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ABSTRACT

Background. Tubular injury plays a critical role in the development of diabetic nephropathy (DN), but current DN therapies
do not combat tubular injury. This study was conducted to investigate if tumor necrosis factor (TNF)-« inhibition protects
against tubular injury in diabetic rats and to examine the associated mechanisms.

Methods. Kidney biopsy tissues were collected and analyzed from 12 patients with DN and 5 control subjects.
Streptozotocin (STZ)-induced diabetic rats were treated with a TNF-« inhibitor for 12 weeks. Renal function, albuminuria,
histological injury, renal TNF-« messenger RNA (mRNA) and the NOD- (nucleotide-binding), LRR- (domain-like receptor) and
pyrin domain-containing protein 3 (NLRP3) inflammasome were assessed.

Results. Diabetic patients with tubulointerstitial injury (TIN) presented with higher renal tubular expression of TNF-o mRNA
and the NLRP3 inflammasome (P < 0.05). TNF-« inhibition reduced albuminuria, glomerular injury and tubular injury in STZ-
induced diabetic rats (P < 0.05). Importantly, TNF-o inhibition significantly reduced the NLRP3 inflammasome in tubules

(P <0.05). Moreover, TNF-« inhibition decreased expression of tubular interleukin (IL)-6 and IL-17A mRNA.

Conclusions. TNF-o inhibition protects against TIN by suppressing the NLRP3 inflammasome in DN rats. Future studies may
focus on the clinical protective effects of TNF-« inhibition using prospective observation.
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INTRODUCTION one-third of diabetic patients developing nephropathy [1]. A
) ) ) better understanding of DN pathogenic mechanisms is direly
Diabetic nephropathy (DN) is the most common cause of end- needed to identify new therapeutic targets for DN. Although

stage renal disease (ESRD) in developed countries, with around glomerulosclerosis is recognized as a primary feature of DN,
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tubular injury in DN is closely associated with increased risk of
renal function decline [2]. Tubular injury can appear in early
stages of DN and may have a crucial role in the early progres-
sion of DN [3]. Although the mechanism of tubular injury in dia-
betes is complex, it is known that key extracellular conditions
contribute to damage in proximal tubules including hyperglyce-
mia, proteinuria, hypoxia and inflammation [4, 5]. Tubular
injury-related therapies could be an important targeted inter-
vention for DN in the future.

It is well-recognized that NOD-, LRR- and pyrin domain-con-
taining protein 3 (NLRP3) inflammasome activation aggravates
DN [6]. Moreover, the NLRP3 inflammasome plays a crucial role
in tubular injury and renal fibrosis. NLRP3 deletion protects
against renal fibrosis in mice models with 5/6 nephrectomy or
unilateral ureteral obstruction [7, 8]. Additionally, high glucose
induces NLRP3 inflammasome activation in HK-2 cells [9]. Thus,
the NLRP3 inflammasome may be crucial to tubulointerstitial
injury (TIN) development in DN.

Tumor necrosis factor (TNF)-a is a pleiotropic cytokine in-
volved in inflammation induction, apoptotic cell death and im-
mune modulation [10]. Moreover, TNF-o is an important
transcriptional regulator of NLRP3 inflammasome components
[11, 12]. Serum TNF-a and TNF receptors are increased in DN
patients and are predictive of renal decline and incidence of
ESRD [13-15]. Previous studies have reported that TNF-o inhibi-
tion could significantly alleviate diabetic glomerular lesions in
diabetic rats [16, 17]. However, the protective effect of TNF-a in-
hibition on TIN in diabetes has not been investigated. In our
preliminary study, diabetic patients with TIN presented with
higher messenger RNA (mRNA) expression of TNF-a and NLRP3
inflammasome in renal tubules compared with DN patients with-
out TIN. DN patients with TIN were defined as diabetic glomerular
lesions with tubular-interstitial lesions scored more than 1. In the
present study, we focused on whether TNF-« inhibition protected
against renal TIN in diabetes and examined potential mecha-
nisms. We hypothesized that TNF-a inhibition protects against
TIN by suppressing the NLRP3 inflammasome in diabetic rats.

MATERIALS AND METHODS

Human renal biopsies

This study was approved by the ethics committee of Shanghai
Eighth People’s Hospital. Kidney biopsy tissues were collected
from 12 patients with DN and 5 control patients with histologi-
cally normal tissue surrounding carcinoma. The control
patients did not have diabetes, hypertension or other kidney
diseases. Informed consent was obtained from all subjects.
Patient demographic data were recorded including age, ethnic-
ity, gender and diabetes duration. Clinical laboratory values
were recorded including hemoglobin, glycated hemoglobin, pro-
teinuria and serum creatinine (SCr). TIN was evaluated using a
semiquantitative scoring method [18, 19]. TIN was defined as
tubular dilation and/or atrophy, tubular interstitial fibrosis or
inflammatory cell infiltration. Briefly, TIN was graded from 0 to
3 as follows: 0, normal tubulointerstitium; 1, involving <25% of
total area; 2, involving 25-50% of total area; and 3, involving
>50% of total area.

According to renal histology appearance, DN patients were
divided into two groups: DN group without TIN and DN with
TIN group. DN without TIN was defined as diabetic glomerular
lesion with few tubulointerstitial lesions scored less than 1. DN

combined with TIN was defined as glomerular injury with tubu-
lointerstitial lesions scored more than 1.

Animal model

Animal studies were approved by the Animal Care and Ethics
Committee of Shanghai Jiao Tong University Affiliated Sixth
People’s Hospital. All procedures were performed in accordance
with the policies for the Care and Use of Laboratory Animals of
our institution. Male Sprague-Dawley rats (weighing 250 =20 g)
were provided by Shanghai Science Academy Animal Center
(Shanghai, China). Diabetes was induced by an intraperitoneal
(i.p.) injection of streptozotocin (a single dose: streptozotocin
(STZ) 65 mg/kg; Sigma-Aldrich, St Louis, MO, USA). Diabetes was
confirmed by blood glucose level >16.7mM at 72h following
STZ injection. Rats were divided into four groups (n==6 each):
normal control group, rats treated with vehicle; STZ-induced di-
abetic rats treated with same volume of vehicle; STZ-induced
diabetic rats with control immunoglobulin G (IgG) (Zhongkang
Biotech, Hangzhou, China); and STZ-induced diabetic rats with
Humira, a human anti-TNF monoclonal antibody (Abbott,
Abbott Park, IL, USA) injected i.p. at 1.0mg/kg/week. Humira
treatment was initiated 7 days after STZ injection and contin-
ued weekly for 12 weeks. At the end of the experiments, a 24-h
urine collection was conducted using metabolic cages. Blood
and renal tissues were collected for analysis. The blood urea ni-
trogen (BUN), SCr and urine albumin were measured using en-
zyme-linked immunosorbent assay (ELISA) kits (Abcam,
Cambridge, MA, USA). The ratio of kidney weight to body weight
was calculated for the kidney weight index.

Histological injury assessment

The paraformaldehyde-fixed kidneys were embedded and then
cut into 3pm sections. Periodic acid-Schiff (PAS) staining was
performed to assess histological alterations. As previously de-
scribed [20], mesangial area was determined by the presence of
PAS-positive and nuclei-free areas in the mesangium. Mesangial
expansion index, expressed as the fraction of area of mesangial
matrix area to glomerular area, was quantitatively measured us-
ing the software of ImageJ. The semiquantitative tubular injury
scoring methods described above were used to assess TIN.

Measurement of inflammation and oxidative stress
markers

Renal malondialdehyde (MDA) and superoxide dismutase (SOD)
levels were measured using commercial kits according to the
manufacturer’s protocol (Nanjingjianchen, Nanjing, Jiangsu,
China). Serum P-selectin and C-reactive protein (CRP) were
measured using ELISA assay kits (Shanghai Immune Biotech,
China). Renal caspase 1 activity was measured using a commer-
cial colorimetric assay Kit (BioVision, Mountain View, CA, USA)
following the manufacturer’s instructions. Renal interleukin
(IL)-1B expression was measured using an ELISA kit (Invitrogen,
Carlsbad, CA, USA).

Western analysis and quantitative real-time PCR

The glomeruli and tubulointerstitial tissues were isolated as
previously described [21] and then stored at —80°C. Western
blot was conducted as described previously [22]. The primary
antibodies were anti-NLRP3 (Abcam) and anti-B-actin
(Proteintech, Chicago, IL, USA). Quantitative real-time polymerase
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Table 1. Characterization of patients with DN
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Group Ethnicity Gender (male/female) Age (years) SBP (mmHg) DBP (mmHg) HbA1lc (%)
Control Chinese, Han 3/2 55.8 +4.1 133.6 2.5 79.8 +3.6 56+0.4

DN Chinese, Han 4/2 58.5+3.3 143.3+4.8 83.5+5.3 7.3+0.5*
DN with TIN Chinese, Han 4/2 60.3 £3.5 147.8*7.5 86.8+24 7.6 +04*

Data were expressed as mean * SEM. SBP, systolic blood pressure; DBP, diastolic blood pressure.

*P < 0.05 versus control group.

chain reaction (PCR) was conducted as described previously [22].
The specific primers were as follows: human IL-1f: &
ccccageccttttgttgag 3' (forward) and 5 ggcgggctttaagtgagtagg 3’
(reverse); human NLRP3: 5’ agccccgtgagtcecatta 3’ (forward) and 5’
cgeccagtccaacatcatct 3’ (reverse); human TNF-o: 5 ccacggete-
caccctete 3’ (forward) and 5 gtcccggatcatgetttcagt 3' (reverse);
rat IL-1f: 5 gggcctcaaggggaagaa 3’ (forward) and 5 agctg-
cagggtgggtgtg 3’ (reverse); rat IL-6: 5’ agcccaccaggaacgaaagt 3’ (for-
ward) and 5 caacaacatcagtcccaagaagg 3’ (reverse); rat IL-17A: 5
cctgatgcetgttgetgetactg 3' (forward) and 5’ ccteggegtttggacaca 3’ (re-
verse); rat IL-18: 5’ aacagccaacgaatcccagac 3' (forward) and 5 ggta-
gacatccttccatecttcac 3 (reverse); rat monocyte chemotactic
protein 1: 5 gaatgtgaagttgacccgtaaatct 3’ (forward) and 5 taagg-
catcacagtccgagtca 3' (reverse); rat P-selectin: 5 tggcgecttggettctact
3’ (forward) and 5'agggggcattttccatcatc 3’ (reverse); transforming
growth factor-p1 (TGF-B1): 5 accgcaacaacgcaatctatg 3' (forward)
and 5 cactgcttcecgaatgtetga 3' (reverse); rat TNF-o: 5’ aggegetece-
caaaaagat 3' (forward) and 5' caccccgaagttcagtagacaga 3’ (reverse)
and 18s rRNA: 5 cggctaccacatccaaggaa 3 (forward) and Y
cctgtattgttatttttcgtcactacct 3’ (reverse).

Statistical analysis

Data were expressed as mean *= SEM. One-way ANOVA was per-
formed for parametric data comparison and Kruskal-Wallis test
was used for nonparametric data comparison. The Chi-squared
test was used for prevalence data comparison. Statistical analy-
sis was calculated by SPSS software (Ver. 19.0) (IBM, Armonk,
NY, USA). P < 0.05 was considered statistically significance.

RESULTS

Renal tubular TNF-« and NLRP3 increased in diabetic
patients with TIN

There are 12 subjects with DN and 5 control subjects enrolled in
this study. According to the renal histology, DN patients were
divided into two groups: DN without TIN group (n=6) and DN
with TIN group (n=6). The ethnicity of all the 17 subjects was
Chinese Han. The basic clinical information is presented in
Table 1. There were no significant differences in proteinuria be-
tween groups (Figure 1A). SCr was slightly elevated in diabetic
patients with TIN compared with the DN group (Figure 1B).
Although DN combined with TIN group exhibited similar levels
of mesangial expansion to the DN group, the tubular scores
were significantly higher than that in the DN group (P <0.05)
(Figure 1C and D).

Compared with control subjects, all DN patients had higher
renal TNF-o, NLRP3 and IL-18 mRNA expression in both glomer-
uli and tubules (Figure 2). Importantly, compared with DN
patients (without TIN), renal tubular TNF-o, NLRP3 and IL-1B
mRNA expressions were significantly increased in the TIN
group, while there was no difference in glomeruli (P<0.05)
(Figure 2). Thus, diabetic patients with TIN presented with

higher renal tubular expression of TNF-o mRNA and NLRP3
inflammasome.

TNF-« inhibition reduces renal injury in DN rats

A STZ-induced DN rat model was used to assess the effects of
TNF-a inhibition and examine the underlying mechanisms.
STZ-induced DN rats had increased blood glucose, HbAlc, SCr,
BUN, kidney weight index and albuminuria and reduced body
weight at 12 weeks compared with the control group (Figures 3
and 4). TNF-o inhibition had no effect on blood glucose and
HbA1lc levels (Figure 3A and B). Additionally, there was no sig-
nificant difference in BUN and SCr between the IgG control anti-
body-treated DN group and the TNF-a inhibition treatment
group (Figure 3C and D). Compared with STZ-induced rats + IgG
group, treatment with TNF-o inhibition decreased kidney
weight index (P <0.05) (Figure 4B). Moreover, TNF-a inhibition
significantly decreased albuminuria (P < 0.05) (Figure 4C).

Consistent with the biochemistry data, TNF-a inhibition re-
duced mesangial expansion, which was a measure of histologi-
cal glomerular injury in DN rats (P<0.05) (Figure 4D).
Importantly, TNF-a inhibition significantly attenuated tubular
injury (P <0.05) (Figure 4E). Therefore, TNF-o inhibition could al-
leviate both histologic glomerular injury and tubular injury in
DN rats.

TNF-« inhibition alleviated renal inflammation and
oxidative stress in DN rats

Inflammatory response and oxidative stress are involved in the
pathogenesis of DN. As shown in Figure 5, compared with STZ-
induced rats + IgG group, TNF-a inhibition significantly reduced
serum CRP (Figure 5A). Meanwhile, TNF-a inhibition decreased
TGF-B and P-selectin in both serum and renal cortex (Figure 5B,
C and F). TNF-a inhibition decreased renal MDA levels and in-
creased renal SOD levels (Figure 5D and E). Therefore, TNF-o in-
hibition attenuates kidney injury in diabetic rats in part through
suppression of inflammation activation and oxidative stress.

TNF-« inhibition attenuated renal NLRP3 inflammasome
in DN rats

To determine the association between TNF-o pathway and
NLRP3 inflammasome activation in TIN, NLRP3 inflammasome
in both glomeruli and tubules was separately measured in this
study. As shown in Figures 6 and 7, compared with the control
group, STZ-induced DN rats had increased renal caspase-1 ac-
tivity and renal IL-1p expression (P <0.05) (Figure 6A and B) as
well as increased NLRP3, IL-1p and IL-18 mRNA in both glomer-
uli and tubules (Figures 6C-E G, 7C and F). Compared with the
vehicle treatment DN group, TNF-a inhibition significantly re-
duced NLRP3 mRNA in both glomeruli and tubules (P <0.05)
(Figure 6E and G). However, TNF-a inhibition only decreased
NLRP3 protein in tubules, as shown in Figure 6F and H, which
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FIGURE 1: Clinical and renal histology characteristics of diabetic TIN patients. (A) Ratio of albuminuria to creatinine; (B) SCr; (C) representative sections for mesangial
expansion and semiquantitative analysis; hematoxylin and eosin (HE) staining, original magnification, x400; and (D) representative sections for tubular injury and
semiquantitative analysis; HE staining, original magnification, x400. Data were expressed as mean + SEM. *P < 0.05 versus control and *P < 0.05 versus DN.

suggested that the effects of TNF-a inhibition on NLRP3 might
be stronger in renal tubules than glomeruli. Our previous study
reported that inhibition of IL-6 and IL-17A could suppress
NLRP3 inflammasome activation [22], thus IL-6 and IL-17A
mRNA expression in both glomeruli and tubules was further
investigated. As expected, TNF-o inhibition decreased IL-6
and IL-17A mRNA expression in both renal glomeruli and
tubules (Figure 7A, B, D and E). Therefore, TNF-o inhibition
protects against renal TIN in diabetic rats partly through sup-
pression of NLRP3 inflammasome activation by inhibiting IL-6
and IL-17A.

DISCUSSION

This study demonstrated that TNF-o inhibition protected
against renal TIN in diabetic rats and provided underlying

molecular mechanisms for the protective properties of TNF-a
inhibition. Diabetic patients with TIN presented with higher re-
nal tubular expression TNF-o and NLRP3 inflammasome. TNF-a
inhibition reduced albuminuria, histologic glomerular injury
and tubular injury in DN rats. Furthermore, TNF-o inhibition
may protect against tubular injury by suppressing the NLRP3
inflammasome and decreasing oxidative stress.

Tubular injury plays a critical role in the development of DN
and is closely related with renal prognosis in diabetes. Although
renin-angiotensin-aldosterone system (RASS) inhibitors are
considered the standard intervention for DN patients, the pro-
tective effect of RASS inhibition on tubular injury is unknown.
Treatment with the angiotensin-converting enzyme inhibitor
enalapril could reduce albuminuria in 16-week-old db/db mice,
but does not ameliorate tubular damage [23]. New therapies to
diminish tubular injury in DN are urgently needed.
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Although the pathogenesis of tubular injury in DN is unclear,
it is known that inflammation is involved in tubular damage [2,
3, 5]. TNF-a is a pleiotropic cytokine that activates TNF recep-
tors, leading to the activation of pro-inflammatory mediators,
apoptosis and necroptosis [10]. This cytokine is expressed, syn-
thesized and released by infiltrating and resident cells of the
kidney [24]. In the current study, TNF-o inhibition decreased al-
buminuria and protected from diabetic tubulopathy in STZ-
induced diabetic rats. These beneficial effects of TNF-o inhibi-
tion might be partly associated with suppression of NLRP3

inflammasome activation by inhibiting IL-6 and IL-17A. This hy-
pothesis is supported by the following findings: first, TNF-o in-
hibition decreased renal IL-6, IL-17A and NLRP3 inflammasome
expression in the present study. Moreover, the NLRP3 inflam-
masome in both glomeruli and tubules was separately mea-
sured; the results demonstrated that TNF-o inhibition
significantly reduced NLRP3 inflammasome in tubules. Second,
the NLRP3 inflammasome plays a critical role in the pathogene-
sis and progression of DN, whereas NLRP3 deficiency amelio-
rates tubular injury in multiple types of renal disease [7, 8].
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Third, the presence of IL-17A activates the NLRP3 inflamma-
some, while neutralization of IL-17A decreases the NLRP3
inflammasome expression [25-27]. Importantly, IL-6 promotes
the differentiation of T helper 17 cells, which secrete IL-17,
whereas blockade of IL-6 receptor significantly reduced renal
NLRP3 inflammasome and IL-17A in diabetic rats [21, 28, 29].
These findings support a crucial role of TNF-o in tubular in-
jury. Several studies should be conducted in the future. TNF-a
inhibitors are widely used biochemical drugs in clinical settings,
especially in rheumatoid disease, and are considered safe for
long-term treatment. TNF-a inhibition may be a viable treatment

option for TIN in DN if future clinical studies confirm these pro-
tective effects. Moreover, there are different types of TNF-a inhib-
itors, such as chimeric monoclonal antibody, soluble TNF-o
receptor fusion protein and pentoxifylline. These drugs should be
tested separately.

There were some limitations in the current study. First, the
human renal biopsies sample size was small. Second,
streptozotocin-induced type 1 diabetic rats were used in animal
experiments. In the future, the effect of TNF-o inhibition on TIN
needs been further investigated in type 2 diabetic animal mod-
els. In addition, most data were based on mRNA expression
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level, thus changes on proteomic level were expected and the
molecular mechanism should be more deeply investigated in
further studies. Third, TNF receptors are an important part in
the TNF pathway, thus future study is needed to determine the
direct effect of TNF receptors on TIN in DN.

CONCLUSION

This study concludes that TNF-o inhibition can protect against
TIN in diabetic rats through suppression of the NLRP3 inflam-
masome. TNF-o inhibition may be a promising new therapy for
the treatment of TIN in DN. Future studies should focus on the

clinical protective effect of TNF-o inhibition in prospective clini-
cal trials.
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