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ARTICLE INFO ABSTRACT

Keywords: Ethnopharmacological relevance: Kaempferia rhizome is a famous traditional herbal medical in tropical and sub-
Kaempferol tropical areas. Kaempferol (KPF) is one of the main bioactive compounds in Kaempferia rhizome, with anti-
Diabetic nephropathy oxidant/anti-inflammatory effects demonstrated in various disease models, including cancers, obesity and
Inflammation diabetes.

TRAF6

Aim of the study: Inflammation plays an important role in the pathogenesis of diabetic nephropathy (DN). TRAF6
functions as a signal transducer in toll-like receptor 4 and NF-kB pro-inflammatory signaling pathway. We aimed
at investigate whether KPF is able to mitigate inflammatory responses by regulating TRAF6 in DN.

Material and methods: C57BL/6 mice were injected with streptozotocin to induce type 1 DN. NRK-52E, a tubular
epithelial cell line, was used for in vitro analysis. TRAF6 was knockdown using siRNA in vitro and AAV2/2-shRNA
in vivo. The anti-DN and inflammatory effects of KPF or knockdown of TRAF6 were evaluated by investigating
renal filtration index, pathological changes of kidney tissue. Proinflammatory cytokine levels were detected
using ELISA. NF-kB pathway and protein levels of related pathways were detected through Western blot.
Results: KPF significantly reduced renal inflammation, fibrosis, and kidney dysfunction in diabetic mice. These
effects were associated with a downregulation of TRAF6 in diabetic mouse kidneys, indicating the potential role
of TRAF6. Knockdown of TRAF6 in mice through AAV2-shTRAF6 confirmed the importance of TRAF6 in DN. In
vitro, treatment of KPF in NRK-52E cells attenuated high glucose (HG)-induced inflammatory and fibrogenic
responses, associated with downregulated TRAF6 expression. The conclusion was further confirmed in NRK-52E
cells by knocking down the expression and by overexpression of TRAF6.

Conclusion: Our findings provide direct evidence that TRAF6 mediates diabetes-induced inflammation leading to
renal dysfunction. We also show that KPF is a potential therapeutic agent to reduce inflammatory responses in
DN. Also, TRAF6 may represent an interesting target to combat DN.

Renal tubular epithelial cells
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Abbreviations

AAV2/2 adeno-associated virus type 2/mutant 2
AMPK  AMP-activated protein kinase

AQP1 aquaporin 1

BUN blood urea nitrogen

Col-IV  Collagen IV

DN diabetic nephropathy

ECM extracellular matrix

H&E hematoxylin and eosin

HG high-concentration glucose

IHC immunohistochemistry

IKK inhibitor of kB kinase

IL-6 interleukin-6

IRAK interleukin-1 receptor-associated kinase
JNK c-Jun N-terminal kinase

KPF kaempferol

MAPK  mitogen-activated protein kinase

mTOR  mechanistic target of rapamycin

MyD88 myeloid differentiation primary response protein
NF-xB  nuclear factor-kB

PBS phosphate-buffered saline;

PCR polymerase chain reaction

gPCR quantitative PCR

STZ streptozotocin

T1IDM  type 1 diabetes

TAK1 TGF-p activated kinase-1

TGF-f  transforming growth factor-f;

TLR-4  Toll-like receptors-4

TNF-a tumor necrosis factor- «;

TRAF6  tumor necrosis factor receptor associated factor 6
WT-1 Wilms tumor 1

1. Introduction

Diabetic nephropathy (DN) is one of the most prominent and clini-
cally challenging microvascular complications of diabetes and end-stage
renal disease worldwide. One-third of all patients with type 1 diabetes
(T1DM) develop DN (Gheith et al., 2016). Structural and cellular
changes in DN include glomerular hypertrophy, hyperfiltration,
glomeruli and tubulointerstitial inflammation, and extracellular matrix
(ECM) protein accumulation (Gheith et al., 2016). Chronic hypergly-
cemia creates a milieu of inflammation through stimulating renal cells
and infiltrating macrophages that drives the progression of DN (Agha-
davod et al., 2016). A recent study has also indicated that hyperglycemia
activates innate immunity, which may be the main driving factor for the
inflammation in the kidneys (Lim and Tesch, 2012).

Toll-like receptor 4 (TLR4), a pattern-recognition receptor for lipo-
polysaccharide, is the most characterized member of the TLR family in
innate immunity (Reynolds et al., 2012). Upon binding of ligands to
TLR4, the essential adaptor myeloid differentiation primary response
protein (MyD88) is recruited to TLR4 as a dimmer. MyD88 then recruits
interleukin-1 receptor-associated kinase (IRAK), activating downstream
signaling pathway including IRAK-1, IRAK-4, and then tumor necrosis
factor receptor-associated factor 6 (TRAF6). IRAK-1, in association with
TRAF6, triggers the activation of mitogen-activated protein kinases
(MAPK) and inhibitor of kB (IxB) kinase (IKK) complex. Subsequently,
phosphorylation of IkB by IKK causes IkB degradation that liberates
nuclear factor-kB (NF-kB) (Akira and Takeda, 2004). Translocation of
NF-kB to the nucleus induces the expression of target genes which
include tumor necrosis factor (TNF)-a, interleukin 6 (IL-6), and other
inflammatory cytokines.

Studies have shown that overactivation of the TLR4-MyD88-NF-xB
signaling axis by hyperglycemia induces inflammation and tubu-
lointerstitial fibrosis and drives the progression of nephropathy in dia-
betic mice (Liu et al., 2014; Ma et al., 2014). TLR4 deficiency has also
been shown to be protective against renal inflammation, fibrosis, and
podocytopathy in diabetic mice (Jialal et al., 2014; Ma et al., 2014).
Studies have also reported increased TLR4 expression and activity
induced by high levels of glucose in mesangial cells (Kaur et al., 2012),
podocytes (Ma et al., 2014) and tubular epithelial cells (Liu et al., 2014;
Ma et al., 2014). Treatment of diabetic mice with ellagic acid, a natural
phenol antioxidant, protected against kidney dysfunction by inhibiting
TLR4-NF-kB (Zhou et al., 2019). These studies underscore the impor-
tance of TLR4-NF-kB pathways in the pathogenesis of DN. Interestingly,
expression of TRAF6 has also been found to be elevated in diabetic pa-
tients (Lenin et al., 2015) and implicated in the progression of DN (Zhou
et al., 2019).

Natural compounds and their derivatives have been tested for

various diseases, including cancer, and diabetes (Al-Dabbagh et al.,
2018, 2019; Hamza et al., 2018). Kaempferia galanga L., is a stemless,
rhizomatous, aromatic, perennial and indigenous herb. a widely
consumed and valuable medicinal and edible plant belonging to the
family of Zingiberaceae in most tropical and subtropical areas. It has
been reported to have multiple biological activities including
anti-inflammation, anti-tuberculosis, anti-dengue, anti-nociceptive,
anti-angiogenic, anticancer, anti-hyperlipidemic, sedative, vasorelaxant
and wound healing (Jagadish et al., 2016; Kumar, 2020).

Kaempferol (KPF, chemical structure shown in Fig. 1A, is one of the
major bioactive compounds extracted from the rhizome of K. galanga.
KPF has been shown to exhibit a range of pharmacological properties
against oxidative stress (Liao et al., 2016), cancers (Kim et al., 2018),
inflammatory conditions (O et al., 2015), obesity (Zang et al., 2015), and
diabetes (Alkhalidy et al., 2018; Luo et al., 2015). Recently, we have
shown that KPF attenuated hyperglycemia-induced cardiac injury by
inhibiting NF-xB (Chen et al., 2018a). Although the direct molecular
targets of KPF are not known, studies have indicated modulation of
MAPK pathway in diabetic retinopathy and cardioprotection (Feng
et al.,, 2017; Xu et al.,, 2017), and AMP-activated protein kinase
(AMPK)/mechanistic target of rapamycin (mTOR) in cytoprotection
(Varshney et al., 2017).

In this study, we investigated potential activity of KPF against in-
flammatory responses in DN. Using the streptozotocin-induced diabetic
mouse model, we showed that KPF attenuated inflammatory responses
in kidneys and protected against kidney dysfunction. We found that
these activities were mediated, at least in part, through modulating
TRAF6. We then confirmed the significant contribution of TRAF6 in
tubular epithelial cells challenged with high glucose levels.

2. Materials and methods
2.1. Reagents and chemicals

Kaempferol was obtained from Sigma-Aldrich (St. Louis, MO, USA)
and was dissolved in dimethyl sulfoxide (DMSO) for in vitro studies and
1% sodium carboxymethyl cellulose (CMC-Na) for in vivo studies. An-
tibodies against NF-kB p65 subunit (cat.no. sc-8008), inhibitor of nu-
clear factor kappa B subunit alpha (IkB-a, cat. no. sc-1643),
phosphorylated (p) (cat.no. sc-6254) and total Jun N-terminal kinase
(JNK) (cat.no. sc-137019) and TGF-p activated kinase-1 (TAK1) (cat.no.
sc-7967), Lamin B (cat.no. sc-374015), and Glyceraldehyde-3-
Phosphate Dehydrogenase (GAPDH) (cat.no. sc-32233)were obtained
from Santa Cruz Biotechnology (Dallas, Texas, USA). Antibodies against
TNF-a (cat.no. ab1793), TLR4(cat.no. ab22048), MyD88(cat.no. ab
2064), TRAF-6(cat.no. ab33915), transforming growth factor-p (TGF-f)
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Fig. 1. Kaempferol normalizes diabetes-induced renal dysfunction and tissue fibrosis. (A) Chemical structure of Kaempferol. (B) Assessment of kidney to body
weight ratios. (C-D) Levels of blood urea nitrogen (BUN) and serum creatinine (Cr) in diabetic mice and mice treated with KPF. (E) Representative images for H&E,
Sirius red and Masson Trichome staining [scale bar = 100 pm]. (F) mRNA levels of Col-IV and TGF-p in kidney tissues of mice as determined by gPCR [mRNA levels
were normalized to p-actin]. (G) Western blot analysis of Col-IV, and TGF-f levels in kidney samples from nondiabetic and diabetic mice, and diabetic mice treated
with KPF. Data are presented as mean = SEM (n = 8; *p < 0.01 compared to non-diabetic control; #p < 0.05 compared to T1IDM). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

(cat.no. ab92486), Collagen IV (cat.no. ab6586), were obtained from
Abcam (Cambridge, MA, USA). Horseradish peroxidase-conjugated
secondary antibodies: goat anti-rabbit IgG-HRP (cat.no. sc-2004) and
goat anti-mouse IgG-HRP (cat.no. sc-2005) were from Santa Cruz
Biotechnology (Dallas, Texas, USA). Mouse IL-6 and TNF-a uncoated
ELISA Kit (cat.no. 88-7066-88 and cat. no. 88-7324-88) and high bind-
ing 96 well plates (cat.no. 3855) were obtained from Invitrogen (Grand
Island, NY, USA).

2.2. Cell culture studies

Human embryonic kidney (HEK) 293T cells (cat.no. SCSP-502) and
rat tubular epithelial cells NRK-52E (cat.no. GNR 8) were obtained from
the Shanghai Institute of Biochemistry and Cell Biology (Shanghai,
China). NRK-52E cells were grown in DMEM (cat.no. 10567022), con-
taining 5.5 mM D-glucose, 5% fetal bovine serum (FBS), 100 U/mL of
penicillin, and 100 mg/mL of streptomycin. Cells were challenged with
DMEM medium containing 33 mM of glucose in the high glucose groups

(HG). HEK-293T cells were cultured in DMEM (cat.no. 10567022),
supplemented with 5.5 mM of glucose, 10% FBS, 100 U/mL penicillin,
and 100 U/mL streptomycin. All regents of cell culture were obtained
from Gibco (Eggenstein, Germany).

HEK-293T and NRK-52E cells were transfected with pXC-TRAF6
plasmid (gifts from Xia Lab, Life Science Institute, Zhejiang Univer-
sity) using Lipofectamineg 3000 (cat. no. L3000015, Invitrogen, Carls-
bad, CA). Transfected cells were then exposed to HG for in vitro studies.
To silence TRAF6, we used siRNA from Gene Pharma Co. (Shanghai,
China). Specific siRNA sequence for Rat TRAF6 was 5-AGGAGA-
CAGGUUUCUUGUGATAT-3’. Transfections were carried out using Lip-
ofectamineg 3000 (Invitrogen, Carlsbad, CA).

2.3. Animal experiments
All animal care and experimental procedures were approved by the

Wenzhou Medical University Animal Policy and Welfare Committee,
and all animals received humane care according to the National
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Institutes of Health guidelines (USA). 4-5 weeks male C57BL/6 mice
(totally n = 56) were obtained from Beijing Vital River Laboratory An-
imal Technology Co., Ltd. (Beijing, China) and maintained in the specific
pathogen-free facility at Animal Centre of Wenzhou Medical University
(Wenzhou, China). All animal models were kept on constant room
temperature (25 °C) with a 12/12h light/dark cycle and fed with sterile
water and a standard rodent diet (Cat. no. #MD12031, MediScience
Diets Co. LTD, Yangzhou, China). . 6-7 weeks male C57BL/6 mice were
performed and analyzed through blinded experimenters. Mice and cage
were randomly divided into each group.

To induce type 1 diabetes, C57BL/6 male mice were injected intra-
peritoneally with single dose of streptozotocin (180 mg/kg in 0.1 M
citrate buffer, pH 4.5), while the control animals were received the same
volume of citrate buffer. The fasting-blood glucose level was measured
using glucometer after 4-6 h of fasting. One week after STZ injection,
diabetic mice were defined as fasting-blood glucose >216 mg/dL. The
diabetic nephropathy was developed 4 months after STZ-induced
hyperglycemia.

1) For KPF treatment, 24 C57BL/6 mice were randomly divided into
3 groups (n = 8 per group). Two weeks after STZ injection, diabetic mice
were randomly divided into 2 groups: T1IDM (n = 8) and KPF-treated
T1DM (T1DM + KPF, n = 8). In the T1DM + KPF group, KPF (10 mg/
kg dissolved in 1% CMC-Na) was administered through oral gavage
daily. The dose of KPF is based on our previous study in diabetic mice
showing cardioprotective effects (Chen et al., 2018a). The T1DM group
and negative control group (n = 8) received the same volume of 1%
CMC-Na solution daily. Bodyweight and fasting-blood glucose levels
were measured weekly. Fourteen weeks after treatment, mice were
killed under sodium pentobarbital (i.p., 100 mg/kg) anesthesia.

2) For TRAF6 knockdown, adeno-associated virus type/mutant 2
(AAV2) has been reported to produce robust expression in renal tissue (Qi
etal., 2013). shRNA targeting TRAF6-AAV2/2-U6-TRAF6 (titer 2.6 x 1012
GC/mL) and negative control AAV2/2-U6-NC (titer 6.4 x 102 GC/mL)
from Genechem (Shanghai, China) were used. The shRNA sequence tar-
geting TRAF6 was 5'-aattcgCAGGTATCTTGAGAAGCCAATGGAA ttcaa-
gagaTTCCATTGGCTTCTCAAGATACCTGttttttg-3’; The negative control
short hairpin RNA sequence was 5'-aattcgTTCTCCGAACGTGTCACG-
TAAttcaagagaT TACGTGACACG TTCGGAGAALttttg-3’. C57BL/6 mice (n
= 16) were injected via tail vein with 1 x 10'! GC AAV2/2 expressing
TARF6 shRNA (AAV2/2 shTARF6) one week before STZ injection. The
negative control groups (n = 16) were injected the same titer of AAV2
expressing negative control sequence (AAV2/2-NC). One half of mice in
AAV2/2 shTARF6 or negative control group received single intraperito-
neal injection of STZ (180 mg/kg in 0.1 M citrate buffer, pH 4.5) and the
other group received an equal volume of vehicle daily. Two weeks after
STZ injection, all STZ-injected mice were considered as diabetic (fas-
ting-blood glucose >12 mM), resulting in 4 treatment groups in total: (i)
AAV2/2-NC-treated control mice that received phosphate buffered saline
(PBS) (AAV2-NC group, n = 8); (ii) AAV2/2-NC-treated mice with STZ
(AAV2/2-NC + T1DM group, n = 8); (iii) AAV2/2 shTARF6-treated mice
that received PBS (AAV2/2 shTARF6, n = 8); (iv) AAV2/2
shTARF6-treated mice with STZ (AAV2/2 shTARF6-+T1DM, n = 8). After
STZ injection, these four groups were normally fed for 16 weeks to develop
diabetic nephropathy.

At the indicated time points, animals were killed under sodium
pentobarbital anesthesia (i.p. injection of 0.2 mL sodium pentobarbital
at 100 mg mL™1). Blood and renal tissues were collected at the time of
sacrifice. Body weight and right kidney weight were recorded. The
collected blood samples were centrifuged at 4 °C at 3000 rpm for 10 min
to collect serum. Serum creatinine, urinary albumin, and urinary
creatinine were detected using commercial kits (Nanjing Jiancheng Co.,
Jiangsu, China). Kidney tissues were either fixed in 4% para-
formaldehyde for histological analysis or flash-frozen in liquid nitrogen
for gene and protein expression studies.

Journal of Ethnopharmacology xxx (xxxx) xxx
2.4. Real-time quantitative PCR

Total RNA from cells and kidney tissues were extracted using TRIZOL
(Invitrogen, Carlsbad, CA). Reverse transcription and quantitative PCR
(RT-qPCR) were performed using M-MLV Platinum RT-qPCR Kit (Invi-
trogen, Carlsbad, CA). Real-time qPCR was carried out using the
Eppendorf Real plex 4 instruments (Eppendorf, Hamburg, Germany).
Primers for genes including TNF-a, IL-6, collagen IV, TGF-p, TRAF6, and
p-actin were synthesized and obtained from Invitrogen (Invitrogen,
Shanghai, China). The primer sequences used are provided in the sup-
plementary Table S1. The relative amount of each gene was detected and
normalized to the amount of B-actin.

2.5. Western blotting

Lysates from cells and homogenized kidney tissues were separated
through 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and electro-transferred to a polyvinylidene fluoride mem-
brane (Bio-Rad Laboratory, Hercules, CA). Each membrane was pre-
incubated in blocking buffer (5% non-fat milk in tris-buffered saline
containing 0.05% Tween 20, TBS-T) for 1.5 h at room temperature.
Membranes were then incubated with specific primary antibodies.
Immunoreactive bands were detected by incubating with secondary
antibodies conjugated with horseradish peroxidase for 1-2 h at room
temperature and visualized with enhanced chemiluminescence reagent
(Bio-Rad, Hercules, CA, USA).

2.6. Tissue staining

Kidney tissues from mice were fixed in 4% paraformaldehyde and
embedded in paraffin. Tissues were then cut into 5-pm thick sections and
stained with hematoxylin and eosin (H&E) for histology and Masson
Trichrome and Sirius Red staining to assess fibrosis. Stained sections
were viewed under microscope (Nikon, Japan).

For immunohistochemistry, 5-um thick sections were dewaxed and
hydrated in graded alcohol series. After antigen retrieval and blocking
with 5% serum albumin, the sections were incubated with anti-TNF-«
antibody (abcam, cat. no. ab6671, 1:200) overnight at 4 °C followed by
PE-labeled mouse anti rabbit secondary antibody (Santa Cruz Biotech-
nology; cat. no. sc-3753, 1:500) for 1 h at room temperature. DAPI was
used for counterstaining. For double labeling, sections were incubated
with both TRAF6 antibody (Abcam, ab207321, 1:200) and an antibody
against Wilms tumor 1 (Novus Biologicals, Littleton, CO; NBP2-44,607,
1:200) or aquaporin 1 (Santa Cruz Biotechnology; sc-32737, 1:200).
Slides were then incubated with 2 secondary antibodies (TRITC-labeled
secondary, Abcam, ab6786, 1:500 or Alexa Fluor488-labeled secondary,
Abcam, ab150077, 1:500) for 1 h at room temperature.

2.7. Statistical analysis

All experiments were randomized and blinded. In all in vitro exper-
iments, data represented 5 independent experiments and expressed as
means + SEM. Statistical analysis was performed using GraphPad Prism
6.0 software (San Diego, CA, USA). One-way ANOVA followed by
Dunnett’s post hoc test was used when comparing more than two groups
of data. One-way ANOVA (non-parametric Kruskal-Wallis test), fol-
lowed by Dunn’s post hoc test was used when comparing multiple in-
dependent groups. P values of < 0.05 were considered to be statistically
significant. Post-tests were run only if F achieved P < 0.05 and there was
no significant variance in homogeneity.
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3. Results

3.1. Kaempferol protects against diabetes-induced renal fibrosis and
dysfunction

We first investigated the renoprotective effects of KPF in streptozo-
tocin (STZ)-induced diabetic mouse model by treating mice with 10 mg/
kg KPF. Hyperglycemia was accompanied by significant decreases in
body weight gain in diabetic mice compared to control mice, while
treatment with KPF reduced blood glucose levels and partially restored
body weight gain in diabetic mice (Supplementary Fig.S1). Diabetic
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mice also showed increased kidney to body weight ratios, and blood
urea nitrogen (BUN) and serum creatinine (Cr) levels (Fig. 1B-D,
respectively). These changes were not observed in diabetic mice treated
with KPF indicating that KPF protected kidney function in diabetes
(Fig. 1B-D).

We next analyzed the effects of KPF on kidney tissues through his-
tological assay. Structural hallmarks of advanced DN include tubulo-
interstitial injuries with excessive ECM protein deposition in the
glomeruli and tubulo-interstitium (Liu et al., 2014; Ma et al., 2014) and
basement membrane thickening (Zhou et al., 2019). H&E staining of
kidney tissues from diabetic mice showed atypical tubular epithelia,
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Fig. 2. Kaempferol reduces diabetes-induced inflammatory factor levels in kidneys by inhibiting NF-kB. (A) Representative images of TNF-« immunoreac-
tivity in kidney tissues [scale bar = 50 pm]. Levels of TNF-« (B) and IL-6 (C) proteins in kidney tissues as detected by ELISA (n = 6-8). (D) Western blot analysis of
IkB-a in kidney tissue. IkB- levels were used as surrogate for NF-xB activity. (E) Densitometric analysis of IkB-a levels [representative blots are shown in panel D]. (F)
Western blot analysis of TLR4 and TLR4 pathway proteins MyD88 and TRAF6 in kidney tissues. (G-I) Densitometric analysis of TLR4 pathway proteins from panel F.
Data are mean + SEM (n = 8 per group, n. s. = no significance, *p < 0.05 compared to nondiabetic control; #p < 0.05 compared to T1DM).
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glomerulosclerosis, glomerular vascular tufts, and interstitial expansion
(Fig. 1E). Administration of KPF to diabetic mice normalized these
diabetes-associated tubulo-glomerular histopathological changes
(Fig. 1E). We then stained the kidney tissues with Sirius red and Masson
Trichrome to assess fibrotic changes. Our results show increased
collagen deposition in the interstitial compartment in diabetic mice,
while KPF treatment reduced the levels of collagen deposition (Fig. 1E,
Supplementary Fig.S2A-B). We supplemented these studies with qPCR
analysis of collagen IV and transforming growth factor-p (TGF-p) and
found increased transcript levels in kidney tissues from diabetic mice
(Fig. 1F). In agreement with our histology findings showing reduced
renal fibrosis upon KPF treatment, we show that KPF normalized the
levels of collagen IV and TGF-f in the diabetic mouse kidneys (Fig. 1F).
These results were confirmed using Western blot analysis (Fig. 1G,
Supplementary Fig.S2C-D).

3.2. Kaempferol attenuates diabetes-induced inflammatory responses in
kidneys

To assess whether the effects of KPF on preserving renal function and
reducing fibrosis in diabetes are mediated through the modulation of
inflammatory responses, we measured TNF-o and IL-6 levels. These
proinflammatory factors are also involved in the TLR4-TRAF6-NF-«kB
pathway (Jialal et al., 2014). Immunohistochemical staining of kidney
specimens from diabetic mice showed increased TNF-o immunoreac-
tivity compared to non-diabetic controls (Fig. 2A, Supplementary Fig.
S3). Such increase was not observed in diabetic mice treated with KPF.
Treatment with KPF also significantly reduced TNF-a and IL-6 protein
levels in diabetic mice as measured by ELISA (Fig. 2B-C).

We next assessed whether TLR4-TRAF6-NF-kB was involved in the
actions of KPF. We know from previous studies that hyperglycemia-
induced activation of TLR4-TRAF6-NF-kB signaling causes renal
inflammation (Liu et al., 2014). Western blot analysis of IkBa showed
decreased levels in kidney tissues of diabetic mice and preserved levels
in mice treated with KPF (Fig. 2D-E). This readout signifies reversal of
increased NF-kB activity in diabetic mice upon KPF treatment. We next
examined the levels of TLR4, MyD88, and TRAF6 in mouse kidneys.
Western blot analysis showed increased levels of TLR4, MyD88, and
TRAF6 in kidneys from diabetic mice (Fig. 2F-I). Interestingly, we found
that treatment of diabetic mice with KPF decreased the levels of TRAF6
without any alteration of TLR4 or MyD88 levels (Fig. 2F-I). These results
suggest that KPF reduces NF-kB activation and inflammatory responses
possibly by downregulating TRAF6.

3.3. TRAF6 deficiency prevents diabetes-induced renal dysfunction and
fibrosis

To confirm the role of TRAF6 in renal inflammation and fibrosis in
diabetes, we silenced TRAF6 using AAV2/2-shTRAF6. AAV2/2 has been
reported to target kidney tissues for transgene expression (Qi et al.,
2013). We injected AAV2/2-shTRAF6 through the tail vein, two weeks
prior to STZ injection in male C57BL/6J mice. We confirmed the
knockdown by Western blotting (Fig. 3A). Importantly, we show that
knockdown of TRAF6 normalized STZ-induced kidney to body weight
ratios, and levels of BUN, serum urinary albumin and creatine
(Fig. 3B-E). It is interesting to note that knockdown of TRAF6 did not
alter blood glucose levels and body weight profiles in diabetic mice
(Supplementary Fig.S4A-B). These results indicate that the effects of KPF
on blood glucose levels and body weights may be independent of TRAF6.
Knockdown of TRAF6 was able to normalize morphological alterations
in tubular epithelia, glomerulosclerosis, glomerular vascular tufts, and
interstitial expansion in diabetic mouse kidneys (Fig. 3F). Sirius red and
Masson staining also showed reduced collagen deposition and fibrosis
upon knockdown of TRAF®6 in diabetic mice (Fig. 3F, Supplementary Fig.
S5A-B). Furthermore, silencing TRAF6 reduced both the mRNA and
protein levels of collagen IV and TGF-p1 in diabetic mouse kidneys

Journal of Ethnopharmacology xxx (xxxx) xxx
(Fig. 3G-H, Supplementary Fig.S5C-D).

3.4. Knockdown of TRAF6 reduces diabetes-induced inflammation in
kidneys

To confirm the role of TRAF6 in diabetes-associated renal inflam-
mation, we investigated the levels of proinflammatory factors in kidney
tissues. Knockdown of TRAF6 showed reduced levels of TNF-a immu-
noreactivity (Fig. 4A, Supplementary Fig.S6A), and normalized levels of
TNF-a and IL-6 transcripts in kidney tissues of diabetic mice (Fig. 4B).
TRAF6 deficiency also reversed STZ-induced IkBa degradation (Fig. 4C,
Supplementary Fig.S6B). To bolster these findings, we examined the
levels of c-Jun N-terminal kinases (JNK) and TGF--activated kinase 1
(TAK1), two downstream kinases in the TRAF6 pro-inflammatory
pathway. As shown in Fig. 4D, TRAF6 knockdown reduced the levels
of phosphorylated JNK and TAK1 in diabetic mouse kidneys (Fig. 4D,
Supplementary Fig.S6C-D). These findings suggest that TRAF6 initiates
inflammatory responses in kidneys of diabetic mice through the acti-
vation of NF-kB and upregulation of proinflammatory cytokines.

3.5. TRAF6 expression is upregulated in tubular epithelial cells in diabetes

We examined the levels and localization of TRAF6 in kidney tissues
to identify the cellular source. TRAF6 levels were increased in the kid-
neys of diabetic mice as detected using Western blot and qPCR analysis
(Fig. 5A-B). Immunofluorescence staining showed TRAF6 immunore-
activity in cells expressing aquaporin 1 (AQP-1), implicating renal
tubular epithelial cells as the cellular source/target (Fig. 5C). TRAF6
immunoreactivity, although significantly less, was also observed in
Wilms tumor 1 (WT-1)-positive podocytes and glomeruli cells (Fig. 5D).
These results indicate that renal tubular epithelial cells are perhaps the
major contributor to the inflammatory responses in diabetic
nephropathy.

3.6. KPF inhibits high glucose-induced NF-xB activity by reducing TRAF6
in cultured renal tubular epithelial cells

To provide mechanistic insights into the role of TRAF6 in diabetes-
induced kidney dysfunction, we challenged cultured rat tubular
epithelial cell line (NRK-52E) with high levels of glucose. NRK-52E cells
were pre-treated with 2.5 pM KPF for 1 h and then stimulated with HG
(33 mM) for 2, 4, 6, 8, 12 h. KPF pretreatment reduced the levels of
TRAF6 protein in HG-stimulated NRK-52E cells (Fig. 6A-B). Similarly,
KPF pretreatment decreased TRAF6 mRNA levels in HG-induced NRK-
52E cells (Fig. 6C). Also, we observed reduced activation of NF-kB by
KPF as evident through decreased nuclear translocation of NF-kB p65
subunit and degradation of IkBa in HG-stimulated NRK-52E cells
(Fig. 6D, Supplementary Fig.S7). Consistent with these findings, KPF
reduced HG-induced mRNA levels of TNF-a, IL-6 (Fig. 6E) and Collagen
IV and TGF-p (Fig. 6F). In summary, there findings indicate that KPF
inhibited HG-induced inflammatory responses in renal tubular cells by
reducing TRAF6.

3.7. TRAF6 regulates proinflammatory pathway activation by high
glucose in tubular epithelial cells

To confirm the importance of TRAF6 in mediating HG-induced
proinflammatory pathway activation, we silenced the expression of
TRAF6 using siRNA. Transfection of NRK-52E cells with siRNA targeting
TRAF6 led to decreased TRAF6 expression as expected (Fig. 7A, Sup-
plementary Fig.S8A), and reduced HG-induced phosphorylation of JNK
and TAK1 (Fig. 7B, Supplementary Fig.S8B-C), and activation of NF-«xB
(Fig. 7C, Supplementary Fig.S8D-E). Similarly, silencing TRAF6
decreased the levels of TNF-a ,IL-6, Collagen IV and TGF-p mRNA
induced by HG (Fig. 7D-E). We then overexpressed TRAF6 using pXC-
TRAF6 plasmid transfection (Fig. 7F, Supplementary Fig.S8F) and
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Fig. 3. Knocking down TRAF6 leads to preservation of kidney function in diabetes and normalization of tissue fibrosis. Diabetes was induced with STZ in
male B6 mice. TRAF6 was knocked down by AAV2-shTRAF6 administered through tail vein injection. (A) Efficiency of TRAF6 knockdown following AAV2-shTRAF6
administration. Effects of TRAF6 silencing on kidney function were then evaluated by (B) assessing kidney to body weight ratios, and levels of (C) BUN, (D) serum Cr,
and (E) urinary albumin. (F) Representative images of kidney tissues stained with H&E, Sirius red, and Masson Trichome [scale bar = 100 pm]. (G) Levels of Col-IV
and TGF-B1 transcript levels in kidney tissues following silencing of TRAF6 [mRNA normalized to f-actin and reported relative to control]. (H) Representative blots
showing levels of Col-1V, and TGF-$1. GAPDH was used as loading control. Data shown as mean + SEM. n = 8 per group; *p < 0.05 compared to AAV2/2 NC; #p <
9.05 compared to AAV2/2 NC + T1DM. (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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Fig. 4. Knockdown of TRAF6 attenuates diabetes-induced inflammatory pathway activation. (A) Representative images of TNF-a immunoreactivity in kidney
tissues of mice following AAV2-shTRAF6 mediated TRAF®6 silencing [scale bar = 50 pm]. (B) TNF-a and IL-6 mRNA levels in the kidney tissues as detected by qPCR
[n = 8]. (C) Western blot analysis of IkB-« levels in kidney tissues. (D) Representative images for levels of phosphorylated and total JNK1/2 and TAK1 in kidney
tissues [n = 8]. Data shown as mean + SEM. n = 8 per group; *p < 0.05 compared to AAV2/2 NC; #p < 0.05 compared to AAV2/2 NC + T1DM.



W. Luo et al.

Journal of Ethnopharmacology xxx (xxxx) xxx

2.0+ B 5
A Ctrl T1DM T = LD 4-
I 1.5 < 5
o ox = 3
TRAF6 R S P N O) = <
S 101 0o Z
w E e o |
(YA oI [P pp—— . — 5 E
<C 0.5+ O o
= x - 1
0.0 , 0
Ctrl
C
TRAF6 AQP-1 DAPI Merge

Control

T1DM

TRAF6 WT-1

Control

T1DM

DAPI

50pum

Fig. 5. TRAF6 expression is upregulated in kidney tissues in diabetes. (A) Western blot analysis and densitometric analysis of TRAF6 levels in kidney tissues
from diabetic and nondiabetic control mice. (B) gPCR analysis of TRAF6 mRNA levels in kidney tissues [n = 6]. (C) Immunofluorescence staining of kidney tissues for
TRAF6 (red) and aquaporin-1 (AQP-1, green). Aquaporin-1 was used as a marker of tubular epithelial cells (TEC). (D) Immunofluorescence staining for TRAF6 (red)
and Wilms tumor 1 (WT-1, green) showing immunoreactivity of TRAF6 in podocytes (PC) [scale bar = 50 pm]. Merged images (yellow) showed co-localization as
indicated by arrowheads. Data are mean + SEM; n = 6 per group; *p < 0.05 compared to nondiabetic control. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

found activation of JNK1/2, TAK1, and NF-kB, and exacerbated re-
sponses to HG (Fig. 7G-H, Supplementary Fig.S8G-J). As expected, we
found that TRAF6 overexpression caused further increases of mRNA
levels of TNF-a, IL-6, Collagen IV and TGF-§ upon HG stimulation
(Fig. 71-J). We also confirmed these findings in 293T cells without basic
TRAF6 expression. TRAF6 expression in 293T cells via transfection with

pXC-TRAF6 plasmid (Supplementary Fig.S9A) exacerbated HG-induced
phosphorylation of JNK and TAK1, and activation of NF-kB (Supple-
mentary Fig.S9B-C). This proinflammatory pathway activation was also
reflected in increased TNF-o and IL-6 levels in 293T cells (Supplemen-
tary Fig.S9D-E).
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Fig. 6. Kaempferol inhibits HG-induced inflammatory factors by reducing TRAF6 in NRK-52E cells. (A) NRK-52E cells were pretreated with kaempferol at 2.5
pM for 1 h before exposure to high glucose (HG, 33 mM) for 2, 4, 6, 8, 12 h. Total proteins were extracted for Western blot analysis of TRAF6. (B) Densitometric
quantification for panel A (means &+ SEM, n = 5; *p < 0.05). (C) NRK-52E cells were pretreated with KPF for 1 h and then challenged with HG for 8 h. Figure showing
levels of TRAF6 mRNA. (D) Cells were exposed to HG for 8 h, with or without pretreatment with KPF for 1 h, levels of nuclear NF-xB p65 and cytosolic IkB-« in cells
were measured using Western blot. (E-F) The mRNA levels of proinflammatory cytokines (TNF-« and IL-6, E) and fibrosis genes (Col-IV and TGF-, F) were detected
in cells that have been exposed to HG for 12 h, with or without pretreatment with KPF for 1 h. Data shown as means + SEM, n = 5 independent experiments, *p <

0.05 compared to control; #p < 0.05 compared to HG.
4. Discussion

It is well known that compounds with anti-oxidant and anti-
inflammatory effects were potential candidates in the treatment of
diabetic complications (Hamza et al., 2018). The salient finding of our
study includes the demonstration that KPF protects against
diabetes-associated inflammatory responses, fibrosis, and functional
deficits in kidneys. We also show that these activities of KPF are, at least
in part, mediated through the suppression of TRAF6. Analysis of kidney
tissues shows upregulated levels of TRAF6 in tubular cells of diabetic
mice. Knocking down the expression of TRAF6 in kidneys of diabetic
mice or cultured renal tubular cells challenged with high levels of
glucose, mirror the results obtained from KPF treatment. Finally, over-
expression of TRAF6 in renal tubular cells aggravates inflammatory re-
sponses as evident by increased production of proinflammatory
cytokines IL-6 and TNF-a. Collectively, our findings provide evidence
that TRAF6 is a potential therapeutic target to normalize inflammation
in DN, and KPF is a potential therapeutic agent for the treatment of DN.

Studies have shown that overactivation of TLR4-NF-xB inflammatory
signaling leads to inflammation in kidneys and the progression of DN in
experimental diabetes (Garibotto et al., 2017; T et al., 2016) and in
T1DM patients (Dandona et al., 2013; S et al., 2013). Activation of NF-xkB
in hyperglycemia results in increased pro-inflammatory cytokine pro-
duction (Lin et al., 2012) (Navarro-Gonzalez et al., 2011). Recent studies
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have also linked TRAF6 gene polymorphisms to diabetic vascular com-
plications, including DN (Guo et al., 2016). Further implicating this
pathway in DN are studies which show inhibition of inflammation upon
TRAF6 deficiency (Liu et al., 2010; Kobayashi et al., 2003). TRAF6
uniquely participates in both TLR4 and TNFR signaling pathways.
Therefore, it appears that TRAF6 may act as a central point of conver-
gence where signals induced by TLR/TNFR families intersect. Consistent
with our results, Zhou and coworkers reported an overexpression of
TLR-4, MyD88, and TRAF6, and NF-kB activation in diabetic kidneys
(Zhou et al., 2019). Interestingly, we found that KPF downregulated
TRAF6 expression and inhibited NF-kB activation in the kidneys of
diabetic mice but did not alter the levels of TLR4 and MyD88. These
findings suggest that KPF might target TRAF6.

TRAF6 expression has been reported in dendritic cells (Kobayashi
et al., 2003), and renal proximal tubule cells (Liu et al., 2010). We found
that TRAF6 was upregulated in renal tubular epithelial cells in diabetic
mice. Although studies are needed to examine the contribution of TRAF6
in other renal cells, we do show that suppression of TRAF6 in cultured
renal tubular cells reduces NF-xB activity, and downstream expression of
IL-6, TNF-a, as well as molecular markers of fibrosis. We also showed
that TRAF6 overexpression intensified activation of NF-kB, and led to
increased production of TNF-a and IL-6 in HG-induced NRK-52E cells.
Elevated and sustained inflammation, including increased levels of
proinflammatory cytokines IL-6 and TNF-q, is intricately linked to renal



W. Luo et al. Journal of Ethnopharmacology xxx (xxxx) xxx

A B SITRAF6 C SITRAF6
HG -  + o+ - HG . & + -
NC siTRAF6 p-INK[ _ _ | p65 | —- G v~ - . |

TRAF6 [ e | [T =] L [ W —
GAPDH [ |

p-TAK1 [Tl e s ] -y [ ———
TAK1 |~ — e S | GAPDH |--_-|
D E
<Z( 15+ < 3-
*
€
S
S 104 S 24
S €
é " 3 # #
© 5 g -
o 1
2 # ¢
© =
2 + = = ML ﬁ <
X ol [ == : ) : :
TNF-a IL-6 CollV TGF-B
1 Ctrl mmm HG 1 HG+siTRAF6 1 siTRAF6
G pXC-TRAF6 H pXC-TRAF6
F HG - + + - HG -+ + -
NC pXC-TRAF6 p_JNKl g P | 065 | R —— ._.|

TRAFGEI JNKl —_— — — — |
GAPDH [ == |

LaminB | --——l

p-TAK']l | 1xB-a. I— B — _-I
TAKT [ — v o s | GAPDH | s . . . |
' J
< 200 < 20+
Z =z
4 # (4
E 150 E 45-
o [S)
€ S
3 100 3 10
£ # £
© ©
2 2 -
© ke
o [0)
o @ o-
TNF-q IL-6 Collv TGF-B
C— Crl mmm HG mEmm HG+pXC-TRAF6 mmm pXC-TRAF6

Fig. 7. TRAF6 overexpression exacerbates high glucose-induced inflammatory responses in renal cells. (A) NRK-52E cells were transfected with siRNA
targeting TRAF6. Cells were then harvested and lysates were analyzed by Western blotting to measure TRAF6 levels. (B) TRAF6-silenced NRK-52E cells were
stimulated with HG for 1 h. Phosphorylated and total protein levels of JNK1/2 and TAK1 were examined by Western blotting. (C) Levels of nuclear p65 and cytosolic
IkB-o in TRAF6-silenced NRK-52E cells that have been exposed to HG for 8 h were measured by Western blot. Lamin B and GAPDH were used as the loading controls
for nuclear and cytosolic proteins, respectively. (D-E) The mRNA levels of proinflammatory cytokines (TNF-a and IL-6, D) and fibrosis genes (Col-IV and TGF-p, E) in
TRAF6-silenced NRK-52E cells that have been exposed to HG for 12 h were detected by qPCR. (F) TRAF6 was overexpressed in NRK-52E cells by infecting with
harboring TRAF6 cDNA plasmid (pXC-TRAF6). Figure showing TRAF6 protein levels following overexpression. (G) Representative Western blots showing phos-
phorylated and total protein levels of JNK1/2 and TAK1 in TRAF6 overexpressed NRK-52E cells that have been exposed to HG for 1 h. (H) Levels of nuclear p65 and
cytosolic IkB in TRAF6 overexpressed NRK-52E cells that have been exposed to HG for 8 h were detected by Western blot. Lamin B and GAPDH were used as the
loading controls for nuclear and cytosolic proteins, respectively. (I-J) Proinflammatory cytokines (TNF-a and IL-6, I) and fibrosis genes (Col-IV and TGF-f, J) mRNA
levels in NRK-52E cells following TRAF6 overexpressed plasmid transfection and exposed to HG for 12 h were detected by qPCR. Data shown as mean + SEM; n =5
independent experiments; n. s. = no significance; *p < 0.05 compared to control; #p < 0.05 compared to HG.
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injuries (Aghadavod et al., 2016; Kobayashi et al., 2003). It is believed
that increased IL-6 and TNF-a play a role in increased permeability,
glomerular filtration rate, hemodynamic changes and renal hypertrophy
(Baud and Ardaillou, 1995; ET et al., 1998; JF et al., 2006). In addition,
inflammatory cytokines may also cause fibrosis by inducing the
expression of collagens and fibrogenic factors such as TGF-p. Further-
more, increased collagen-IV and TGF-p regulate epithelial-mesenchymal
transition (Wang et al., 2014). Recently, we found that inhibiting NF-kB
activation results in decreased proinflammatory cytokine production
and protects kidneys (Chen et al., 2018b). In the present study, we show
that KPF reduced renal inflammation and fibrosis by downregulating
TRAF6, which is upstream of NF-kB. These findings suggest that TRAF6
plays an important role in kidney inflammatory responses, and struc-
tural and functional characteristics of DN, and that TRAF6 blockade or
pharmacological inhibition is protective against DN.

Another interesting finding of our study was that KPF impacted
blood glucose levels (Supplementary Fig. S1), while TRAF6 knockdown
did not. These findings suggest that KPF may have multiple targets. At
least some of the effects of KPF may be related to its activities of scav-
enging free radicals and enhancing antioxidant potential (Liao et al.,
2016). KPF has previously been shown to exhibit an anti-diabetic ac-
tivity (Alkhalidy H. et al., 2018), including improvement of insulin
signaling (Luo et al., 2015), protection of p-cells from glucose toxicity
(Zhang and Liu, 2011). Collectively, our findings indicate that KPF
potentially regulates inflammatory responses through TRAF6 and hy-
perglycemia possibly through off-target effects. However, the exact
mechanism by which KPF downregulates TRAF6 expression remains to
be investigated. Also, further studies are needed to reveal other bene-
ficial functions of KPF.

5. Conclusion

In summary, our findings demonstrated that pharmacological inhi-
bition of TRAF6 by KPF and knockdown of TRAF6 attenuate diabetes-
associated renal inflammation, fibrosis and renal dysfunction. Our re-
sults reveal that TRAF6 expression is primarily localized to renal tubular
epithelial cells, and inhibiting TRAF6 normalizes glucose-induced in-
flammatory factor expression by dampening NF-xB activation. Collec-
tively, our studies provide evidence that TRAF6 plays a significant role
in inflammatory responses in diabetic nephropathy. KPF, which exhibits
a broad range of activity and low toxicity, make it an attractive chemical
in the fight against various diseases. Both TRAF6 and KPF may represent
interesting targets to combat diabetic nephropathy.
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