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Dietary nobiletin suppresses TGF-p1-
Src-caveolin-1 dependent signaling
involved with high glucose-induced
renal mesangial matrix accumulation

Dong Yeon Kim (®, Young-Hee Kang @, and Min-Kyung Kang ©

Department of Food Science and Nutrition, Hallym University, Chuncheon 24252, Korea

ABSTRACT

Purpose: Diabetic nephropathy is one of the most important diabetic complications
prompted by chronic hyperglycemia, characterized by glomerulosclerosis, tubular fibrosis,
and it eventually causes kidney failure. Nobiletin is a polymethoxyflavone present in
tangerine and other citrus peels, and has anti-cancer and anti-inflammatory effects. This
study investigated the effects of nobiletin on glomerular fibrosis through inhibition of the
transforming growth factor (TGF)-B1-Src-caveolin-1 pathway.

Methods: Human renal mesangial cells (HRMC) were incubated in media containing 33

mM glucose with or without 1-20 uM nobiletin for 3 day. The cellular expression levels of
fibrogenic collagen IV, fibronectin, connective tissue growth factor (CTGF), TGF-f1, Src and
caveolin-1 were all examined. In addition, TGF-B1, Src and caveolin-1 proteins were screened
to reveal the relationship among TGF-B1-Src-caveolin-1 signaling in glomerular fibrosis.
Results: High glucose promoted the production of collagen IV, fibronectin and CTGF in
HRMC, which was inhibited in a dose dependent manner by 1-20 uM nobiletin. The Western
blot data showed that high glucose elevated the expression of TGF-1, Src, caveolin-1 and Rho
GTPase. When nobiletin was treated to the HRMC exposed to high glucose, the expression of
TGF-B1-Src-caveolin-1 was dampened. Finally, TGF-B1-Src-caveolin-1 signaling pathway was
activated in high glucose-exposed HRMC, and such activation was encumbered by nobiletin.
Conclusion: These result demonstrated that nobiletin blunted high glucose-induced
extracellular matrix accumulation via inhibition of the TGF-B1-Src-caveolin-1 related
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intracellular signaling pathway. Nobiletin may be a potent renoprotective agent to counteract
diabetes-associated glomerular fibrosis that leads to kidney failure.

Keywords: nobiletin, diabetic nephropathy, glomerular fibrosis, TGF-B1-Src-caveolin-1 pathway
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Human renal mesangial cells (HRMCs)-<> Sciencell Research Laboratories (Carlsbad, CA, USA)
ol A Fd5te] A28 2.1 Dulbecco's modified Eagle's medium (DMEM)T} F125- 7:12] H]
&2 25}l 15% fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, 100 pg/mL strep-
tomycing 7}t B A & AFE-5}H0] 37°C, 5% CO, 2710 A] Bl S5 Y} vl E HRMC
9] doubling A|7FH2 26-40 A|ZFO 2 [14], HRMC+= passage 6-10 AF0] & AF8-5131 O plate©]|
80% H= o)/ o ol Aol AbgStith 1o R Qg G AT S
7] Q5 MEZE 33 mM LsT ZE=FS 715 DMEM Hi A o]l 0.1% bovine serum albumin
(BSA)7} &5 vl 2] 2 3 7F vl okl o AHEQE o & 19t Pk HiAIoH7] 2l 5H osmotic
control2 ZZ5}7] 9|3 DMEM H X]of] 27.5 mM mannitol ¥} 0.1% BSAS 7}t Bl 2| & A&
stttk @Y A=} 520 nobiletin 120 uM2] =2 3Y7H 2] 2]519. 2, nobiletin
2 dimethyl sulfoxide (DMSO)°ll €3 A]7] & Bl A &2 5] A 5to] A& A A3 T

Western blot analysis

&G 2A=3}F B =] nobiletine *]2]$F HRMCE 1 M B-glycerophosphate, 1% B-mercap-
toethanol, 0.5 M NaF, 0.1 M Na;VO, 12|31 protease inhibitor cocktail®] 7}=] o Q)= lysis
bufferE AF-85}0] 255+ 0. H| cell lysatest= lowry assayS 53l T A HF& A At &
9 TS 6%-15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)Z 85} t}. o] £ nitrocellulose membrane®]| transferst & H] E0| 2] AgH-S vF|5}h
7] 915} 5% skim milk® 3A] 7+ 5-9F blockingdF = TBS-T buffer (50 mM Tris-HCI [pH 7.5], 150
mM NaCl and 0.1% Tween 20)= A|ZASt & membranes collagen 1V, fibronectin, connective
tissue growth factor (CTGF), Src, caveolin-1, Ras homolog family member A (RhoA), Rho-associ-
ated protein kinase (ROCK), TGF-B1, TGE-p receptorl, Il A& 1:1,0000.2 5] 445} 4°Co]| A]
ShEHE &9 X5t o] & TBS-T buffer® 10427t 32] A 2|3t 2-0f horseradish peroxidase
(HRP)7} 2 3He 22} A S 0]-&5Fo] 1417t 5 HEG-AIZ] 5 15% 3t 42] A% £ immobilon
western chemiluminescent HRP substrate (Millipore Corp., Billerica, MA, USA)2} Agfa X-ray film
(Agfa-Gevaert, Mortsel, Belgium)= ©]-8-5} 7}A| 8} Al Z T},

Immunocytochemistry

HRMCE §2] &gto] =7} Z 1= 24-well plate©]] B-55}0] 33 mM & G A} 3} o] Eof
20 uM/mL2] nobiletins ] &gt & 3U 7t vj Y3}t £2o] =5 0.2% tween 20 ©] Z3HE
PBS-TE M| A5t & 4% formaldehyde 2 A ZZ 208 7+ 145+ 21 5 0.1% triton X-100°]
S35 0.1% sodium citrate &Y O 2 sE7F M| LS permeabilization A% H L E A|3E
o] collagen IV &#/|2} fibronectin @& H7}sto] 4°Col| A 5HERE -5 WA ok T o] < Al
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2o ¢y3 FF P &7} AT anti-rabbit immunoglobulin G (IgG)2} fluorescein isothiocyanate
(FITC)7} A anti-mouse IgG 2%} FA| & ©]-&-5to] ThefA o] Hral S 7hA| 3} Al ZiTt.
o] 0] 2] = Axiomager optical fluorescence microscope (Zeiss, Oberkochen, Germany)E ©]-8-3

o 2933t

Caveolin-1 small interfering RNA (siRNA) transfection

Caveolin-10] A2 0 2 7 3}o]| To5l=A] LolH 7] 25 A2 U caveolin12] S z}2] Bk
A2 AN FH B3 Ixfe] WS Eels] Hokt. AAE 2sH HRMCO] lipofectamine
3000 mixture (Life Technologies, Grand Island, NY, USA)E- ©]-8-5}] caveolin-1 siRNA transfec-
tion assay S A A5 T M| 5 g caveolin- siRNA (Santa Cruz Biotechnology, Dallas, TX,
USA) %} lipofectamine 3000 mixture (Life Technologies) & *] 2|5+ 5A1ZF 5-QF 37°Col| A v
3t & transfection® HRMCO]| 33 mM L& A}=2} nobiletine 2] 2] 5+ & 34 7F v S5 T,
o] & M|ZZE &5l5}o] western blot-2 &5l caveolin1 '&& A& &<2lst Tt

£ 2

glo] g EA|x]2]+= spSSZZ 13 (windows 16.0; SPSS Inc. IBM, Chicago, IL, USA)S o] &5}
of AA5IR oW, A= mean + SEE LYERYA O ZF FE-2 A Auf 2] EAHEA (one-way
analysis of variance) S 53+ Duncan's multiple range testS ©]-&5}0] ZF £7+2] -/-2]/d *}o| &
S5k

21}

Nobiletin2| M| E S stol

HERo] oA RejH ZejuEAIZeHE /d£< nobiletin (Fig. 14)2] A E 5448 Yo
7] 915l HRMCO] 1-20 uM ‘& 5=2] nobileting #1 2|5t 327k v 3t A3} A 2 =/ S et
W A] = A S 9153 ThFig. 18). T3 HRMCE 33mM L8 A= 2710 4 120 uM 5%
9] nobileting %] 2] 3t & 3U 7 u st Aat M| E B4 YERHA] 24O M (Fig. 1¢), 1T
A+l 913l 10%-20%7Hg 2412 HRMCS] Z-4]0] 5% o] &4 0 2 oA E & FI5tgict

-

HRMCO|M2| MZxe| 7|H =5 THulxl MM o =1t
B A= nobiletin®] 1 E%_E © 5] HRMCO A A ZE Q] 7] 7 27
2l collagen IV +H], fibronectin 12 1L CTGF [9,15]%] & A 55 %]'?_'C:—’_]' A= Fig. 2

oF gt

HA 33 mM LG O 2 2= HRMCE 6€7F Bl Fslo] cHEZA] 4 $HQ1A1] fibronectinit
CTGFQ] ¥&-8 &HQlst AT} fibronectine 48A| 7HE-E] & o] 271510 724 7ho]] & off 2Had

2 eI o™ CTGF= 24’\] HRE W o] Hat F7tsko] 4841 7tol] o e S “]’E}'—Hh
70 2 e (Fig. 2A). HRMCO| 33 mM X8G-S 2] 2|5t0] 72417 59t 2= 713k

western blot= A A|$H 23} 33 mM O 2 AF=GF HRMCOI| A= collagen IVS] £H| 7} %—
7¥ohe Z2E ERlsk AL, of 7] Oﬂ 120 uM 9] nobileting | 2|5} & W) 5= o EA 0 2 ZhA4
Sh= & 2RI5Hdth (Fig. 1E). TESH A Ujol A AY/d &= collagen IV EE S} nobiletin©l] 2] 35l
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& 15
5104 g
=
S 0.5+
2 o
5.5mM 20 pM/mL
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55mM  927.5mM Nobiletin (uM)
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Collagen IV a
media) T N e e e
3.0 +
m Collagen IV a

2.5 1
2.0

b
b
15 . .
10 oo
O_
1 10 20

5.5mM 27.5 mM
glucose  mannitol

Induction (fold of control)

Nobiletin (M)

33 mM glucose

Fig. 1. Chemical structure of nobiletin (A), and cell viability (B, C) and collagen IV secretion (C) and cellular expression (D) of HRMC challenged with 33 mM
glucose in the absence and presence of nobiletin. HRMC were treated with 1-20 pM nobiletin for 3 days in the culture media of 33 mM glucose. Nobiletin was
dissolved DMSO as stock solution and then dilute with culture media. Cells were also incubated with 5.5 mM glucose and 27.5 mM mannitol as osmotic controls.
For the secretion of collagen IV (C), culture media were subjected to western blot analysis with a primary antibody against collagen IV. Immunocytochemical
analysis (D) was performed for cellular collagen IV localization visualized with Cy3-conjugated anti-rabbit IgG and nuclear counterstaining was done with DAPI.
Maghnification, 400-fold. The bar graphs (means + SEM, n = 3) in the bottom panel represent quantitative results obtained from a densitometer. Values not
sharing a common letter are significantly different at p < 0.05.

HRMC, human renal mesangial cells; DMSO, dimethyl sulfoxide; IgG, immunoglobulin G; DAPI, 4',6-diamidino-2-phenylindole; SEM, standard error of the mean.

https://e-jnh.org https://doi.org/10.4163/jnh.2020.53.1.1 5



IJNHS

Nobiletin2| S HM MEHZ x| Tt Journal of Nutrition and Health
A B 33 mM glucose
5.5 mM 33 mM glucose 55mM 9.5 mM Nobiletin (uM)
glucose 24 48 72 96 120 144 (hr) glucose  mannitol 1 10 20
Fibronectin - B e e Fibronectin [
CTGF e
CTGF . o~ v .

Factin e — — —— — — —
Bractin NS WD TS D GES -

2.5+ ; . 2.5+

~ m Fibronectin a ~ m Fibronectin a a
o u 2 u
2 201 CTGF a 2 20 CTGF
S S
(8] (8]
s G 1.5
e} el
L S
= = 1.0+
Rel .2
= F=
E S 0.5+
° °
= =
0-
5.5mM 24 48 72 96 120 144 (hr) 55mM  27.5 mM 1 10 20
0 .
glucose 33 mM glucose glucose  mannitol Nobiletin (uM)
33 mM glucose
C 33 mM glucose < 35+
5.5 mM glucose 20 pM/mL nobiletin ‘g’ 3.0 2
u; 2.5 1 b
5 2.0+
£ 1.5
§ 1.0 °
o YT
3]
S 0.5 1
2 o
5.5mM 20 pM/mL
glucose nobiletin

33 mM glucose

Fig. 2. Temporal induction of fibronectin CTGF by high glucose (A), their inhibition by nobiletin (B), and immunocytochemial staining (C) showing inhibition of
fibronectin induction by nobiletin. HRMC were treated with 1-20 pM nobiletin for 3 days in the culture media of 33 mM glucose. Cells were also incubated in 5.5
mM glucose and 27.5 mM mannitol as osmotic controls. Cell lysates were subject to western blot analysis with a primary antibody against fibronectin and CTGF (A,
B). B-actin protein was used as an internal control. The bar graphs (means = SEM, n = 3) in the bottom panels represent quantitative results of blots. Values not
sharing a common letter are significantly different at p < 0.05. Fibronectin was visualized by staining with a green FITC-conjugated IgG (magnification, 400-fold).
CTGF, connective tissue growth factor; SEM, standard error of the mean; FITC, fluorescein isothiocyanate; IgG, immunoglobulin G.

¥

N

oY el d

!

SFATH (Fig. 1D). Collagen IVe} T &0 fibronectin 18] 3L CTGF Tl A2 2l 5H
° °

g il
Aol oJsf Zhzte] Tl o] ' o] F7hshE 218 218kl .2 H, nobiletin®] %12
A5

5124t} (Fig. 2B and C).

2 Y
Sk

b

siCho| g|§_+ HRMCO|A2] caveolin-1 &dix} ol

3B mM LZ GO 2 AF3H HRMCE 6 U3t H Y5k] caveolin-12] & 2 sre] B & =<l
A3, caveolindZ 483} 72A] kol W o] FA3| F7F5HA 1 sre S 72417 E
foj# 0 g Z7lste A 2915k3lTh (Fig. 3a). HRMCE 18 o]l '=Z A7 nobiletin: 4]
2]5}o] 327k Bt & caveolin19] BHa T} src0] Wl S BHQ1GH A3} 33 mM 1 &FLo]

|
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5.5 mM 33 mM glucose ~ 2.5+ = Src a
glucose 24 48 72 96 120 144 (hn) S & Caveolin-1 a
£ 2.0 A a @ a
Src 8 b c d
G 1.5 .
S d
Caveolin-1 <] b
S04 22 2
5
-actin b5
p S 05-
©
=
5.5mM 24 48 72 96 120 144 (hr)
glucose

33 mM glucose

B 33 mM glucose C 33 mM glucose

Nobiletin (uM) Nobiletin (uM)

5.5mM  27.5mM 55mM  27.5mM
glucose  mannitol 1 10 20 glucose  mannitol 1 10 20

Src RhoA

Caveolin-1 ROCK

B-actin B-actin
_ 2.5+ = Sre a - 2.5 1 ® RhoA a
<} . <]
E 20 M Caveolin-1 'E
(o] o
(8] o
G 1.5 s
S i
i il
s 1.0 =
.2 .°
3] ©
> 05— =1
© ©
< <
0 -
5.5mM 27.5 mM 1 10 20 5.5mM 27.5 mM 1 10 20
lucose  mannitol lucose  mannitol
g Nobiletin (M) g Nobiletin (M)
33 mM glucose 33 mM glucose

Fig. 3. Temporal induction of Src and caveolin-1 by high glucose (A) and their inhibition by nobiletin (B) and western blot data (C) showing inhibition of RhoA and
ROCK induction by nobiletin. HRMC were treated with 1-20 pM nobiletin for 3 days in the culture media of 33 mM glucose. Cells were also incubated in 5.5 mM
glucose and 27.5 mM mannitol as osmotic controls. Cell lysates were subject to western blot analysis with a primary antibody against Src, caveolin-1, RhoA and
ROCK (A, B). B-actin protein was used as an internal control. The bar graphs (means + SEM, n = 3) in the bottom panels represent quantitative results of blots.
Values not sharing a common letter are significantly different at p < 0.05.

RhoA, Ras homolog family member A; ROCK, Rho-associated protein kinase; SEM, standard error of the mean.

A Z7}3} caveolindZ}t src TR A 0] nobiletin®l] 2] 3] I o] &4 0 2 7+A3HS Folslgict
(Fig. 3B). T=5F caveolin10]] 23] FFS = Al E W A5 AE 4 221 Rho GTPase 4 & [11]
o] ¥+o]5H= Tl 21 9] RhoA-ROCK ] H3l-& 2ol st A3} & o] o] W o] Z71E|glo
™ nobiletin®l| 25} Tl A o] Hi& o] ZhAE S Sl ).

Nobiletin2| TGF-B1-Src-caveolin-1 23 ME MM X 1}
G Ao E QI3 TGF-p1o) BT 4849 WHL BQIs A PG 2o s
HRMCOI|A19] TGE-p12] &3} 11 484 9] Wao] Z7 711l 1-20 uM<] nobile-

It

E
3R
|o
2
2 m
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|
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|
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o
|

N
o
|

o
a
|

o
I

5.5mM
glucose

® TGF-B

B TGF-p receptor |
B TGF-P receptor Il

5.5mM
glucose

tinS 2] 2|5+ A} @l o] Zhashes A& FRl5kTh (Fig. 4A). =3 TGE-p1o] oS §- =35}
=] Zobr 7] 813 HRMCOI| 10 ng/mL2] TGE-B1 THE A S %] 2] 5t & e Tl A Q1 fibronec-
tin®] LS ISt A3t 10 ng/mL2] TGF-p1 T A& X 2| gh 73 -¢-oF 1 2452 A7
St 749 H| =5t £ F O 2 fibronectin®] & o] F7Fsh= S RIS AL, nobiletinll 25
control 50 2 7+ 43} th (Fig. 4B). T3}, caveolin-, Src 12|11 RhoA THEl A o] HHE o 4]
10 ng/mLe] TGE-p1 T & X 2] e} n @ A}Fof| olsl| §-2]4 0 & F7tsh= A &RlstA
O, nobiletin % 2] A] ZrA5H= 22 #15kIth (Fig. 48).

Caveolin-12| At2H| 3t X =&

33 mM L8 A= A| HRMCON A Z7}51= caveolind T I AFLA]] 4 sh=1ko] 27 %]
ol TS Lol R 7] €J3) siRNA transfection O = HRMCOY A1 9] caveolin12] B S A A|
Zth 71533 mM 189G A=2S 5] caveolin13} RhoA-ROCKS] H&lg &helst A1) 1d
ol 23l Z71E]= caveolin12] BHE o] siRNAC] 2] 3l A H S 15 AL, o of] uh2 A
Ul Al &S Tl Q1 RhoA-ROCKS] ' o] ZHAshe Z1& &RIsH3l 21 of 7ol 20 uM/mL

33 mM glucose B 33 mM glucose

97.5mM Nobiletin (uM) 55mM 10 ng/mL 20 pM/mL

. lucose  TGF- nobiletin
mannitol 1 10 20 g p

27.5 mM
mannitol

Fibronectin

Src

Caveolin-1

RhoA
B-actin

~ 3.0 M Fibronectin a a2
£ 25 msrc
§ M Caveolin-1
%5 207 = Rhoa
he]
e 1.5
§ 101
=]
E
2 0.5+
<

0-

1 10 20 5.5mM 10 ng/mL 20 pM/mL

Nobiletin (M) glucose TGF-B nobiletin

33 mM glucose
33 mM glucose

Fig. 4. Effect of nobiletin on TGF-B1, TGF-B1 receptor | and Il induction (A). HRMC were treated with 1-20 pM nobiletin for 3 days in the culture media of 33 mM
glucose. Cells were also incubated in 5.5 mM glucose and 27.5 mM mannitol as osmotic controls. In other experiments, cells were cultured with 10 ng/mL TGF-f1
absence and presence of 20 pM nobiletin for 3 day (B). Cell lysates were subject to 8%-12% SDS-PAGE and western blot analysis with a primary antibody against
TGF-P1, TGF-B1 receptor | and II, fibronectin, Src, caveolin-1and RhoA (A and B). B-actin protein was used as an internal control. The bar graphs (mean + SEM, n = 3)
in the bottom panels represent quantitative results of blots. Values not sharing a common letter are significantly different at p < 0.05.

TGF, transforming growth factor; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; RhoA, Ras homolog family member A; SEM, standard
error of the mean.
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glucose (A and B). Caveolin-1 siRNA-transfected HRMC were incubated in 33 mM glucose for 3 day. Cell lysates were subject to 8%-12% western blot analysis
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+ SEM, n = 3) in the bottom panels represent quantitative results of blots. Values not sharing a common letter are significantly different at p < 0.05.

RhoA, Ras homolog family member A; ROCK, Rho-associated protein kinase; CTGF, connective tissue growth factor; siRNA, small interfering RNA; HRMC, human
renal mesangial cells; SEM, standard error of the mean.
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