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Matrix stiffness impacts the mor phology and the levels of glucose
transporter proteinsin human renal tubular epithelial cells
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Abstract: As the common pathway of chronic renal diseases leading to end-stage renal failure, renal
tubulointerstitial fibrosis is characterized by the deposition of extracellular matrix and scar hardening. Our
study aimed to construct an in vitro cell culture platform to explore the impact of matrix stiffness on cell
morphology and function of renal tubular epithelial cells. Photopolymerized polyacrylamide gels (PAA gel)
with varying stiffnesses as model substrates was selected to simulate the matrix stiffness of normal and fibrotic
renal tissues with elastic moduli ranging from 1 to 40 kPa. The human rena tubular epithelial cells (HK-2)
were seeded on the surface of PAA gels. The impact of matrix stiffness on the morphology of HK-2 were
investigated via immunofluorescence staining and confocal microscopy. The expression levels of glucose
transporter 1 (GLUT1), glucose transporter 2 (GLUT2), glucose transporter 5 (GLUT5) were semi-quantitatively
analyzed. With increasing matrix stiffness, both the levels of GLUT1 and GLUT5 in HK-2 cells were
significantly decreased, whereas the expression level and the distribution pattern of GLUT2 in HK-2 remained
unchanged with stiffness variation.
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W /N T 5 2 4 A LA i A0 22 SR AR IR B Ak
AL, R YE S NESOR (CKD) EAT 1A f i 3
TR FE, HRAFHAKRIE R . B A4 1)
A T HR 2R AT A AN B O A E AL
A, @ AYEE TR FHEGE, © sk
SRR 4L, @ B ISR ThRermRt,
T 5K P50 PR 9 TR AT, T o £ 44 2 45 Bl CKD
R TR R B RS BRAAE 2 B /N T B AR B
SEEThRE T B, BNE R B4 B 2 AR
18 1 B A A AR B 3 aa 4. | Al
Il K _EBH T8I B A4 s 25, Wr2 2
Y T8 Z A o A R e, R SR S A4 B
RIAE R, FLI7 O A T A LAt NI RS . Rk, JF &
L [ 2 2 SR 0T S B RE O3 T R i B 1RV YT 2
W& T 1 0 2 A A R

I 2 4 A0 PR 53 R 1% BT 4 4 SR R T AN T
KA, R B B ORE I AT 4E A, 853 R
J5 T3 5 P R — D) 78 0 2 A ) P R At R AR E i b R -
I 78 JiR 6 Ak 0 /N b R Al Al . N B R R
FSCEF DR 4 1) B S5, 7E CKD FA7a R i e ke G
HAEMO, FFRRW, XSS TR RN
BERE, I H 2500 W 2 Bl 2% 1t 40 B DX 7 AR £ 44k
AKETFI, CKD B ThAEE S N 1 B 40 il
T b Bz 1A 70 o A B i B T8 2 O N AT TR T
BRIhRE, HRESBE NEEHEARE.

WA FERIZE [ (glucose transporters, GLUTS)
BT T NS HARENKEED, —Jm
HT AN R EEEH, XRBSIELEM
S5 TIRE; 37 T AR N o A B AT H DR S
PE, AAE NI TRE R ), TRk 205 . GLUTL
J7Z A3 TG B R, e AR i A T A A ) T
24 RV [7) 336 2 3% ¢ Wl F 7 P A0 1 3 2500 19
1 bRz oA ) GLUT 4757 I IE A R R il
A, T /N B4R B GLUT U 67 5t
R BRI . B b R A s v R 2R
IR S B T R AN A AT R R is BR ) (sodium-
dependent glucose transporters, SGLTs) 13 Ji& {il 1)
GLUT. SGLT fEB MM RIEC M) Z 5, Exf
T GLUT B> o 5 AT R 3 B R A AR I
Uity /NI S1 AT B, ik A T Tt AN 3 SRS ) SGLT 2
A GLUT2 Bl 1 F s ™ . /> B % B4 (0 8 47 0 1
S3 Brbgl sOBT RO, AR AR T B SGLT1,
SRR A GLUTL JEFFE M. DL 250 M BL A 1
i 25 AR S — 2 i B R /R I, GLUTS 13

BINREZ — R 5 M & R e/ TR b o) 32,
TEWEAEH, GLUTS 7 S3 3T vty /1N 40 i Py T sty ol s
FekM B T GLUTS o B B A 1R v s S
HEAERNT TSI HE .

TR S AR AT R T 40 R A1 358 57 f 43 W AT
T S EUH SRR S N . AR, RS
AT, i R T £ A8 FE A Y AR 25 1) 29 0.5~1 kPa
BN %) 25~100 kPal'®', L 45 b I AR AL Ay 2%
B A YA 2 B S, (R A R I3 o A AL TR 4
G50 )5 A AL R e 2 AT, B 2 R AL TR LT 4
BRI M IS AL rp R 1 3 S B PRI e A A
T, ANTEBY B T ZH 23 0T R SR I A [R] R, IX
—E AT RE R LA B A K AT . R, AR Ab R
FEHOR R I a7 R 2 LR R 206 (TCPS)
NEEMR, HAEEEET 1 6Pd™, —J5if, TCPS
B 5 AR 00T R AR A B R 0 4H SR B A ZE AR OK
M DAAS UL 41 T o 9 AR K i s B A o 53— T
TCPS 5 IR R B FEAE 7, ok B ALt 7 2 o 4t (1)
AR VKT EH LA P 2 AT SRS T S 6 o SR TR T M 6 P
(photopolymerized polyacrylamide gels, PAA gel)
FRA M, VAV RS Sz
BHTHBRIG S HESH R, DIRETFEER
Xt 20 M T 25 A AT A IR i 1A

N TR F A A N R AR K AT
ATIRe Z A IBE R, A 708 5 A A B ml 45 1 Y
JiZ )5 (collagen 1) 1&1fiff) PAA gel 1E NSRS
FREER, MRV LT YRR A SR A, BT
R PG BN b R AN 4 B T S R LR R
& R s R A RIE RIS, TR 7R B A 4R R
o SR AR B N b R Al AR AT R R

MREREE

RFNEHH  HFEEE (acrylamide). N,N-IV HI
FE X7 M B % (N,N-methylene bis-acroylamide) .
irgacure 2959 (1-2959) . 3-%( A & — H A fEHE (3-
ammonia propy! trimethoxy silane, APS) . %' F} B #x1ic
IR K (TRITC-phaloidin) (£[E Sigma-Aldrich
A7]); Sulfo-SANPAH. MEM X:7#3E (618 Thermo
Fisher Scientific A m]); B LMK (PBS). HEPES
ZZrhy (21 Hyclone ~7l); 1 MEEEKE (EE
Advanced Biomatrix /A @); S FIBEATR (trypsin) 1
5 R IR W (penicillin/streptomycin) (b 5T & 3
FAEVBARAA); G417 (fetal bovine serum,
FBS, L= S YA IR TTEL 7]); GLUTL HitfA.
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GLUT2 #ifk. GLUTS #ifk (32 Santa Cruz Bio-
technology /A #]); 4',6-diamidino-2-pheylindole (DAPI) «
Alexa Fluor 488 #ric 1251/ R 1gG (Alexa Fluor 488-
labeled Goat Anti-Mouse 1gG) (VL7 2 = RAEMH R
AF]); SEIG AN KB RAK, HARAE et

X288 LED X EAMGEMAX (Uvata, EiEFIIG
JeHARAT); SARM S HTAC (Q800, EEH TA
Instrument /A &]); Varioskan Flash 4 K % ThAE g b
1% (3 Thermo Fisher Scientific A #]); LSM510 #!
BOLIRAERME (M Carl Zeiss A #]).

YHREEEFE  HK-2 4 (PGSR R A
BRAF]) fE54 10% FBS filis & R/ H X 1 MEM
RegRdp iR, JHE T 5 5% CO,. MANEE. 37 C
i G I B 9%

SEWEWE SRR 0 B A aE A
BARBRAET: B B TR ISR, 8RRk
JEIRT 95% LRI, B G A K E T 40 C
BEFEH T B TS 0 S5 3 TE 2% 2 A 2 — HA
R (U AEE I OUES) $EHIR 4 10 min,
FABLE KR WGBTS B A 4 WK, BRIR 10 min. K5 T
JEMER R T 37 CHT A HEER. BEW AT
1% 3 B KV R B AR IR 2 30 min, T AR 4l K
TEVE 3K, B 10min, ffEas BB, =R

ERVSAENENARREERRNGIE %R LR,
3 A HURL T7 5 () 50% A B I 1-2959 7K IR« 2% XU
P B 1-2959 JK ¥+ 0.5% 1-2959 /K& N EP
B RCTRSR DS HE, IRETR AT . HL 80 pL TUERYIE
WO T A B DR (13 mm) IR B
JEHI I, R I% 80 W, UK 365 nm (4 MT
TG 6 min fEM EHERE G . KR E G ik HiR
IR EMME GG, 75% AREEY: 2 min 5T
1.2% HEPES ¥ i vt 2 il . 75 12 3% n 0.5 mg-mL !
Sulfo-SANPAH ¥ (50 mg + DMSO fi# £ 2 mL,
JiCE T-80 C, I 1 1.2% HEPES ¥ i A B A )
100 pL, £4MES 5 min, 285 H HEPES ¥t 25k,
HE FREAE 1R,

¥3H PAA gel MBI HBEE 24 LR,
0.1 mg-mL™t T AR AR (0.2% IR v vk L i)
300 L, 4 CEOLME, kME®. KH, H PBS %
WIEVE 3 IR, BRI IR, NG BRI, %
ARG (BERIES 3 h, A 2 7). FER0 40 AT
TR UL AR K B 30 min, PBS ¥E2: WHTIR, Tnig
FRAEWEE 30 min, RIATEANAN L . 754 B M ) PAA
gel 3L 2 11, HK-2 4 28 T i i 15 77 56 0% B i 1

Table1 Formulation of photopolymerized polyacrylamide gels
(PAA gdl)

. 50% Acrylamide 2% Bisacrylamide  0.5% 1-2959
Formulation
Jne /uL /uL
1 20 5 75
20 10 70
40 10 60

B B AR A HK-2 4H i, A%, il o 29
P HE TS 06 i 8 r) e P At &, Abo7 1. 2 F0 3 43l
PR 20 i % 1.5x10°, 1.25x10° Al 4x10%cm? 0 T A
[F] () PAA gel b, ¢4t i I B A K fs B AT 1047 )5 4R 5k
B HRAE.

PAA ETRAVREERIE O 1 W F0 8 Al B X 4
FRLTE 75 R T e i S, 38 e e DR e I e AR R O
W Jiie AR B2, 4% T B R A 2 o3 (E A AN [
1 3R . K HI R IT 0 PAA gel, 12 T4l K
3 RAFHL TR 4 IS M LR, A FH 2 745 AU 23 BT OO =
HipReEa . MR &M ARy R i L,
BiFE N 1 Hz. WEER ST HAZ 8mm (FF A% T4T
BR); MAZTEFE: 0.01%~20% (W46 M A4S 34); &
Wy IR 5 B A8 il 42 B s el 0.01%~10%; i
FEr Eifh. IR - T E & AT PAA gel
b KR (E).

PAAERKREELSENNE HTERERKE
T AR TR ) R I R 1 5 B X 4 L 2 3 2247 e A i,
KH BCA st Hibirwsile, BAgEwT: 7
2 PAA gel 1) 24 LI &L I PBS 80 pL F1 T
YEVR 640 uL, 37 CH¥ & 2 h. FHEEbR I E 7F 562 nm
FIMR G (A), ARTE & HbriE fh i R A& 2.

MpmFUHIRANENER (F-actin) & 1541
AR SEANGM S, WoER AL, I PBSYESEAHM 3 X,
TN 4% % % [ 5E 30 min, F A PBS ¥E¥k 3 X,
#:% H 0.5% Triton X-100 4:¥E 10 min, f] PBS #ti%k
31Kk, 1% BSA &AL FE 30 min, #2351, PBS %
% 3. A 5 ug-mL™ TRITC-phalloidin = i et
30 min J&, J PBS & IEYE 3 k. WA 20 ug-mL™t
DAPI Z4t4 5 min, PBS ¥ RIS ¥ 3 1K, TEBOLILERE
R T URMEREA, HEREREPRELUT
S LR E . HV. 2R 4% .

BEEPESEEN (GLUT1. GLUT2. GLUTS) %
BRI E v TR I I A P S HIK -2 4 7 2 4
g A M sem, KA o7t tikbrid GLUTL,
GLUT2 Ml GLUTS. LA 2x10%cm? 45l HK-2 4 i, 1%
It 24 h; FRANRSE AT PAA gel JEWERE IR,
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F PBS YL AR 3 U, NN 4% % 5 H 5 [# 52 30 min,
T PBS¥# 37k, F0.5% Triton X-100 4L ¥ 10 min,
F PBS ¥ 3 Ik, 1% BSA Hf 1 4b#E 30 min, 7 L&
VR, PBS Wl 3k, SR )G H— i B & 40
A 4 Cidi. BEE, H PBSYEE4INE 3 1k, JF
E=ERTS5MBEER =3 (AlexaFluor 488 fxic 113
/N 19G) W 60 min. #¢Jo A 20 ug-mL~t DAPI
et 5 min, PBS PRSI 3 IRk, TEROGILRE R
B LGN, kR b

WIBSM  KH GraphPad Prism 7.0 %47
GitEair. WrEHIEH X+s £R. KA ANOVA
BTS2 M, P<0.05 #A N B & E R

FER51T18
1 PAA ERMTEERIE

IE B E SR AL S RACA TR, A SCERE B
DIV A B AG e AR o) fie B R R AT &, 15 IR
B R R AR RN (5.0+2.9) kPa, &5 [KHH
BN (23.6+5.4) kPa?, @1k E A S SRS
JUE H AR AT AR ek, B SCHRPY R, BEE B A
PRI R R, B R RE EEAE S 0 . 7R B RS R Y R
oh, HB IR AR AT OA 30 kPa LA w2, i i A
A5 T 5 00 A s Tk e L 491 B A8 A, SR PG A SR 5 07
WA T AN FEREE Y PAA gel . I B A G TIERT
HAbTT PAA gel BEATRAE, EF 3INMAFRE (K1) 1
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Figure1l The Young’s moduli (E') of different PAA gel formu-
lations as determined by dynamic mechanical anadysis. n=3,
X+£S

PAA gel fil T JG Z:0 70 T (4.5+0.7) kPadk )i
VERIEH H R LA, AR (10.8+1.3) kPa
1 (35.3+5.2) kPa (3L T {FE ABEAE B A4 FE FEA )
T A5 AN [ 52 %) 7 o 4 SRR
2 EREEXMEEFSNENm

29 it 471 25 TP 470 B AR 1 A I B R AT S P A
AT A 10 96 1 K 40 R0 10 A 0 2 S i e A i 120, [
i, AHI 5T 5 T e A R X HK -2 4 AR A P )
. 4 BCA VAR, 3 Fl PAA gel SR TH I E R
RIEEAEIFLEEENZES, T % il TR
S R 2 o JE s g B AR R . BT AR B 4n
it 8% B T A 5 R 40 0 8 AR 1Y) Ry R i T
2 it 2 R A A K PR RS R, e O TS 56 U R T 4
PRLEAS RS P55 5 o b FR B F % B, 76 3 > PAA gel 4
J b SR AF AR AL AR I B A 25 2 . ] 2a o, TEEE

DAPI F-actin Merge
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Figure2 Morphological characterizations of HK-2 on PAA gel substrates of varying stiffness at 20" and 60", respectively (a). Cell
cytoskeleton: F-actin (red); Nuclei: DAPI (blue). Scale bar =20 um; b: Cell adhesion density on PAA gel substrates of varying stiffness
(n=9); c: Spreading area of cellsin PAA gel substrates of varying stiffness( n=60). X+s. P<0.05
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PG 24 h, BEANFERC bR 05 BE 20 i 85 B LT AHSE, I
20 T B0 A [ R TR R D U B 4 R R
WEEER (K 2b). EHEFEEMET, 3NAFEE
PAA gel 219 HK-2 4 iR T2 4 0L B 1 22 5
TERKIE R (4.5 kPa) b, 20 Bl gtk AR, 40 g T A
BN, AL AR FE RN (10.3 A1 35.5 kPa), 4ilfinfE:
AN, WIBh& A 24008 B in, 40 e i
TELFER R, 0MRs RN K. {EH Image J X &t
£ 30 PAA JEJEE b 1) HIK -2 20 o 1) 24 e 4l o T AR AT
Ak, Il 2c BTN, 2 AR i T AR I HE R R AR Pk
A Ak, it 5 T S (3 N S5 5 N (P<0.05) . 45 SR
B, TEiZSR0 B 97 21 HK-2 4 i 58 4 1) 1 7 S
BEJ b AR RN R o A IR R o [ PR 72 e T e

a DAPI GLUTI Merge

4.5 kPa

10.8 kPa

— -
. s 28 v
> - ‘ * O
® - Y o
£ Pl 1 o
° - g
" sl . o
AT - W
L £ o9 S L%
o
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« T8 '
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% —
s
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10.8 kPa
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C DAPI GLUTS Merge
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353 kPa

f
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o

M TAE EANE PSR R KR F-Lsh &
IR E WS .
3 ERWEEXNEERERIZER GLUTL, GLUT2 0
GLUTS B952m

N P S U T 6 HK -2 7] & B e s R 5
Wi, JEHL T AESANH ) 2 RIAN GLUTL, X4
PEARSE AN ) GLUT2 Joxd SRME HA i B Re e At 2R A
) GLUTS, H% 7 B IEA RS R FRIE, N
B 1 AL B YR YT G 4 TR AL IX 3 PP AT RE IS
AR HK-2 (20 B g i i 34 0 A, (B4 K
A5 AS ) 5 1 HK-2 40 8 & W e a2 A %
SRS . GLUTL [FRIA 5 75 A S 3 H 15 252 1t
PE (B 3a), 1M GLUT2 FI3RIA 55 43 A W R I HH 0 2 i

GLUTI
50 *
= |
= 200
3
= 150 4
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o W
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Figure 3 The expression pattern of glucose transporter 1 (GLUT1, a), GLUT2 (b), GLUT5 (c) in HK-2 cells adhered on PAA gels of
varying stiffness via fluorescence immunostaining. Nuclei: DAPI (blue); GLUT: Alexa Fluor 488-labeled goat anti-mouse 1gG (green).

Scale bar =20 um.  Normalized fluorescence intensity to cell number (d, e, f).

n=5 x+s. P<0.05 ~"P<0.01
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fif BE AR (1 3b), GLUTS fEik 500 A th &
IR A R A (P91 3c). GLUTL ZE#E R (4.5 kPa)
FHRIE R, EMIEERT (103 F1355kPa) ERIA
HIE TR (B 3d). [FIEF, B0 R 0, HK-2
YA AT M5 | GLUTA (12655 W] B IR TiE4H
Mz b, GLUTL (13R85 5A B B 1 20 o A [R5
fERE | GLUT2 RiE 5 Mk A wEZHE (K 3e).5
GLUT1 Z5f8A, GLUTS 7E8KH:T (4.5 kPa) LiRIA
e, fEMZER (103 f1355kPa) ERIAELET
B (E13f), 5 GLUTLAEIRZ, GLUTS 7 HK-2 4 il
PR A U R R D8 v A PR A . B AR,
W6 o i S Al P G T Ak FEICE) GLUTL 5 GLUTS
ARG FEANIE BLAE B R 4y T8 AL, T RIA A 2 5
JoR TSR FEE 5 1) GLUT 2 MU A Sy 18] )53 21 4 A0 AH 56 B ik
P9 EAR FRT Y 70 o A I 9 2 H 400 o 71 s ol i 4D 48
St b R —1a T AL P GLUT HalAs (b AT A
J2 BT 25 o 3 IR A N b R g R d i b
() 78 03 7 A 1 32 A0 e 2k LT e, (H BLAR B I 75 2
PR SR

g

AW I B PAA i fi 4k 7 3RAS B ] S5
A BRI B A% A T R LR B 1Y PAA gel, FERI
TUOBEIL RS PAA gel SNEEE R 4RGN S R
B RN /NG AN HK-2 AR %,
WEFCR B, HK-2 20 ff 58 A0 ) T 7E S5 Bl 1) 6 o b 266 i
A=K, T P TR i 3 AR R 8 v B . AR,
FE R A 2§30 GLUTL F1 GLUTS FRik &1
B A, 27 18] 53 41 4 46 0T B8 52 0 5 /N B b R 40 g
GLUT MR R KHEIZ IR . 45 b, RSN AY)
T 25 DR 2R 0 ] R Y5 240 R T A 4 0 A 08 B Rt
THEESEMK, [FE W8S 4R 7R 9T 1 o
TSR T AT T R AR AT TV KR TR
1 o A 20 i 5 7 A 2R o R JoR A St 4 A K R R
WA 1 B A IR AR ALIE A R T3 — BRI
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