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ABSTRACT
Background and objectives:  Acute kidney injury (AKI) is one of the most common and severe 
clinical syndromes of diffuse proliferative lupus nephritis (DPLN), of which poor prognosis is 
indicated by aggravated renal function deterioration. However, the specific therapy and mechanisms 
of AKI in DPLN remain to be explored.
Methods:  The correlation between AKI and clinical pathological changes in DPLN patients was 
analyzed. Expression of STAT3 signaling was detected in MRL/lpr mice with DPLN using 
immunohistochemical staining and immunoblotting. Inhibition of STAT3 activation by combination 
therapy was assessed in MRL/lpr mice.
Results:  Correlation analysis revealed only the interstitial leukocytes were significantly related to 
AKI in endocapillary DPLN patients. MRL/lpr mice treated with vehicle, which can recapitulate 
renal damages of DPLN patients, showed upregulation of STAT3, pSTAT3 and caspase-1 in renal 
cortex. FLLL32 combined with methylprednisolone therapy significantly inhibited the STAT3 
activation, improved acute kidney damage, reduced the interstitial infiltration of inflammatory cells 
and decreased the AKI incidence in MRL/lpr mice.
Conclusion:  STAT3 activation may play an important role in the pathogenesis of DPLN and the 
development of AKI. Hence, STAT3 inhibition based on the combination of FLLL32 with 
methylprednisolone may represent a new strategy for treatment of DPLN with AKI.

Introduction

Systemic lupus erythematosus (SLE) is a multisystem autoim-
mune disease. Lupus nephritis (LN) is one of the most com-
mon manifestations of SLE, affecting approximately 40–60% 
of patients with lupus. It is a major risk factor for morbidity 
and mortality, and 10% of LN patients will develop end-stage 
renal disease (ESRD) [1,2]. LN therapy has remained largely 
unchanged, with a probability of achieving complete or par-
tial remission not exceeding 60–70% [3–7]. Acute kidney 
injury (AKI) is common in lupus nephritis and is an indepen-
dent risk factor for ESRD [8–10]. The molecular mechanisms 
have been implicated in the pathogenesis of lupus and lupus 
nephritis [11–25]. The pathogenesis of AKI in LN is incom-
pletely understood and current therapies largely relying on 
the use of high-dose corticosteroids with cytotoxic agents 
have limited efficacy and carry significant risks of toxicity. A 
rational approach for therapeutic design requires a detailed 
understanding of AKI pathogenesis in LN.

Emerging studies have shown that signal transducer and 
activator of transcription-3(STAT3) signaling participate in the 
pathogenesis of LN, which is also strongly implicated in 
establishing a lupus inflammatory microenvironment [20–22]. 
These studies found that T cell specific STAT3 deficiency or 
STAT3 inhibition prevents the development of glomerular 
nephritis in MRL/lpr mice. However, the mechanisms leading 
to tubulo-interstitial injury and AKI in LN have received rela-
tively less attention to date. Although immune complexes 
are predominantly deposited in the glomerulus, approxi-
mately 70% of LN patients also have demonstrated tubulo- 
interstitial inflammation and injury [26–29]. Our previous 
work had found the important role of STAT3 activation on 
AKI [30]. We hypothesized that STAT3 signaling may also play 
critical role on the molecular pathogenesis of AKI and 
tubulo-interstitial inflammation in LN. FLLL32 is a diketone 
analog of curcumin, specifically as an inhibitor of the inflam-
matory signaling molecule Jak2/STAT3. The use of FLLL32 in 
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lupus nephritis has not been explored. To develop mechanis-
tic hypotheses that AKI in LN is associated with interstitial 
inflammation, we analyzed the relationship between AKI and 
renal pathological changes from diffuse proliferative lupus 
nephritis (DPLN) patients. The effects of combinative therapy 
of FLLL32 with methylprednisolone (MP) on the renal func-
tion and interstitial inflammation in MRL/lpr murine model 
would be tested.

Materials and methods

Study population

The study cohort came from DPLN patients reported in our 
previous study [10]. Patients with renal pathological changes 
of subepithelial immune deposits, crescent, fibrinoid necrosis, 
hyaline deposits or chronic change (such as glomerular scle-
rosis, tubular atrophy or interstitial fibrosis) were excluded. 
48 endocapillary DPLN patients without chronic changes 
were enrolled and divided into two groups: AKI and noAKI 
group. The protocol was approved by Ethics Committee of 
the First Affiliated Hospital of Wenzhou Medical University.

Animal models

MRL/lpr mice and five female C57BL/6 mice were obtained from 
the Sibeifu Laboratory Animal Co. Ltd (Peking, China) and main-
tained under specific pathogen-free conditions. Animal studies 
were approved by the Wenzhou Medical University Institutional 
Animal Care Committee. Fifteen 14-week-old female MRL/lpr 
mice with urine albumin over creatinine ratio (UACR) more than 
1.0 g/g were selected and randomized into three groups with 
five animals each. Vehicle group was treated with DMSO intra-
peritoneally daily. MP group was treated with MP (0.4 mg/kg) 
orally daily. FLLL32 with MP group was treated with FLLL32 
(50 mg/kg) intraperitoneally combined with MP (0.4 mg/kg) orally 
daily. At an age of 18 weeks, MRL/lpr mice and C57 mice were 
killed for determination of the extent of renal injury. Plasma and 
urine samples were collected at the terminal time point for bio-
chemical measurements. Kidney specimens were harvested and 
fixed in 4% paraformaldehyde prior to histological examination 
and kidney cortices extracted for immunoblotting analysis.

Diagnosis of AKI

AKI was diagnosed according to the kidney disease: 
Improving Global Outcomes (KDIGO) AKI criteria [31]. 
Diagnosis of patients AKI was increase in Scr by X26.5 μmol/l 
within 48 h or increase in Scr to X1.5 times baseline within 
the prior 7 days. Diagnosis of murine AKI was increase in Scr 
to X1.5 times baseline within the prior 7 days. The mean Scr 
level of C57 mice was used as baseline level.

Plasma and urine assay

The urine albumin-to-creatinine ratio (UACR) was determined 
using Albuwell M and the Creatinine Companion (Exocell, 

Phil., US). Scr were quantified by sarcosine oxidase enzymatic 
(SOE) assays and blood urea nitrogen (BUN) levels were 
determined by urease-UV fixed rate (enzymatic method). The 
testing of Scr, BUN and UACR was performed by qualified 
technicians in the department of Clinical Laboratory, the First 
Affiliated Hospital of Wenzhou Medical University, Wenzhou, 
China. All biochemical tests were performed and analyzed by 
blinded experimenters.

Histopathological examination

Periodic Acid-Schiff (PAS) or Hematoxylin and eosin (H&E) 
staining of renal tissues were performed at Kidney Pathology 
Center of the First Affiliated Hospital of Wenzhou Medical 
University utilizing standard procedures. Histologic changes 
of renal tissue were scored based on the proposed modified 
NIH lupus nephritis activity scoring system [32]. The severity 
of renal pathological lesions was scored according to the fol-
lowing criteria: Endocapillary hypercellularity in <25% (1 
point), 25%–50% (2 points), or >50% (3 points) of glomeruli; 
Neutrophils and/or karyorrhexis in <25% (1 point), 25%–50% 
(2 points), or >50% (3 points) of glomeruli; Interstitial leuko-
cytes in <25% (1 point), 25%–50% (2 points), or >50% (3 
points) in the cortex.

Western blot analysis

Renal cortical tissues were lysed in Radio Immunoprecipitation 
Assay (RIPA) buffer containing protease inhibitor cocktail 
(Thermo Scientific, Shanghai.China). Protein samples were 
loaded on 4%-12% SDS-polyacrylamide gels and transferred 
to polyvinylidene difluoride membranes (Millipore, MA, 
USA), probed with specific antibodies, and visualized with 
the Luminescent Imaging Workstation (Tanon, China). The 
band intensities were quantified using Image lab. Detection 
was performed using antibodies: STAT3, phospho-STAT3 
(pSTAT3), Caspase-1 from Cell Signaling Technology (CST-US 
subsidiary in China. Pudong Shanghai). Mouse anti-β-actin 
antibody (CST-US subsidiary, China) was used as loading 
control.

Immunohistochemistry staining

For immunohistochemistry, formalin-fixed and paraffin- 
embedded 5 μm sections of the renal tissue specimens were 
stained using a Ventana Benchmark Immunostainer (VMS, 
Inc.,AZ, USA). Renal tissue sections were dewaxed and endog-
enous peroxidase activity was blocked using the Ventana’s 
universal DAB inhibitor. Primary antibodies against pSTAT3 
(CST-US subsidiary in China) were diluted according to the 
manufacturer’s instruction and incubated with the sections. 
After washing, the tissue sections were incubated with bioti-
nylated secondary antibodies, followed by incubation with an 
avidin-biotin-peroxidase complex for DAB substrate develop-
ment using the ABC kit at room temperature, and they were 
mounted using Aqua PolyMount (Poly-sciences, Inc., PA, USA). 
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A parallel paraffin-embedded section was prepared without 
the primary antibody as a negative control. Slides were 
scored by two reviewers independently according to the dis-
tribution of light staining in renal tissues.

RNA extraction and quantitative Real-Time PCR

RNA was extracted from snap-frozen renal tissues using TRIzol 
(Invitrogen. Thermo Fisher Scientific-CN, Pudong Shanghai, China). 
Reverse transcriptions were performed using the cDNA Reverse 
Transcription Kit (Invitrogen. Thermo Fisher Scientific, Pudong 
Shanghai, China) according to the manufacturer’s instruction. The 
Light Cycler and SYBR Green PCR Master Mix (Roche Life Science, 
China) were applied to detect mRNA expression with primer pair 
sequences. β-actin was used as an internal control. The 2−ΔΔct 
method was used to analyze the relative changes in mRNA 
expression. The sequences of primers used for qRT-PCR were 
listed as follows: β-actin, forward 5′AGGAGTACGATGAGTCCGGC-3′; 
reverse 5′AGGGTGTAAAACGCAGCTCAG-3′; STAT3 forward 5′CTGTG 
TGACACCATTCATTGATGC-3′; Reverse 5′- CGACTCAAACTGCCCTCCTG 
−3′; Caspase-1 forward 5′-TTT CCG CAA GGT TCG ATT TTC A −3′, 
reverse 5′-GGC ATC TGC GCT CTA CCA TC −3′;

Statistical analyses

Data were reported as means with standard deviation (SD). 
One-way ANOVA was used for analysis of three or more groups 
followed by Tukey’s test and unpaired t-test was used for analy-
sis of two groups. For the correlation analysis, R2 was obtained 
and analyzed with Pearson correlation test for continuous vari-
ables and Spearman rank correlation test for categorical data. 
Significance was set at p < 0.05. p-value is indicated as *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001; p > 0.05, not significant (ns).

Results

AKI was associated with interstitial leukocytes infiltration 
in endocapillary DPLN patients

To investigate the main factors which contributed to the 
pathogenesis of AKI in endocapillary DPLN, the clinical and 
pathological factors of 48 endocapillary DPLN patients were 
analyzed. AKI patients had a significant increase in interstitial 
inflammation score compared with noAKI patients (1.6 ± 0.6 
vs. 0.6 ± 0.5, p < 0.001). There were no significant differences 
in age, SBP, DBP, Hb, ALB, C3, dsDNA, UACR, eGFR, endocap-
illary hypercellularity in glomeruli, neutrophils in glomeruli 
between AKI and noAKI patients (Table 1). Representative 
histological pictures showed the monocyte infiltration around 
the glomeruli with interstitial edema in AKI patient (Figure 
1(B)) compared to noAKI patients (Figure 1(A)). Correlation 
analysis revealed only the interstitial leukocytes in the cortex 
was significantly related to AKI, R = 0.7, p < 0.001(Figure 1(C)).

18-week-old MRL/lpr mice recapitulated the AKI and renal 
pathological changes of DPLN patients

Vehicle group exhibited a significant increase in Scr compared 
with C57 group (0.13 ± 0.04 vs 0.08 ± 0.01 mg/dl, p < 0.001). Three 
of five mice developed AKI in vehicle group. AKI incidence in 
vehicle group was similar to that in DPLN patients (3/5 vs 20/48, 
p = 0.431). The incidence of overt UACR(≥0.3g/g) in vehicle group 
was higher significantly than that in C57 group (3/5 vs 0/5, 
p = 0.038). Vehicle group recapitulated endocapillary proliferation 

Table 1. Clinical characteristics of endocapillary DPln patients.

Variables noaKi(n = 28) aKi(n = 20) P
Gender (F/M) 26/2 17/3 0.383
age (yr) 26 ± 8 28 ± 10 0.464
SBP (mmHg) 132 ± 26 130 ± 19 0.724
DBP (mmHg) 87 ± 21 85 ± 11 0.703
Hb (g/l) 96 ± 18 91 ± 17 0.346
alB (g/l) 27 ± 7 26 ± 6 0.503
C3 (g/l) 0.4 ± 0.2 0.3 ± 0.2 0.241
dsDna (%) 53 ± 21 46 ± 22 0.326
uaCR (g/g) 3.9 ± 2.7 3.8 ± 2.2 0.837
eGFR (ml/min) 90 ± 25 42 ± 21 <0.001
endo (points) 3.0 ± 0.1 3.0 ± 0.1 0.768
neutro (points) 1.8 ± 0.7 1.8 ± 0.6 0.862
intersti (points) 0.6 ± 0.5 1.6 ± 0.6 <0.001

SBP: systolic blood pressure; DBP: diastolic blood pressure; Hb: hemoglo-
bin; alB: serum albumin; C3, Serum complement3; dsDna, anti-double 
stranded Dna; uaCR, urine albumin to creatinine ratio; eGFR: evaluated 
glomerular filtration rate; endo, endocapillary hypercellularity; neutro, 
neutrophils; intersti, interstitial leukocytes.

Figure 1. Representative pathological images (original magnification, ×200) and correlation analysis in DPln patients. a, Representative images of noaKi 
patients showed endocapillary proliferation; B, Representative images of aKi patients showed endocapillary proliferation with interstitial leukocytes. C, 
Correlation analysis between aKi and clinical pathological characteristics revealed aKi was related to interstitial leukocytes in DPln patients. aKi, acute 
kidney injury; SBP: systolic blood pressure; DBP: diastolic blood pressure; Hb: hemoglobin; alB: serum albumin; C3, Serum complement3; dsDna, anti-double 
stranded Dna; uaCR, urine albumin to creatinine ratio; eGFR, evaluated glomerular filtration rate; endo, endocapillary hypercellularity; neutro, neutrophils; 
intersti, interstitial leukocytes; Corr, correlation (R).
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and interstitial inflammatory infiltration of the DPLN patients. AKI 
mice (Figure 2(A,D)) had remarkable endocapillary proliferation 
and interstitial leukocytes infiltration compared to noAKI mice 
(Figure 2(B,E)) in vehicle group and C57 group (Figure 2(C,F)).

FLLL32 with MP therapy inhibited STAT3 activation and 
caspase-1 expression

The expression of STAT3, pSTAT3, and caspase-1 in renal cortex 
was assessed by western blotting (Figure 3(A)). Compared with 
C57 group, vehicle group had remarkably higher expression of 
all these proteins (p < 0.001). Compared with vehicle group, 
FLLL32 with MP group had significantly lower expression of 
these proteins. However, in MP group, only the expression of 
caspase-1, but not STAT3 and pSTAT3, was significantly decreased, 
compared with that in vehicle group (Figure 3(B–D)). The mRNA 
expression of STAT3 was significantly increased in MRL/lpr mice 
compared to C57 mice, but not different among vehicle group, 
MP group and FLLL32 with MP group (Figure 3(E)). Compared 
with vehicle group, FLLL32 with MP group and MP group had 
remarkably lower expression of caspase-1 mRNA (Figure 3(F)). 
Immunohistochemistry in renal cortex showed a reduced expres-
sion of pSTAT3 in FLLL32 with MP group (Figure 4(D)) compared 
to C57 group (Figure 4(A)), vehicle group (Figure 4(B)) or MP 
group (Figure 4(C)). The percentage of pSTAT3-positive areas in 
renal cortex was 61.8 ± 10.2% and 35.6 ± 7.8% (p < 0.001) in 
FLLL32 with MP group and vehicle group (Figure 4(E)).

FLLL32 with MP therapy reduced AKI incidence and 
severity of interstitial inflammation in MRL/lpr mice

The AKI incidence decreased significantly in FLLL32 with MP 
group compared to vehicle group (0/5 vs 3/5, p = 0.038). The AKI 

incidence between MP group and vehicle group was not differ-
ent (1/5 vs 3/5, p = 0.197). Scr levels in FLLL32 with MP group, 
but not in MP group, were significantly lower than that in vehi-
cle group (Table 2). Interstitial infiltration of inflammatory cells 
was significantly more severe in vehicle group (Figure 5(A)) than 
in MP group (Figure 5(B)) and FLLL32 with MP group (Figure 
5(C)). The mean score of interstitial inflammation in FLLL32 with 
MP group and MP group were lower significantly compared to 
vehicle group (Figure 5(D)).

Discussion

Lupus nephritis displays a wide variety of glomerular histo-
pathologic manifestations and clinical syndromes. There are 
several variations of histopathology involving those represen-
tatives of endocapillary proliferative, extracapillary prolifera-
tive and wire loop types in lupus nephritis type IV, which are 
supposed to be the causes of AKI in DPLN patients. 
Tubulointerstitial lesions have been found to determine the 
renal prognosis of patients with LN in previous studies [33–
36]. However, few studies focus on the pathophysiology of 
AKI in DPLN. In our study, 20 of 48 endocapillary DPLN 
patients developed AKI, which was associated with the sever-
ity of interstitial inflammations, but not with the severity of 
endocapillary proliferation. Previous studies also found that 
the degree of interstitial inflammation was positively cor-
related with the Scr level at the time of biopsy [34,35].

In order to understand the pathogenesis of AKI and inter-
stitial inflammation in endocapillary DPLN, MRL/lpr mice was 
selected as the study model due to a good consistency with 
the process of human LN. Previous studies reported that glo-
merular proliferation and interstitial inflammation developed 
in 11–18 weeks old MRL/lpr mice, but the AKI incidence was 

Figure 2. The representative pathological changes of MRl/lpr mice and C57 mice. a, aKi mice with endocapillary proliferation and interstitial inflammation 
in vehicle group (PaS staining, ×200); B, noaKi mice with endocapillary proliferation in vehicle group(PaS staining, ×200); C, C57 mice with normal renal 
pathological changes(PaS staining, ×200); D, aKi mice with endocapillary proliferation and interstitial inflammation in vehicle group (H&e staining, ×100); e, 
noaKi mice with endocapillary proliferation in vehicle group (H&e staining, ×100); F, C57 mice with normal renal pathological changes (H&e staining, ×100).
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unclear [24,37–39]. In our study, diffusive endocapillary pro-
liferation and interstitial infiltration of inflammatory cells 
were observed in MRL/lpr mice. Moreover, vehicle group 
showed significant Scr elevation compared to C57 group and 
had the similar AKI incidence to DPLN patients. Thus, 
18-week-old MRL/lpr mice in vehicle group can mimic the 
renal function and pathological changes of DPLN patients.

To investigate whether STAT3 signaling plays a role in 
LN, we analyzed expression of STAT3, pSTAT3 and caspase-1 
in C57 group, vehicle group, MP group and FLLL32 with MP 
group. Previous studies found that increased STAT3 activa-
tion was observed in T cells from lupus patients and in the 
B cells from lupus prone mice [40,41]. Our findings of 
increased STAT3 and pSTAT3 expression in renal tissue of 
MRL/lpr mice in vehicle group are in agreement with data 
published in recent studies [22]. The expression of STAT3, 
pSTAT3 and caspase-1 in FLLL32 with MP group was mark-
edly decreased. The expression of STAT3 mRNA was not 
different among vehicle group, MP group and FLLL32 with 
MP group. However, the expression of caspase-1 mRNA was 
deceased significantly in FLLL32 with MP group and MP 
group compared to vehicle group. pSTAT3 can promote the 
activation of downstream Caspase-1 and down-regulation 
of pSTAT3 can repress caspase-1 activation [42,43]. 

Reduction of caspase-1 expression in FLLL32 with MP mice 
may be explained by inhibition of STAT3 activation in our 
study. Recent studies reported that combination therapy 
with mycophenolate mofetil, tacrolimus and steroids pre-
vented interstitial immune cells infiltration through inhibi-
tion of caspase-1/GSDMD-mediated pyroptosis in MRL/lpr 
mice [24]. Sato S. reported that STAT3 was significantly 
lower in the kidney of MRL/lpr Fli-1+/−, but leukocyte infil-
tration to inflamed tubulointerstitial lesions was not inhib-
ited [43], so reduction of interstitial infiltration in FLLL32 
with MP group in our study was associated with the inhibi-
tion of STAT3 activation but not the lower expression 
of STAT3.

In our study, AKI diagnosis in MRL/lpr mice defined as 
increase in Scr to X1.5 times baseline, which derived from 
KDIGO AKI diagnosis, can adequately mimic AKI in DPLN 
patients. The baseline Scr level from 18-week-old C57 mice 
was similar to that from 17-week-old MRL/lpr mice reported 
by Kerstin Renner [44], which suggested AKI diagnosis in our 
study was relatively reasonable. AKI incidence in FLLL32 with 
MP mice, but not in MP mice, decreased significantly com-
pared to vehicle mice, suggesting that FLLL32 treatment has 
additive protective effects on renal function in MRL/lpr 
AKI mice.

Figure 3. expression of STaT3, pSTaT3 and Caspase-1. (a) Western blot analyses of STaT3, pSTaT3, Caspase -1 in renal cortex tissues. (B) Relative STaT3 
protein expression. (C) Relative pSTaT3 protein expression. (D) Relative caspase-1 protein expression. (e) STaT3 mRna expression. (F) Caspase-1 mRna 
expression.
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This study has several limitations. First, the interpretation 
might be biased owing to small-size mice per group. Second, 
chemoattractant of inflammatory cells and downstream 
genes of STAT3 pathway weren’t examined completely to 

clarify the mechanism of renal interstitial lesion and AKI. 
Third, the dosage of FLLL32 in our study was based on pre-
viously tumor models and optimal dosage in DLPN was not 
explored.

Figure 4. Representative images of pSTaT3 expression in renal tissue (immunochemistry staining, ×200) a. pSTaT3 expression in C57 mice; B, pSTaT3 
expression in MRl/lpr mice treated with vehicle group; C, pSTaT3 expression of MRl/lpr mice treated with MP; D, pSTaT3 expression of MRl/lpr mice treated 
with Flll32 with MP; e, Quantification analysis of pSTaT3-positive areas among four groups.

Table 2. Comparison of characteristics among four groups.
MRl/lpr mice

Variables C57 Vehicle MP MP with Flll32 P value

Scr,mg/dla 0.08 ± 0.01 0.13 ± 0.04 0.09 ± 0.03 0.08 ± 0.02 0.052
Bun,mg/dlb 23.46 ± 3.11 29.68 ± 12.49 25.70 ± 6.21 28.16 ± 5.67 0.658
aKi incidencec 0 3/5 1/5 0 0.058
overt uaCR rated 0 3/5 2/5 2/5 0.190

a:  Vehicle vs C57, p = 0.022; MP vs C57, p = 0.678; MP with Flll32 vs C57, p = 0.835; MP vs Vehicle, p = 0.050; MP with Flll32 vs Vehicle, p = 0.014; MP with Flll32 vs MP, 
p = 0.534.

b:  Vehicle vs C57, p = 0.253; MP vs C57, p = 0.675; MP with Flll32 vs C57, p = 0.383; MP vs Vehicle, p = 0.459; MP with Flll32 vs Vehicle, p = 0.776; MP with Flll32 vs MP, 
p = 0.645.

c: Vehicle vs C57, p = 0.038; MP vs C57, p = 0.292; MP vs Vehicle, p = 0.197; MP with Flll32 vs Vehicle, p = 0.038; MP with Flll32 vs MP, p = 0.197.
d: Vehicle vs C57, p = 0.038; MP vs C57, p = 0.114; MP with Flll32 vs C57, p = 0.114; MP vs Vehicle, p = 0.527; MP with Flll32 vs Vehicle, p = 0.527.
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Together, the AKI of DPLN is associated with renal inter-
stitial leukocytes infiltration and STAT3 activation, which is a 
previously unknown pathological and molecular mechanism. 
The combination therapy of FLLL32 with MP, which inhibits 
STAT3 activation and prevents interstitial inflammation, offers 
a new and promising way to treat AKI in DPLN. In vitro and 
in vivo experiments to minimize undesirable interferences 
were needed to confirm the role of pSTAT3 in DPLN with AKI.
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