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Abstract

Diabetic nephropathy (DN) represents the most serious complication of diabetes.
Previous studies have shown that the activation of nuclear factor kappa B (NF-xB)
and mitogen-activated protein kinase (MAPK) are linked to inflammation in the devel-
opment of DN. Sclareol, a natural diterpene compound, has beneficial effects on
inflammation. Thus, we hypothesized that sclareol might prevent DN via anti-
inflammatory actions. This study aimed to investigate the actions of sclareol in the
progression of DN, and explored the related molecular mechanism. Sclareol treat-
ment significantly alleviated renal dysfunction, fibrosis, and inflammatory cytokine
levels in a dose-dependent manner in diabetic mice. Moreover, sclareol inhibited the
activations of MAPKs and NF-kB in diabetic kidney tissues. The therapeutic effects
of sclareol were confirmed under high levels of glucose in SV40 cells, and sclareol
prevented high glucose-induced fibrosis and inflammatory responses, which was
largely driven by MAPKs and NF-kB inhibitions. In particular, MAPKSs inhibitors mix-
ture could suppress the NF-xB pathway and release of inflammatory cytokines that
sclareol was involved in. In conclusion, sclareol has benefits for diabetes-induced
renal dysfunction, which was partially associated with amelioration of fibrosis and
inflammation via mediation of the MAPK/NF-kB signaling pathway. Sclareol may be

a promising agent for preventing the progression of DN.
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given that it influences nearly 30% of patients with DM (Fioretto,
Zambon, Rossato, Busetto, & Vettor, 2016). Indeed, DN is well known

Diabetes mellitus (DM) has become an extensive health problem with
a high risk of intractable complications (Kale, Sankrityayan, Anders, &
Gaikwad, 2021). Diabetic nephropathy (DN) is one of the most feared
complications of both type 1 DM (T1DM) and type 2 DM (T2DM),
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as the root cause of end-stage renal disease (ESRD). Major risk factors
for DN include hyperglycemia, hypertension, hyperlipidemia, obesity,
and smoking (Jaimes et al., 2021). Known clinical management for DN
is directed at tight glycemic control, blood pressure lowering, and
hypolipidemic agents. These treatment strategies can only slow the

development of DN but cannot reliably prevent the progression to
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ESRD (Varma, Kajdacsy-Balla, Akkina, Setty, & Walsh, 2016). There-
fore, there remains a need to discover novel agents for the treat-
ment of DN.

Several studies have shown the beneficial effects of natural
compounds in DN treatments (Kumar, Mittal, Babu, & Mittal, 2021).
Sclareol, a kind of labdane-type diterpene, is isolated from Salvia
sclarea, which is widely used in food industries, folk medicine, and
cosmetics (Zhang, Wang, & Cai, 2017). Popularly known, sclareol
possesses renowned bioactive properties, such as anticancer,
antioxidant, and anti-inflammatory effects (Duan, Hou, Ji, &
Deng, 2018; Ravera et al., 2020; Tsai et al., 2018). Studies have
reported that this diterpene relieves the severity of rheumatoid
arthritis by modulating excessive inflammation in mice (Tsai
et al., 2018). In addition, in view of the metabolic benefits of
sclareol, it has been reported to improve the metabolic profile of
obese mice in multiple aspects, including insulin sensitivity, glucose
tolerance, and adiposity (Cerri et al., 2019). However, the role of
sclareol on DN, and its possible use for the treatment of DN are still
unknown.

Although several potential mechanisms have been implicated in
the development of DN, the chronic inflammatory state created by
hyperglycemia is perhaps the most consequential (Patel, Bose, &
Cooper, 2020). Microinflammation contributes to glomerular endothe-
lial cell injuries, together with upregulation of adhesion molecules and
chemokines, which lead to macrophage infiltration into renal tissues
(Wada & Makino, 2013). Mitogen-activated protein kinases (MAPKSs)
can be activated by various stimuli, including inflammation. There is
strong evidence supporting the key role of MAPKs in the pathogene-
sis of DN, as an increase in the phosphorylation of MAPKSs has been
measured in the kidney tissues of diabetic mice (Jiao et al., 2015).
Nuclear factor-kappa B (NF-kB) serves as a crucial factor in modulat-
ing inflammation in DN that can be activated by MAPK (Kang
et al., 2017). The active form of NF-xB has been shown to upregulate
the transcription of inflammatory cytokines such as tumor necrosis
factor-a (TNF-a), interleukin-6 (IL-6), and IL-1p (Mozzini, Cominacini,
Garbin, & Fratta Pasini, 2017). These proinflammatory factors are
major contributors to renal fibrosis, as they promote extracellular
matrix deposition and renal dysfunction through feedback activation
of signaling pathways such as MAPK and NF-xB pathways
(Ravera et al., 2020). Therefore, a hyperglycemia-induced inflamma-
tory response may represent a promising direction of intervention to
halt DN progression. It has been reported that sclareol protects
against bone loss by suppressing MAPK and NF-«kB pathway activa-
tion (Jin et al, 2019). Based on the above promising results, we
hypothesize that sclareol protects against diabetes-induced kidney
injury via the inhibition of MAPK and NF-kxB-mediated inflammation
in mice.

Thus, this study aimed to explore the pharmacological effect of
sclareol against DN in streptozotocin (STZ)-induced type | diabetic
mice. We further confirmed these results in glomerular mesangial cells
stimulated by high level of glucose. We found that sclareol treatment
suppressed diabetes-induced renal inflammation and fibrosis both

in vivo and in vitro, which was mediated by the ability to inhibit

MAPKSs and NF-kB activation. In summary, our study identified NF-xB
as a new candidate for the treatment of DN.

2 | MATERIALS AND METHODS

21 | Animals

Male C57BL/6 mice (weight 20 + 2 g) were obtained from the Labora-
tory Animal Center of Hangzhou Medical College (Hangzhou, China).
All mice were housed in a habitant at 23-26°C, 40%-60% humidity,
and with a 12 hr light-dark cycle. Mice were allowed free access to
food and water. Experimental procedures were performed according
to the National Institutes of Health Guidelines for the Care and Use
of Laboratory Animals. Animal care and experimental protocols were
approved by the Ethics Committee of Laboratory Animal Care and
Welfare, Hangzhou Medical College, with the Approval Number
2021-138.

2.2 | Mice model of type | diabetic mice

To induce the type | diabetic mice model, mice were intraperitoneally
injected with STZ (Sigma-Aldrich, MO, USA) in a single injection. The
dose of STZ was 100 mg/kg which has been reported to reliably
induce T1DM in mice (Wang et al., 2020). STZ was dissolved in 0.1 M
sodium citrate buffer (pH 4.5). Age-matched mice received citrate
buffer and served as the control group. All mice received common
food (Zhejiang Academy of Medical Sciences, Hangzhou, China) dur-
ing experiment. The concentration of fasting blood-glucose was
measured using a glucometer once a week. Mice with fasting blood-
glucose 212 mmol/L were regarded as diabetic mice and used for sub-
sequent experiments. On the ninth week, the compound treatment
was initiated, and the diabetic mice were randomly divided into three
experimental groups (n = 6 per group): vehicle group (0.5% CMC-Na
solution, i.g.), low-dose sclareol group (5 mg/kg, i.g.; the chemical
structure was shown in Figure 1a; purity, 98.5%; Shanghai yuanye
Bio-Technology Co., Ltd, Shanghai, China), and high-dose sclareol
group (10 mg/kg, i.g.). Sclareol was administered every day for
5 weeks. The vehicle group received the CMC-Na solution following
the same schedule. The dose of sclareol was chosen according to a
previous report with minor modifications (Jin et al., 2019). Blood glu-
cose and body weight were monitored every week. At the end of the
study, the mice were anesthetized with phenobarbital sodium (40 mg/
kg, i.p.). Blood and kidney tissues were collected (Figure 1b). Levels of
blood urea nitrogen (BUN), urine creatinine and albumin were mea-

sured using a commercial assay (Jiancheng, Jiangsu, China).

2.3 | Kidney staining

Kidney tissues were fixed with 4% paraformaldehyde at room temper-

ature for 48 hr, and then embedded in paraffin. The samples were
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Sclareol attenuates diabetes-induced renal dysfunction. (a) The chemical structure of sclareol. (b) lllustration of experimental

schedule. Mice were intraperitoneal injected with 100 mg/kg STZ to induce T1DM model, and injected with citrate buffer as control group. The

blood glucose and body weight of mice were monitored every week. T1DM mice were treated with sclareol (5 and 10 mg/kg/day, i.g.) from ninth
week to 13th week, and control group received vehicle. After 5 weeks treatment, blood and kidney tissues were collected. Sclareol treatment did
not modify the blood glucose (c) or body weight (d) in diabetic mice. Levels of kidney weight to body weight ratio (e), BUN (f) and urinary albumin
to creatinine ratio (g) were measured in mice. Values are mean + SD, (n = 6 per group). mp < 0.001 versus ctrl; #p < 0.05, #p < 0.01, #¥#p < 0.001

versus T1IDM. Ctrl, control; T1DM, type 1 diabetes mellitus

sectioned at 5 pm thickness and stained with hematoxylin and eosin
(H&E) for pathological analysis. Slides were stained with 0.1% Sirius
Red to evaluate collagen deposition, Masson Trichrome to assess
fibrosis, and 0.5% Periodic acid-Schiff solution (PAS) to examine base-
ment membrane and mesangial expansion. Finally, the changes in
renal pathology were observed under a light microscope (magnifica-
tion: 200x; Leica Microsystems, Wetzlar, Germany).

For immunohistochemical staining, the sections were dewaxed
and hydrated with graded alcohol. After antigen retrieval and serum
albumin blocking, the slides were incubated with anti-F4/80 (1:300;
cat. NO. MCA497R; Bio-Rad Laboratories, CA, USA) or anti-TNF-o
(1:200; cat. NO. sc-52746; Santa Cruz Biotechnology, TX, USA) over-
night at 4°C. Subsequently, the PE-labeled mouse anti rabbit

secondary antibody (1:500; cat. NO. sc-3753; Santa Cruz Biotechnol-
ogy) was incubated for 2 hr at room temperature. Images were taken

with a light microscope.

2.4 | Real-time quantitative polymerase chain
reaction (RT-qPCR)

Total RNA from tissues and cells was isolated using TRIZOL (Takara,
Otsu, Japan). A PrimeScript™ RT reagent kit (Takara) was used for
reverse transcription. Real-time quantitative polymerase chain reac-
tion (QPCR) was subjected to SYBR Premix Ex Taq™ (Takara) using the
LightCycler 480 System (Roche Diagnostics, Basel, Switzerland).
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Primer sequences for TNF-a, IL-6, IL-1B, collagen IV (col-4), trans-
forming growth factor beta (TGF-p), intercellular cell adhesion
molecule-1 (ICAM-1), vascular cellular adhesion molecule-1 (VCAM-
1), monocyte chemoattractant protein-1 (MCP-1), and p-actin were
synthesized in Sangon Biotech (Shanghai, China) as listed in the
Table S1. The relative amount was normalized to that of p-actin.

2.5 | Preparation of cell culture

The mouse glomerular mesangial cell line SV40 MES-13 was bought
from the Shanghai Institute of Biochemistry and Cell Biology
(Shanghai, China). Cells were cultured in Dulbecco's Modified Eagle's
Medium (DMEM; Gibco, Eggenstein, Germany) that contained
5.5 mM of D-glucose with 10% fetal bovine serum (FBS; Hyclone, UT,
USA), 100 U/ml of penicillin, and 100 mg/ml of streptomycin. Cells
were incubated at 37°C with 5% CO.,. In cellular experiments, SV40
MES-13 cells were pretreated with sclareol (10 uM and 20 pM) or
with MAPK inhibitors mixture (JNK inhibitor, SP600125, 5 uM; ERK
inhibitor, U0126, 5 uM; p38 inhibitor, SB230580, 5 pM; Sigma, MO,
United States) for 1 hr. The DMEM containing 5.5 mM glucose (nor-
mal glucose, NG) was regarded as control, and DMEM containing
27.5 mM D-glucose (Sigma; total 33 mM) was served as high glucose
(HG) group. In addition, DMEM containing 27.5 mM mannitol was
served as an osmotic control.

2.6 | Cell viability assay

SV40 MES-13 cells (Shanghai Institute of Biochemistry and Cell Biol-
ogy, Shanghai, China; passage 5) were planted in 96-well plates at
5,000 cells per well and cultured overnight for adherence. Cells were
exposed to sclareol (dissolved in DMSO) in the following concentra-
tions: 3.125, 6.25, 12.5, 25, 50, 100, and 200 pM. Cell viability was
detected using a cell counting kit-8 assay (CCK-8; Dojindo Laboratory,
Kumamoto, Japan) according to the manufacturer's instructions. After
24 hr of culturing, cells were washed with PBS and incubated in DMEM
containing 10 pl of CCK-8 solution for 30 min at 37°C. The optical den-
sity was determined at 450 nm using a Microplate Reader (Bio-Rad).

2.7 | Immunofluorescence assay

To observe the nuclear localization of NF-xB p65, an immunofluores-
cence assay was applied. SV40 MES-13 cells were planted into a
6-well plate. Following the agent treatment, cells were fixed with 4%
paraformaldehyde and permeabilized with 0.1% Triton X-100.
Cells were then stained with anti-NF-xB p65 antibody (Cat.
NO. 10745-1-AP, 1:300; Proteintech, Wuhan, China) overnight at
4°C. Phycoerythrin-conjugated secondary antibody was incubated for
2 hr at room temperature. Cell nuclei were counterstained with DAPI.
Images were taken with a confocal microscope (A1R-SIM-STORM,
Nikon, Japan).

2.8 | Western blot analysis

The whole proteins were isolated using a cell and tissue total protein
extraction kit (Cat. NO. KC415, Kang Cheng Bioengineering Co., Ltd.,
Shanghai, China), while the cytosolic and nuclear proteins were isolated
using a nuclear and cytoplasmic protein extraction kit (cat. NO. P0028,
Beyotime Biotechnology, Shanghai, China). Protein samples were mea-
sured with a BCA protein assay kit (cat. NO. P0010, Beyotime). Proteins
were separated with SDS-PAGE gels and electrotransferred to poly-
vinylidene fluoride membranes. After blocking with 5% non-fat milk or
5% BSA at room temperature for 1 hr, the membranes were incubated
overnight at 4°C with various primary antibodies. Antibodies for
phosphor-JNK (Cat. NO. 9255, 1:1000), JNK (Cat. NO. 9252, 1:1000),
and phospho-p38 (Cat. NO. 4511, 1:1000) were obtained from Cell Sig-
naling Technology (USA). Antibodies for p38 (Cat. NO. 14064-1-AP,
1:1000), phospho-ERK1/2 (Cat. NO. 28733-1-AP, 1:1000), ERK1/2 (cat.
NO. 16433-1-AP, 1:1000), NF-kB p65 (Cat. NO. 10745-1-AP, 1:1000),
IxB (Cat. NO. 10268-1-AP, 1:1000), Lamin B (Cat. NO. 66095-1-lg,
1:1000) and GAPDH (Cat. NO. 60004-1-Ig, 1:1000) were purchased from
Proteintech (China). HRP-conjugated secondary antibodies (1:3000, Ser-
vicebio, China) were applied for 2 h at room temperature. Specific bands
were detected using the ECL chemiluminescence kit. The band density
was processed and quantified with ImageJ software (NIH, Bethesda, MD,
USA\). Either GAPDH or Lamin B served as the internal control.

2.9 | Statistical analysis

All experiments were randomized and blinded. Data were expressed
as mean = SEM from at least three independent experiments. All sta-
tistical analyses were performed using GraphPad Pro Prism 8.01
(GraphPad, CA, USA). One-way ANOVA followed by a multiple com-
parisons test with Tukey was used to analyze the differences.

p < 0.05 was considered significant.

3 | RESULTS

3.1 | Sclareol attenuates diabetes-induced renal
dysfunction

To investigate whether sclareol treatment has a protective effect against
the development of diabetic nephropathy, we established an STZ-
induced type | diabetic mouse model through the daily administration of
5g or 10 mg/kg of sclareol for 5 weeks. As expected, diabetic mice
exhibited increased blood glucose concentrations and decreased body
weight gains compared with control mice (Figure 1c and d), while there
were no differences among sclareol treatment groups and the T1DM
group. Diabetic mice also showed elevated kidney to body weight ratios,
BUN content, and urine albumin to creatinine levels (p < 0.001,
Figure le-g). Sclareol treatment dose-dependently corrected these
changes, indicating that sclareol attenuated kidney dysfunction in dia-
betic mice (p < 0.05).
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FIGURE 2 Sclareol normalizes diabetes-induced renal fibrosis. (a) Representative images of H&E, Masson's Trichrome, Sirius Red, and
Periodic acid-Schiff in kidney tissues. Scale bar, 100 pm. Quantification analysis of Masson staining (b) and Sirius red staining (c). RT-PCR analysis
of transcript levels of col-4 (d) and TGF-B (e) in kidney tissues. Values are mean # SD, (a-c: n = 4 per group; d, e: n = 6 per group).  p < 0.001
versus ctrl; ##p <0.01, ###p < 0.001 versus T1IDM. Ctrl, control; T1DM, type 1 diabetes mellitus
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3.2 | Sclareol normalizes diabetes-induced renal (A) T1DM
fibrosis Ctrl Vehicle SCL 5mg/kg SCL 10mg/kg

We performed pathological assessments and quantitative polymer-
ase chain reaction (qPCR) of fibrosis indexes in kidneys to evaluate
whether sclareol is involved in protecting against renal fibrosis. H&E
staining of T1DM mouse kidneys showed glomerulosclerosis,
mesangial cells, and matrix expansion (Figure 2a). Masson's
trichrome staining and Sirius red staining showed elevated fibrosis
and interstitial collagen deposition in the diabetic kidney tissues
(b < 0.001, Figure 2a-c). PAS staining has been reported to nega-
tively correlate with kidney function (Vleming et al., 1997). PAS-
positive material was clearly shown in kidney specimens from
T1DM mice. Sclareol at both 5 and 10 mg/kg normalized these
diabetes-associated pathological changes including structural devel-
opment, fibrosis, and collagen deposition in kidney tissues
(Figure 2a-c). In addition, transcript levels of col-4 and TGF-p were
significantly increased in kidney samples from T1DM mice when
compared to control mice (p <0.001, Figure 2d,e). None of the
mRNA measures showed increases in kidney tissues from T1DM

mice administered with sclareol.

3.3 | Sclareol prevents diabetes-induced
inflammatory response in kidneys by inhibiting NF- xB
and MAPKs

Our group has previously shown that NF- B is activated in renal tis-
sues of STZ-induced diabetic mice (Li et al., 2020). Studies have
shown that sclareol potentially inhibits proinflammatory TNF-a and
IL-6 secretion in murine model of rheumatoid arthritis, which is asso-
ciated with NF-xB pathways (Tsai et al., 2018). Therefore, we wanted
to confirm whether the reno-protective effects of sclareol in diabetic
mice were mediated via NF- kB pathways-induced inflammatory
responses. As shown in Figure 3a, the number of F4/80-positive and
TNF-a-positive cells in the renal tissues of TIDM mice was markedly
increased compared with the control group. Interestingly, sclareol
treatment attenuated F4/80-positive macrophages and TNF-
a-positive cells. Similarly, the mRNA levels of TNF-a, IL-6, and IL-1p in
the renal tissues from T1DM mice were significantly lower than that
of normal mice (p < 0.001, Figure 3b-d). In addition, mRNA levels of
ICAM-1, VCAM-1, and MCP-1 were significantly elevated in the
T1DM group (p < 0.001, Figure 3e-g). However, sclareol dampened
diabetes-induced increases in transcript levels of inflammatory cyto-
kines and adhesion molecules in a dose-dependent manner
(Figure 3b-g). We performed a western blot experiment to detect NF-
kB activation. As shown in Figure 3h, the IkBa was obviously
degraded in vehicle group when compared to the control group. On
the other hand, sclareol treatment successfully reversed the diabetes-
induced degradation of IkBa, and increases of nuclear NF-xB pé5
expression and concomitant reductions in cytosolic NF-kB pé5 levels
in a dose-dependent manner (Figure 3h). Further western blotting

confirmed the remarkable upregulation of the MAPK pathway, such
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FIGURE 4 Sclareol suppresses diabetes-induced the activation of
MAPKs. (a) Western blot analysis of phosphorylated JNK, ERK, and
p38 in the kidney tissues of diabetic mice, and quantitative analysis
(b-d). Values are mean # SD, (n = 4 per group).  p < 0.001 versus
ctrl; ##p < 0.001 versus T1IDM. Ctrl, control; T1DM, type 1 diabetes
mellitus

as increased phosphorylation of JNK, ERK, and p38 in the kidney tis-
sues of the vehicle group compared with the control group (p < 0.001,
Figure 4a-d). While these increases were completely blocked with
sclareol treatment at 5 mg/kg and 10 mg/kg (p < 0.001, Figure 4a-d),
these results suggest that sclareol alleviates T1DM-induced fibrosis
and inflammatory reaction via suppression of activation of NF-xB
and MAPK.

3.4 | Sclareol attenuates high glucose-induced
increases in fibrosis and inflammatory factors in SV40
MES-13 cells

To further confirm the results from our in vivo studies, SV40 MES-
13 cells stimulated with a 33 mM high glucose model were
established in vitro. The SV40 MES-13 cells were exposed to
increasing concentrations of sclareol and their viability was mea-
sured. As shown in Figure 5a, cell viability was significantly
decreased at 50 pM of sclareol and higher concentrations. Thus,
subsequent studies were conducted with 10 and 20 uM concentra-
tions of sclareol, which had no significant cytotoxicity. Transcript
levels of TGF-p and Col-4 were significantly enhanced in HG-
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FIGURE 5

Sclareol attenuates high glucose-induced increasements of fibrosis and inflammatory factors in SV40 MES-13 cells. (a) SV40 MES-13

cells were challenged to increasing concentrations of sclareol for 24 h, and cell viability was detected with the CCK-8 assay. Transcript levels of
TGF-B and col-4 (b), TNF-« (c), IL-6 (d), IL-1B (e), ICAM-1 (f), VCAM-1 (g), and MCP-1 (h) were measured with RT-PCR in SV40 MES-13 cells. Cells
were pretreated with 10 or 20 uM sclareol for 1 hr, and then incubated with 33 mM HG for 36 h (B) or 6 hr (c-h). Values are mean + SD, (n = 6 per
group). " 'p < 0.001 versus ctrl; ##p < 0.001 versus HG. Ctrl, control; HG, high glucose

challenged cells, while sclareol treatment obviously reduced these
fibrotic factors (p < 0.001, Figure 5b). Moreover, HG increased
mRNA levels of inflammatory factors including TNF-«, IL-6, and
IL-18  but not with (b < 0.001,
Figure 5c-e). In addition, sclareol treatment prevented the HG-

in cells sclareol treatment
induced increase of adhesion molecules in SV40 MES-13 cells
(p < 0.001, Figure 5f-h). Our findings indicate that sclareol protects
against HG-induced fibrotic factors and inflammatory cytokine pro-

duction in SV40 MES-13 cells.

3.5 | Sclareol attenuates high glucose-induced
inflammatory reactions via the MAPK-mediated NF-
kB pathway in SV40 MES-13 cells

Next, to investigate mechanistic insights into the efficiency of
sclareol in DN, we measured the protein levels of MAPKs and the
NF-xB pathway in SV40 MES-13 cells. Sclareol treatment decreased
HG-stimulated activation of NF-xB, evidenced by the down-

regulated degradation of IkBa and the nuclear translocation of
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FIGURE 6 Sclareol attenuates high (A) HG (33 mM)
glucose-induced activations of NF-xB and SCL (uM)

MAPKSs in SV40 MES-13 cells. SV40 MES-
13 cells were pretreated with 10 or 20 pM IKBa
sclareol for 1 hr, and then incubated with
33 mM HG for 1 hr. (a) Western blot assay
for measuring protein levels of NF-xB
pathway in HG-induced SV40 MES-13
cells. (b) Representative images of
immunofluorescence staining for p65 (red)
and DAPI (blue). Sclareol inhibited the NF-kB p65 (Cyt)
nuclear translocation of p65 subunit under

HG condition in SV40 MES-13 cells. Scale GAPDH

bar, 50 pm. (c) SV40 MES-13 cells were

pretreated with 10 or 20 uM sclareol for (B)
1 h, and challenged with 33 mM HG for
30 min. Western blot assay was used to
measure the protein expression levels of
MAPKSs pathway. Ctrl, control; HG, high
glucose
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NF-xB p65 subunit, as well as the upregulation of NF-kB pé5 in the
cytoplasm of SV40 MES-13 cells (p < 0.001, Figure 6a, Figure S1B).
Consistent with these findings, the immunofluorescent localization
of NF-kB showed that sclareol reduced HG-induced nuclear translo-
cation of the p65 subunit (Figure 6b). Similarly, phosphorylation of
JNK, ERK, and p38 was significantly reduced by sclareol in HG-
stimulated SV40 MES-13 cells (p < 0.001, Figure 6c, Figure S1C).
However, compared with the NG, SV-40 EMS-13 cells treated with
mannitol (regard as the osmotic control for the HG) showed no

significant differences in expression of MAPKs and NF-kB pathway
related proteins (p > 0.05, Figure S2). Collectively, these results indi-
cate that sclareol inhibits HG-induced activation of NF-kB and
MAPKs in SV40 MES-13 cells.

To determine whether or not NF-kB-mediated inflammatory
reaction was dependent on the activation of MAPKs, we used a
mixture containing a JNK inhibitor (SP00125), an ERK inhibitor
(U0126), and a p38 inhibitor (SB203580) to pre-treat SV40 MES-13
cells for 30 min before sclareol treatment. The inhibition of MAPK
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FIGURE 7 Sclareol regulates high
glucose-induced inflammatory factors
through inhibiting MAPK/NF-xB
signaling pathway in SV40 MES-13 cells.
SV40 MES-13 cells were pretreated with
MAPK inhibitors mixture for 1 hr, and
then incubated with 20 uM sclareol and
33 mM HG for 1 hr. (a) Protein levels of
NF-xB pathway was measured with
Western blot assay in SV40 MES-13
cells. (b) Representative images for p65
with immunofluorescence staining.
MAPK inhibitors mixture also inhibited
the nuclear translocation of p65 subunit
in HG-induced SV40 MES-13 cells. Scale
bar, 50 um. Transcript levels of TNF-a (c),
IL-6 (d), and IL-18 (e) in SV-40 cells.
Values are mean + SD, (a-b: n = 3 per
group; c-e: n = 6 per group). . p < 0.001
versus ctrl; ###p < 0.001 versus HG. Ctrl,
control; HG, high glucose; ns, no
significance

by the inhibitor mixture significantly suppressed the degradation of (Figure 7b). Furthermore, the MAPK inhibitors mixture significantly

IkBa and nuclear translocation of NF-kB pé65 subunit in HG- reduced HG-induced mRNA levels increase of TNF-a, IL-6, and IL-
stimulated SV40 MES-13 cells (p < 0.001, Figure 7a, Figure S1D). As 1B in SV-40 cells, while the sclareol and MAPK inhibitors mixture
expected, there was no significant difference between the treatment also decreased mRNA levels of inflammatory factors
HG + MAPK inhibitors mixture and the HG + sclareol + MAPK (p < 0.001, Figure 7c-e). These data provide evidence that sclareol
inhibitors mixture in terms of the inhibition of NF-xB activation in regulates inflammation under high glucose conditions via the
SV40 MES-13 cells (p > 0.05, Figure 7a, Figure S1D). Immunofluo- MAPK/NF-kB signaling pathway. A schematic of the mechanism is
rescent localization of NF-kB presented similar results in vitro displayed in Figure 8.
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FIGURE 8 The graphic illustration of
the mechanism of sclareol protecting
against diabetic nephropathy

4 | DISCUSSION

In the present study, the following key findings were obtained: (1) dia-
betic mice administrated with sclareol exhibited alleviated kidney dys-
function and decreased fibrosis and inflammatory responses in renal
tissues in a dose-dependent manner; (2) these improvements are
closely associated with the inhibition of the activation of MAPKSs and
NF-xB by sclareol in vivo; (3) the beneficial effects of sclareol on high
glucose-induced fibrosis and inflammation in glomeruli mesangial cells
were partly through the suppression of the MAPK-mediated NF-xB
pathway in vitro. Taken together, we show novel clues for the thera-
peutic effect of sclareol on DN by improving of renal fibrosis and
inflammatory responses via mediation of the MAPKs/NF-xB signaling
pathway in type 1 diabetic mice.

DN arising from diabetes is one of the primary causes of ESRD
worldwide. Clinically, BUN and urinary albumin are two important
indexes for evaluating the development of DN (Tsai et al., 2018). In
this study, we show that sclareol prevents upregulation of both BUN
and urinary albumin to creatinine ratio in TLDM mice. However, the
most corresponding and significant pathological injury identified in
DN patients with renal biopsies is the occurrence of glomerular
lesions, which present as diffuse mesangial expansion, glomerular
basement membrane thickening, and fibrosis (Maezawa, Takemoto, &
Yokote, 2015). We observed that these pathological damages were
dramatically diminished by sclareol administration in the kidney tis-
sues of diabetic mice. Interestingly, our results clearly showed that
this reno-protective effect of sclareol was without any effect on the

levels of blood glucose and body weight in type | diabetic mice. Thus,

TGF-p1
Col-4

Diabetic nephropathy

the underlying mechanism for sclareol improvement of kidney dys-
function under the pathologic condition of hyperglycemia remains a
huge barrier yet to be explained.

Among the various factors that could positively interact in the
pathogenesis of DN, gender, hypertension, and hyperuricemia have
been well studied (Donate-Correa, Martin-Nufiez, Muros-de-Fuentes,
Mora-Fernandez, & Navarro-Gonzélez, 2015; Oguiza et al., 2015). In
recent years, studies have shown that the inflammation mechanism
plays a central role in driving the progression of DN through diverse
pro-inflammatory cytokines, such as TNF-o, IL-1p, IL-6, and MCP-1.
Sclareol, as a bioactive diterpene, has been reported to possess anti-
inflammation potential. Sclareol effectively inhibited the release of
TNF-a, IL-18 and IL-6 in LPS-induced acute lung injury mice model
(Hsieh et al., 2017). In our study, sclareol exhibited a robust anti-
inflammation profile in the kidneys, reflected by downregulated
mRNA levels of proinflammatory cytokines, adhesion cytokines, and
F4/80-positive macrophage infiltration. Despite the advancing field,
the molecular mechanism for sclareol's anti-inflammation action in
diabetes is still unspecified.

The transcription factor NF-xB is positively correlated with renal
dysfunction. It is evident that the degradation of IkBa could promote
the translocation of NF-kB p50/p65 subunits into the nucleus and the
binding of these submits to strict promoter sequence of the aim at
inflammatory genes. Several pre-clinical study and clinical study stud-
ies have reported that NF-xB activation plays a key role in the patho-
genesis of DN inflammation and fibrosis (Jiang, Liu, Zhou, Liu, &
Liu, 2020; Yang et al., 2021). Our previous studies have found that
inhibition of the activation of NF-kB contributes to attenuating the
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renal inflammation and fibrosis in both typel diabetes and type 2 dia-
betes (Li et al., 2020; Yang et al., 2021). Moreover, Sclareol has been
reported to inhibit the breakdown of NF-xB and the phosphorylation
of MAPKSs in lung tissues (Hsieh et al., 2017). In this study, we con-
firmed that sclareol suppressed the nuclear translocation of NF-xB
and the degradation of IkBa both in kidney tissues and in HG-induced
SV40 MES-13 cells. Our data suggest that the anti-inflammation
activation of sclareol is strongly associated with the transcriptional
suppression of the NF-xB pathway.

MAPK families (JNK, ERK, and p38) which are important players
in the signal transduction pathway, contribute to boosting the produc-
tion of cytokines (Liang et al., 2018). The MAPK signaling pathway is
activated by the phosphorylation of JNK, ERK, and p38 in response to
various stimuli including hyperglycemia, and mediates its function by
downstream of inflammation (Li et al., 2021). Our data provided evi-
dences that not only renal tissues from T1DM mice presented with
phosphorylated MAPKs, but HG activated MAPKSs in mesangial cells
as well, and sclareol downregulated MAPKs phosphorylation in both
of these cases. In addition, NF-xB has been reported to be activated
by MAPK to induce chronic inflammation in DN (Malik et al., 2017). In
our experimental model, we wondered if the NF-xB activation
resulted from JNK, ERK, and p38 activation. We observed that the
JNK, ERK, and p38 inhibitors mixture prevented HG-induced nuclear
translocation of NF-kB, and decreased HG-stimulated elevation of
inflammatory cytokines in SV40 MES-13 cells. Consequently, our data
suggest that the anti-inflammation action of sclareol may be via sup-
pression of the JNK, ERK, and p38 pathways to inhibit NF-xB.

Actually, this study has several limitations. We did not use a posi-
tive control for evaluation the reno-protective effects on DN. Our
previous study found that MD2/TLR4 complex could trigger the acti-
vation of MAPKs under HG condition in kidneys (Wang et al., 2019).
It suggests that MD2/TLR4 may be the up-stream pathway of MAPKS
in diabetic condition. However, in this study, the specific up-stream

pathway of MAPKSs regulated by sclareol need further study.

5 | CONCLUSION

In summary, we show that sclareol possibly protects against diabetic
nephropathy in TIDM mice. Sclareol has promising and broad anti-
inflammation action, inhibiting cytokine production, F4/80-positive
macrophage infiltration, induction of adhesion factors, and the activa-
tion of MAPKs and the NF-kB pathway in diabetic kidneys. In
correspondence with its reno-protective effects, sclareol prevented
HG-induced inflammation via MAPKs/NF-kB pathways in vitro. Our
study may provide insights into new applications of sclareol to allevi-

ate renal damage in diabetic individuals.
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