mRNA and protein abundances of STAT1, p-STAT1 and

GFβ1 under HG condition (25 mM) were significantly abrogated

y 3aFoxO1-KI, however, aggravated in HK-2 cells with FoxO1-KD

Fig. 9H-L). Meanwhile, we found that knockdown of STAT1 with

TAT1 siRNA prevented the increase of STAT1, p-STAT1 and TGF-β1
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Fig. 4. Kidney-specific Pax2-3aFoxO1 overexpression mice ameliorated renal TIF induced by diabetes in vivo. (A-D) Representative images of HE, PAS, Masson and PSR

stainings in mice (magnification, 200×). (E-G) Quantitative analysis of PAS, Masson and PSR stainings. All experiments were performed in triplicate, n = 5 mice per group.

Data were shown as the mean ± SEM, ∗P < .05 vs. the WT mice; #P < .05 vs. the WT-DM mice. P values were determined by one-way ANOVA analysis.
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Fig. 5. Diabetic kidney-specific Pax2-3aFoxO1 overexpression mice ameliorated the expression of FN and Col I. (A-B) Representative images for FN and Col I production

assessed by IHC analyses in mice. Original magnification, 200×. (C-D) Quantification of IHC staining for FN and Col I in mice. (E-F) The mRNA levels of FN and Col I were

assessed by RT-PCR. (G) Representative western blot of FN and Col I. (H-I) Quantitative analysis of the densitometry of FN and Col I . All experiments were performed in

triplicate. Data were shown as the mean ± SEM, n = 5, ∗P < .05 vs. the WT mice; #P < .05 vs. the WT-DM mice. P values were determined by one-way ANOVA analysis.
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n HK-2 cells with FoxO1-KD (Fig. 9H-L). Increased STAT1 and TGF-

1 expression is known to be largely responsible for renal fibrosis

n DKD [28,29], but the specific mechanisms are not entirely clear.

As results showed that the deactivation of FoxO1 and activa-

ion of STAT1 in human kidney induced by diabetes, we hypothe-

ized that diabetic Pax2-3aFoxO1 mice would be resistant to renal

IF and tubular apoptosis by STAT1 signaling pathway. As expected,

xpression level of STAT1 and p-STAT1 was significantly increased

n diabetic WT mice, while reversed in diabetic Pax2-3aFoxO1 mice

Fig. 9A-G). Similarly, We observed that HG conditions resulted in

ncreased p-FoxO1, STAT1 and p-STAT1 level in HK-2 cells in dose-

ependent manner compared with NG (Supplemental Fig. 6). In

ddition, the mRNA and protein abundances of STAT1, p-STAT1 and

GFβ1 under HG condition (25 mM) were significantly abrogated

y 3aFoxO1-KI, however, aggravated in HK-2 cells with FoxO1-KD

Fig. 9H-L). Meanwhile, we found that knockdown of STAT1 with

n

TAT1 siRNA prevented the increase of STAT1, p-STAT1 and TGF-β1

n HK-2 cells with FoxO1-KD (Fig. 9H-L). Increased STAT1 and TGF-

1 expression is known to be largely responsible for renal fibrosis

n DKD [28,29], but the specific mechanisms are not entirely clear.

.9. FoxO1 binds to the promoter of STAT1 in HK-2 cells

To explore how FoxO1 regulates STAT1 expression in tubular

pithelial cells, we performed ChIP assays with FoxO1 antibody

nd tested whether FoxO1 associated with the putative FoxO1-

inding sites in the promoter region of STAT1 in HK-2 cells. The

esult showed that the abundance of STAT1 promoter bound to

oxO1 was less in FoxO1-KD HK-2 cells incubated with HG com-

ared with HK-2 cells, whereas 3aFoxO1-KI increased the binding

f FoxO1 with the STAT1 promoter (Fig. 9M-N), and inhibited the

ctivation of STAT1, which indicates a key role of FoxO1/STAT1 sig-

aling pathway in DKD.
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Fig. 6. The effect of FoxO1 on tubular apoptosis in the kidney of diabetic mice. (A) Representative of TUNEL staining showed apoptotic nuclei (green) in diabetic tubules.

Original magnification, 200×. (B) Results of TUNEL analysis were quantified. (C) Representative western blot of Bcl2 and Bax in mice kidneys. (D-E) Quantitative analysis of

the densitometry of Bcl2 and Bax. Data were shown as the mean ± SEM, n = 5, ∗P < .05 vs. the WT mice; #P < .05 vs. the WT-DM mice. P values were determined by one-way

ANOVA analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

The tubulointerstitium comprises 90% of the kidney volume and

undergoes major pathological changes in diabetes [30], progressive

TIF is the final common pathway in the progression of DKD lead-

ing to end-stage renal failure. FoxO1, a transcription factor, is re-

ported to be an upstream regulator of cellular apoptosis and renal

fibrosis in multiple cell types, but its function in tubular epithe-

lial cells injuries and renal TIF induced by DKD has not been fully

elucidated. Activation of JAK/STAT has been described to play an

important mechanism by which hyperglycemia contributes to re-

nal damage [31].

In the current study, we revealed a significant increase of p-

FoxO1, p-STAT1 and STAT1 in human renal biopsies with DKD.

Moreover, kidney-specific overexpression of Pax2-3aFoxO1 reduced

the expression and activation of STAT1 with resultant renal func-

tional impairment, retarding renal TIF and apoptosis in diabetic

mice. Meanwhile, We observed that FoxO1-KD in HK-2 cells ag-

gravated the expression of STAT1, leading to activation of EMT
nd intrinsic apoptotic pathway. Conversely, EMT and apoptosis

ere significantly attenuated in HK-2 cells with 3aFoxO1-KI un-

er hyperglycemic conditions. These findings provide evidence that

oxO1/STAT1 signaling is required for the development of renal TIF

n DKD.

In a small cohort of human kidney biopsies, we observed an in-

rease in collagen content and fibrotic area in patients with DKD

s evaluated by Masson and Picrosirius red staining, which is ac-

ompanied with the enhanced expression of p-FoxO1, p-STAT1, FN

nd Col I in tubulointerstitial compartments. Recent accumulat-

ng evidence emphasizes the role of FoxO1 in the process of EMT

n podocytes in DKD. Several studies have reported that tubular

TAT1 might be involved in tubulointerstitial disease in models of

KD. Loredana Fiorentino et al. verified the renoprotective effects

f Timp3 by abolishing STAT1 expression in diabetic Timp3(−/−)

ice [21]. Moreover, the apoptosis in tubule was up-regulated

n DKD patients detected by TUNEL staining. We postulate that

oxO1/STAT1 signaling pathway plays a key role in the develop-
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Fig. 7. The effects of FoxO1 on HG induced EMT in HK-2 cells. (A) Representative immunoblotted images of FoxO1 and pFoxO1 in HK-2, 3aFoxO1-KI, and FoxO1-KD cells. (B–

C) Quantitative analysis of the densitometry of FoxO1 and p-FoxO1. (D) Representative western blot of E-cadherin and α-SMA. (E-F) Quantitative analysis of the densitometry

of E-cadherin and α-SMA. (G–H) RT-PCR analysis of E-cadherin and α-SMA genes expression. Data were shown as the mean ± SEM, ∗P < .05 vs. HK-2 cells incubated with

NG; #P < .05 vs. HK-2 cells incubated with HG. P values were determined by one-way ANOVA analysis.
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ent of DKD, future studies will also need to explore the specific

ole of FoxO1 in TIF under diabetic condition.

As previously described, kidney-specific overexpression of Pax2-

aFoxO1 results in reduced kidney injury on the C57BL/6 back-

round, but mechanism of which still remain incompletely under-

tood. Chronic activation of JAK/STAT signaling pathway has been

eported contributes to diabetic complications by inducing expres-

ion of genes involved in cell proliferation, fibrosis, inflammation,

nd oxidative stress [32]. In the present study, We showed that

idney-specific overexpression of Pax2-3aFoxO1 in STZ-induced di-

betic mice is associated with deactivation of STAT1 and reduced

4-h UTP, Scr, BUN, CrCl and KIM-1. However, there is no change in

lood glucose. Another interesting finding in the current study was

hat diabetic Pax2-3aFoxO1 mice decreased tubular apoptosis com-

ared with diabetic WT mice. Besides, we also observed a marked

nti-fibrotic effect of 3aFoxO1. Growing evidence suggests that TIF
s a pivotal pathophysiological process in patients with DKD [29],

e observed that 3aFoxO1 overexpression protected diabetic mice

rom the development of renal TIF, with a significant reduction in

he expression of Col I and FN, as well as collagen content detected

y PSR and Masson staining in vivo. In addition, we postulate that

eactivation of FoxO1 might contribute to excess STAT1 produc-

ion leading to increased expression of Col I and FN and tubular

asement membrane thickening in diabetic mice. Previous studies

ave demonstrated STAT1 plays a critical role in renal fibrosis and

ellular apoptosis by modulating downstream signaling pathway.

he focus of future studies will involve demonstrating the role of

oxO1/STAT1 in renal fibrosis and tubular apoptosis under HG con-

ition.

As is well known, tubular epithelial cells may be involved in the

rogression of DKD, EMT plays a significant role in renal TIF [33],

hich is characterized by a loss of epithelial features and acqui-
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Fig. 8. The effects of FoxO1 on HG induced apoptosis in HK-2 cells. (A) Representative western blots of Bcl2 and Bax in HK-2, 3aFoxO1-KI, and FoxO1-KD cells. (B–C)

Quantitative analysis of the densitometry of Bcl2 and Bax. (D–I) HG induced apoptosis in HK-2 was detected by flow cytometry analysis. (J) Results of flow cytometry

analysis were quantifiedand. Data were shown as the mean ± SD, ∗P < .05 vs. HK-2 cells incubated with NG; #P < .05 vs. HK-2 cells incubated with HG. &P < .05 vs. FoxO1-KD

cells with NG. P values were determined by one-way ANOVA analysis.
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sition of mesenchymal markers [34], leading to structural damage

and dysfunction of the kidneys [35]. Thus, identifying the mecha-

nisms of EMT activation could be meaningful in the pathogenesis

and progression of DKD. However, the EMT-regulating signal trans-

duction pathways are complicated and have not yet been fully elu-

cidated. In line herewith, our studies in cultured HK-2 cells mim-

icking hyperglycaemic and diabetes conditions demonstrated that

3aFoxO1-KI inhibited the process of EMT. STAT1 is known as the

major inducer that initiates and completes the EMT process, a cru-

cial downstream pathway associated with renal fibrosis [36]. Here,

we observed that HK-2 cells with 3aFoxO1-KI dramatically down-

regulated STAT1 and p-STAT1 expression, but FoxO1-KD had the

opposite effect. These findings provide strong evidence that STAT1

signaling is involved in FoxO1-mediated reduction of EMT and re-

nal TIF. Furthermore, we found that silencing of STAT1 by STAT1

siRNA blocked FoxO1 KD-induced EMT in HG condition. These re-

sults further supports the hypothesis that STAT1 is an essential

protein participating in EMT induced by HG and a crucial effector

downstream of FoxO1. Our findings are consistent with the notion

that a significant increase in STAT1 contributes to renal fibrosis and

the production of profibrotic cytokine through TGF-β1 [37], as well
s with the critical role of STAT1 in the progression of liver fibro-

is and the fact that suppression of STAT1promotes the reversion

f liver fibrosis and recovery [38].

Renal tubular epithelial cell apoptosis, contributes to the de-

elopment of DKD, is an important feature of TIF that reduces

he normal function of renal tubules, induces renal tubular atro-

hy, and promotes TIF progression [39], but the mechanisms that

ead to diabetes-induced cell death are not fully understood. In this

tudy, we observed that 3aFoxO1-KI inhibited Bax expression and

poptosis, but maintained Bcl2 expression in HK-2 cells. Moreover,

ilencing of STAT1 by STAT1 siRNA blocked FoxO1 KD-regulated

poptosis in HG condition. In addition, diabetic Pax2-3aFoxO1 mice

lso significantly decreased tubular damage and apoptotic tubu-

ar epithelial cells compared with diabetic WT mice. Notably, it

as been reported that knockdown of STAT1 suppressed cell death,

hich is in good agreement with our findings, highlighting the

mportance of the pro-death role of STAT1 as a new approach to

reat kidney fibrosis [40]. Oxidative stress resulting from excessive

roduction of reactive oxygen species (ROS) or impaired antioxi-

ant defenses is closely related to the development of DKD. It has

een reported that hyperglycaemia-induced oxidative stress plays
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Fig. 9. Effects of FoxO1 on HG-induced activation of STAT1 signaling pathway. (A) Representative western blot of FoxO1, p-FoxO1, STAT1 and p-STAT1 in diabetic mice

kidneys. (B–E) Quantitative analysis of the densitometry of FoxO1, p-FoxO1, STAT1 and p-STAT1. (F–G) The mRNA levels of FoxO1 and STAT1 were assessed by RT-PCR. Data

were shown as the mean ± SEM, ∗P < .05 vs. the WT mice; #P < .05 vs. the WT-DM mice. P values were determined by one-way ANOVA analysis. (H) Representative western

blot of STAT1, p-STAT1 and TGFβ1 in HK-2 cells. (I–K) Quantitative analysis of the densitometry of STAT1, p-STAT1 and TGFβ1. (L) The mRNA level of STAT1 was assessed by

RT-PCR. Data were shown as the mean ± SEM, ∗P < .05 vs. HK-2 cells incubated with NG; #P < .05 vs.HK-2 cells incubated with HG; ∗∗P < .05 vs. FoxO1-KD incubated with HG.

P values were determined by one-way ANOVA analysis. (M) Nuclear extracts in HK-2, 3aFoxO1-KI and FoxO1-KD cells were immunoprecipitated with anti-FoxO1 antibody

or IgG. (N) Quantitative analysis of the results of ChIP assay. IgG from rabbit served as a control. Data were shown as the mean ± SD, ∗P < .05 vs. 3aFxoO1-KI cells incubated

with HG; #P < .05 vs. HK-2 cells incubated with HG. P values were determined by one-way ANOVA analysis.
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n important role in the progression and severity of DKD. Previ-

us studies have confirmed that hyperglycemia could contribute to

he development of DKD through JAK/STATs signaling pathway. It

s possible that 3aFoxO1 overexpression may inhibit tubular apop-

osis and TIF by suppressing oxidative stress via JAK-STAT signal-

ng cascade, but the mechanism remains unresolved. The focus of

uture studies will involve demonstrating the antioxidant role of

oxO1 in the tubular epithelial cells.

Meanwhile, ChIP assay demonstrated that FoxO1 can directly

ind with the promoter of STAT1, and down-regulated the level of
TAT1 in FoxO1-KI HK-2 cells. However, FoxO1-KD reduced FoxO1-

TAT1 binding activity, increased STAT1 expression in HK-2 cells.

oreover, previous studies have provided evidence that STAT1 had

negative effect on FoxO1 transcription [41] and that abolish-

ng STAT1 expression rescues the FoxO1 level [21] . These studies

ollectively established that FoxO1 and STAT1 may form a nega-

ive feedback loop and maintain anti-fibrosis homeostasis in renal

ubular cells. However, the precise correlation between FoxO1 and

TAT1 in DKD needs to be further confirmed by a dual-luciferase

eporter assay in future studies.
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In conclusion, these data suggest that kidney-specific Pax2-

3aFoxo1 overexpression ameliorates renal TIF and tubular apopto-

sis through the attenuation of STAT1 signaling pathway under dia-

betic conditions. Indeed, these data imply the FoxO1/STAT1 axis as

an effective and safe target, at least in part, in the pathogenesis of

TIF and apoptosis in DKD.
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