<456 - HIEBAEZYERIRZGE 2017456 H28 H 5516 % 556 Chin J Mult Organ Dis Elderly, Vol.16, No.6, Jun 28, 2017

IR F 71 B 3R 72 98 PR 9 A o FF & iE & 9 AL U BT 35 B R A

BKHE, EART
(L ae il K2R A 7S N R BE B ARl , LV b PR R 5 0T , L Y T 0 DR s B S0 0, L 0 0 R s W R 25 2 o
O, [ 200233)

(# ZE] ETBMEEAFM) B JEFH PR, AR Frilee 2 1m0 R E B eI 2= kg i 4 A
AW 55T I TE SR T AR B 0 S Rt AR A 5 B AE DG, A B TIR A SR I SR BEOLH oS4, AFM &) 2 I
FAT 40 M 2B 42 U L K PR S5 IO 50, TS0 1 B2 I KA SR 7 Jr T B AR RS o A SC LA AFM 7E4E
BRI B AR I R AE KL B o iy 1oz J o

(kgIR] ) BRI s R &I s R

[hE4kE] R587.1;R445.9 [ xaktrEmE] A [DOI]  10.11915/j. issn. 1671-5403.2017.06. 107

Application of atomic force microscopy in pathogenetic study of diabetes mellitus

and its complications

GENG Xin-Qian, WANG Cong-Rong”
( Department of Endocrinology and Metabolism, Shanghai Jiao Tong University Affiliated Sixth People’ s Hospital, Shanghai Diabetes
Institute, Shanghai Key Laboratory of Diabetes Mellitus, Shanghai Clinical Center for Diabetes, Shanghai 200233, China)

[ Abstract] Atomic force microscopy ( AFM) can not only obtain topographical information of samples, but also measure their
mechanical properties at an atomic resolution. This leads to a better understanding of pathophysiological mechanisms of human diseases
because the alterations of topographical information and biomechanical properties of cells and molecules can be correlated to diseases.
In recent years, AFM has been widely used in cell biological studies and study of diseases like diabetes mellitus, showing great
potential in the early diagnosis and treatment guidance of the diseases. This review mainly summarized the application of AFM in the
pathogenetic studies of diabetes and its related complications.

[ Key words] atomic force microscope; diabetes mellitus; complications; pathogenesis

This work was supported by the Interdisciplinary Training ( Medicine and Engineering) Fund of Shanghai Jiao Tong University
(YG2016MS16) ; The Innovation Foundation of Translational Medicine of Shanghai Jiao Tong University School of Medicine — Project
of Precision Medicine (15ZH4006) , and Shanghai Major Clinical Disease Clinical Sample Pool of Professional and Technical Services
Platform (15DZ72292100).

Corresponding author: WANG Cong-Rong, E-mail: crwang@ sjtu. edu. cn

BRSO Z R IR = s HAT, KR ATIE B Z o1 A s
KREVEARAL RPE B, AR R BT B S0 RO R S L], (5 AL i G
YAt BRRE IR R A BCRE A 2015 ARG 4. 1542 B—rE e, IR -8 07 12 R A 58 FL B1LAE BRAL
FFE 2040 4E (Y 6. 42 421 0 BEPRAS EE BB HEAEREL
B 4 2 RE A5 (50) 19 & 28 A= W/ AT Gk o P 2 AW BLE KR IS BT RS NP 1B
B AR T A A O LA B O R JB AL 2 7 . %A W SRR, O AN AL T R R AR W) S RE
FERAE IR0 R R TS RO TR 4 TF A5 AT B AR AR SRR RS

Wis HER: 2016 -12 -29; {&EIHHA: 2017 -02 -03

EE&UH: R Z¥R I HET (L) 84 (YC2016MS16) 5 b 5258 Jor 8 2 e 5% AL 12 2 BT Bk —— R HE R 2 PR U H
(15ZH4006) ; - if T T AP I PR A= PR A S 2Rl F AR AR 451 & (15D72292100)

BEEE: TIE, E-mail: crwang@ sjtu. edu. cn



HERAEZ R B BoRZes 2017456 H28 H 4516 4 556 ]  Chin J Mult Organ Dis Elderly, Vol.16, No.6, Jun 28,2017 - 457 -

DRI, 1 A 41 ) = PR RE W] LA A s TR~ BF 5 32 116
WA, JR T 1 B k5 (atomic force microscopy,
AFM) AT B2 A= 901 5 5 B 3 M9 K 9% 25 1) 73 B
AR, REAE AT AR B AS T WF 5T 40 M A 4 218 B 4
>0 S AR ANOK RUBE T WL R T A R 0
B BRSSO IR0 LS A 5
W, m] S - S0 0 s BRI ) F S 4R 1A A
LR ARSCEE AFM e R S H I R AE 5T
AR S R — 2Rk

1 AFM gy T1EJR IR B a5 14

AFM 2 1986 4F {1 Binnig 25" ki, 12
FH Hs HE A RV Ao Dtae mbs R g8 S
15t 2R G0 DU AZ L R A A o5 AR B 2 55 4 it A AR
FTIATRIE R, H CAEBA S0 3 s #2 e =X
AR b A AR m e =

AFM S5 HEAS 1) D) B A 3 2ok 4800 5 1k ol B |
B GIKR DA S b [R] %) AH B AT FH 7 i gk
PRFE AR IEIEAUE B, 0 22 173 AR R 53 A B
AT A5 AL S R VR R TORLRE S
AFM [ 7 —> 5 42 2y RE A2 300 4o 0 S 0B A
BV 07 Wa R 25 AR Ak i 3iAs 07 - BEEgh 4k, s
Bl MR ADRE I SR 1Y 7 — B E ih SLS BUAH Y Y
1 = IR £, A48 5 3 a] RAG I A s DX I i
PERE S BB 125 5 7 . AFM 54 i 20 B
BNy — P 2 D AN, TS B el i T B
TCIEARAF IS B, T A0RE Sl 22 TRDREDRE B2 s B2 ST 40
20 T VIR DIk il

2 AFM #E#ERFEFRPHINH

W BRI 55 S A I I8 B A DG, A1 ] I 21 40 G
HAR G Z 3 A AL AR F . 2010 4F, Jin 26155
AFM 52T 40 i, 4 B 55 4F 3% DS IC /Y 1E W AN AR LG,
WH R BB I £ 40 B 7R T 28 2 b 3 TR REDRS 2 38
[(690.2 +71.7) vs (1333.5 +55.2)nm ], 1fij 4 B (1
WA 2 2% TR 240 L 1 R AR R LIS 5 TE 7 2k g
T, DR EE A T AN RE B [ (1. 53 £0.41) x 107 vs
(1.78 £0.39) x10° N/m’ ] FNZL M J7[ (420 £25) wvs
(510 £63) pN [ 2340 5 — W EHXF 2 U IR 9 1
WHGE IR A B, 2 RUBH DR KB 0 21 200 it A P A o
AR R NG K, U 25 728 A4 L s 34 K, A8 T A ik
AN g R AR B R s
ARSI B 1 T [, 5| A i VR ARG E 4 v L BH T 4
KOVHZUBASE X AT BESE 2 AUBE PR S8 3O I %
P 180 A R AN AL T 3 5 T AR R o & 1 B 22 A

Zhang %238 IRy F 1 AR 3 108 B 8
KB AFM SEF L 0P 1 RUBE PR RAE IR 2
e EA) W AN ) PR ENIDE RER (S E
SIEH AL, 8 L0405 A JBR 5 3R 52 1 5
BREAERI(17£3)% vs (122£2)% | LG
YRR, A G A YAe e tEIRREAR , 48 R i 3R
SEPRIIREBRIE o ZEAR LTI Tk 1 BB R
AR 1 i EOR LR A T BT R i SE gk, RA
G BT LA DL o

3 AFM FERRFEH EZET R PRI A

3.1 BRIAS R IR

DA 0 A2 2 DA B I A8 R o B R R 2 —
2014 4 Benech 211 35 Yk FI FH AFM 55 W bR 55 30
Wi E DL ) 2 PR e, AF 58 % 1 i A= BEAR
A I A DB BRI /) B b 23 0 JUL AR D, e BB
iR 2 JUL 20 3 U0 5P A i L T X B2
112% [ (91 £14) vs (43 +7)kPa,P <0.01 ] ; H IR
kg 2L ML 200 6 %) S B8 N ZR6 B 7 S DR B 3 F
FE NG K K- 2 BB PR s 23 52 0L FLAR %) 0 2 1
Ao 2014 4F, Akhtar 45 00 R B R S BKEF 4k 2T
22 AT AFM R, i 155 1 O BURH B , 0 Fadoi K B
(ITRET 224 FE DN I SRR ATR, {H I 2T 22 | 7
BRI K[ (57.2 £0.6) vs (59.2 £0.8)nm |,
Sy A A= R 17V N | = €27 €O N7 e 8= K7
I H T FIEr 2 e AP A B AR 8, g,
AT B2 W PR R i e rp 2H 2 S i 25 A A= )
7/
3.2 HEIRIAE IR

W BRI B 9 A W PR s S I A8 2 5 | ) —
WIF R AE. A WA IR 95 R W R Ak AR K IA T Bl
(transforming growth factor beta 1, TGF-B1) J& S
ST /N AR 05 1 B B A IR, 2012 4F Hills
A1 B AL 3 HK2 4006 AT RS L TGF-1 iy
Gy, B TGF-B1 R {20 g fe K o35 T30k b 20% , 43
BERERFAIR 53% , Bl TGF-B1 ] R 1K P4~ 240 il [1] 14 26
BF o IWEIE R, B IRARZS T TGF-B1 5% |k
B 20 B ) 56 2 Ak, AR {3 i /A8 A 266 RS ) 40
Ft 1) 38 TR , - Lk S8 e A i BUAE B S O 46
ZHi. 2016 4F, Siamantouras 25" F Fl AFM BF5T b
BRI B , IR B TGF-B1 A3 5 1 HK2 4 Jfd 7 Bt
JIREAG, i Ik 22 A BUAR 4k ) — BR s h 4 3H550 4
) BER PR A I e BRHG SRR B 1S 0 70 %, BV AT
RERERE R, TGF-B1 W] ] I8 A 52 el 41 15 4 = 41 iy
BN Ty 2R R K AR AR A, PR RS e



- 458 - HEBAEZIYERIRZGE 2017456 H28 H 5516 % 556  Chin J Mult Organ Dis Elderly, Vol.16, No.6, Jun 28, 2017

ZH, B R A T AR RE L O & AR B R
U, AFM A5 28 B 592 R PR s B Y R R
TH,
3.3 BIRRAM R E

WFFE 220, 29 25% () 1| B Eg 2 Uk R i 5 2
T R AR, S P AR To
2L 13 {5 PR R R I I IR BR AT RO,
U5 IE R AH L W R S5 3 0 P iy R A T
FEHE K[ (37.9 £1.2) vs (24.3 £1.2)kPa], X
AL AT 85508 PR s R AL DO A 5 A v o B ) B 1
FE K B 56, (EAS LSRR 2 i , AT 2 25 400 )
T2

BE AR, R I R AR L2657 A B2 200 B 1 S50 e W PR
PRI B AR 0 28 DG B TR, sh ) SE s e
W DR B 400 D0 B I PN B 240 P ot 2 I AL Tl
(lysyl oxidase, LOX) 3 ik /K 5 14 f%]“g] o 2016 4E,
Yang 252 RF5E 4 I 52 1 B2 40000 2% B, v A 2L P e
T RE S R AL H S B 2 A%, T2 LOX H 5
AR P B4 A B SR B KA TR . PR i ]
RESE R PR F LOX sk B i P J2 T 3L
FEEAE 85 184 T S TR0 PN 40 L 5 | A A0 P AR e
2 MW PR HL R J 5 742 14 53 5 HE ) 2 LR
3.4 BRAMEZRE

i PR3 11 22995 728 RS2 W PR s e o DL ) 9 R 2
— [ E 2 50% 1 1 R a2 RO R R
Wang 45732 Fil AFM WA 44 K 7K S BF 5 45 BR s Bl
R AL W AR o WF 5T B AR il N
I AIMIE A 0 FTLAER P JC D A 10, & PR JR
905 BRI R DR T A T A% 24 L kot B RS 5 I ELRE PR S I
TR, A2 0 LI v J0 D 7 2 1) A AL B A B o Hf
PR Bt 1 25 118 3 ol 5 Ay el 28 T -5 4 8 A I A
JIHMEREALA O, T ZE T 21 AFM R 50K i —
HAIESE
3.5 BRREKAE

W BRI 23 38 R KA 3, 29 30% ~T0% ) H%
IRIG IR 43 S e s A8 2016 4F, Argyropoulos
S S PR (45 ~ 62 ) FIAE IS 5 2 DT L 1Y
T TGRS 200 B IR HEF TR 5%, I F AFM )
H R Z AR GIE SN 12 VERE, & B R B
TR J2 e R A7 4 HE 51 ZE L, RURE B L e 5 38 m
176% . £ 712G Ty 18 , 5 1E 5 AAH LG, B R 8
IR EF 4 0 22 5| F7  BUPL R B 4 B 3 182% Al
197% [HASTEPEREAR 58% o LA A 320, B PR
FEH B IR B R 2 A5 A0 25 e A e 3k B Bl AR T B S
S MR PR I RS AE 52 R HE P 3T ki i T

T % I R = U L O R M DR O A B A 4R R
fEHLS
3.6 MASAETHAL

BRI 248 5 RG] 7= A A RS2, W8 PRI
B BT KBS IR B A A — 10 3 4 S2 8 v
Hammond %7732 Fi AFM WLEEH [ J1% 5 A0 S (4 e
VLT 4 , 35 BRI DR R BRI BT 44 v B L 1 K
RO TE K, A E A B EEER (P <0.05),
WAL TE U P B B I IR R R, B R R &
S RS IR AT G A T A AR I AT B IR A AE
FHIE 722 M RE AR , DA (5 5 PR R8T 1 h 8 o o
AR T B A AU

1 B 2

£ b RTIR  FIH AFM BFFE A0 LR A F i
T TOVETE S AN K AU BE , A F1] T A2 K oK -
TR DR SRR ARE 9 A AL S BB )
WIS W, B il PRAJE TS B 36 97 4 OB 1< 46
BB MEREE 73 HE W2 BOR B AN W e 3 ik
J& , AFM FEARE DR A 14 BIF 5 F 2 K A 45 BN 22
TEH

[ &% k]

[1] Zimmet P, Alberti KG, Magliano DJ, et al. Diabetes mellitus
statistics on prevalence and mortality : facts and fallacies[ J]. Nat
Rev Endocrinol, 2016, 12 (10): 616 - 622. DOI. 10. 1038/
nrendo. 2016. 105.

[2] Balakumar P, Arora MK, Ganti SS, et al. Recent advances in
pharmacotherapy for diabetic nephropathy: current perspectives
and future directions [ J ]. Pharmacol Res, 2009, 60 (1):
24 -32. DOI. 10.1016/j. phrs. 2009. 02. 002.

[3] Hayashi K, Iwata M. Stiffness of cancer cells measured with an
AFM indentation method [ J]. J Mech Behav Biomed Mater,
2015, 49. 105 -111. DOI. 10.1016/]. jmbbm. 2015.04. 030.

[4] Lee GY, Lim CT. Biomechanics approaches to studying human
diseases[ J]. Trends Biotechnol, 2007, 25(3): 111 —118.

[5] Lehenkari PP, Charras GT, Nykanen A, et al. Adapting atomic
force microscopy for cell biology [ J].
82(1-4).289-295.

[6] Binnig G, Quate CF, Gerber C. Atomic force microscope [ J].
Phys Rev Lett, 1986, 56(9) . 930 - 933. DOI. 10. 1103/Phys
RevLett. 56.930.

Ultramicroscopy, 2000,

[7] Tkai A. A review on atomic force microscopy applied to nano-
mechanics of the cell[ J]. Adv Biochem Eng Biotechnol, 2010,
119: 47 -61. DOI: 10.1007/10_2008_41.

[8] Girasole M, Pompeo G, Cricenti A, et al. Roughness of the plasma
membrane as an independent morphological parameter to study
RBCs: a quantitative atomic force microscopy investigation [ J].
Biochim Biophys Acta, 2007, 1768(5) : 1268 —1276. DOI:10.
1016/j. bbamem. 2007. 01. 014.



HAEAEZANEPORAGE 2017 4E6 A 28 H 5516 4% 56 1]

Chin J Mult Organ Dis Elderly, Vol.16, No.6, Jun 28, 2017

- 459 -

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Dufrene YF, Pelling AE. Force nanoscopy of cell mechanics and
cell adhesion[ J]. Nanoscale, 2013, 5(10) : 4094 —4104. DOI.
10. 1039/ ¢3n100340;.

Jin H, Xing X, Zhao H, et al.
influenced by aging and type 2 diabetes using atomic force micro-
scope[ J]. Biochem Biophys Res Commun, 2010, 391 (4).
1698 - 1702. DOI: 10.1016/j. bbre. 2009. 12. 133.

Pretorius E, Bester J, Vermeulen N, et al. Poorly controlled type

Detection of erythrocytes

2 diabetes is accompanied by significant morphological and ultra-
structural changes in both erythrocytes and in thrombin-generated
fibrin: implications for diagnostics [ J ]. Cardiovasc Diabetol,
2015, 14 30. DOI: 10.1186/512933-015-0192-5.

Zhang L, Pi J, Shi Q, et al. In situ single molecule detection of
insulin receptors on erythrocytes from a type 1 diabetes ketoacidosis
patient by atomic force microscopy[ J]. Analyst, 2015, 140(21) .
7407 -7416. DOI: 10.1039/c5an01417d.

Benech JC, Benech N, Zambrana Al, et al. Diabetes increases
stiffness of live cardiomyocytes measured by atomic force microscopy
nanoindentation[ J ]. Am J Physiol Cell Physiol, 2014, 307(10) :
€910 -919. DOI: 10. 1152/ajpcell. 00192. 2013.

Akhtar R, Cruickshank JK, Zhao X, et al. Localized micro- and
nano-scale remodelling in the diabetic aorta[ J]. Acta Biomater,
2014, 10(11) ; 4843 —4851. DOI; 10. 1016/j. actbio. 2014.07.
001.

Siamantouras E, Hills CE, Squires PE, et al. Quantifying cellular
mechanics and adhesion in renal tubular injury using single cell force
spectroscopy| J|. Nanomedicine, 2016, 12(4); 1013 —1021. DOI;
10. 1016/j. nano. 2015. 12. 362.

Hills CE, Siamantouras E, Smith SW, et al. TGFB modulates
early epithelial-to-mesenchymal
transition[ J]. Diabetologia, 2012, 55(3) ; 812 —824. DOI. 10.
1007/500125-011-2409-9.

cell-to-cell communication in

Lu CH, Lin ST, Chou HC, et al. Proteomic analysis of retinopathy-
related plasma biomarkers in diabetic patients[ J]. Arch Biochem
Biophys, 2013, 529 (2): 146 - 156. DOI. 10. 1016/j. abb.
2012.11.004.

To M, Goz A, Camenzind L, et al. Diabetes-induced morpholo-

gical, biomechanical, and compositional changes in ocular base-

[20]

[21]

[22]

(23]

[24]

[26]

ment membranes [ J]. Exp Eye Res, 2013, 116: 298 - 307.
DOI:; 10.1016/j. exer.2013.09.011.

Chronopoulos A, Tang A, Beglova E, et al. High glucose increases
lysyl oxidase expression and activity in retinal endothelial cells:
mechanism  for  compromised extracellular matrix  barrier
function[ J]. Diabetes, 2010, 59(12): 3159 —3166. DOI: 10.
2337/db10-0365.

Yang X, Scott HA, Monickaraj F, et al. Basement membrane
stiffening promotes retinal endothelial activation associated with
diabetes[ J]. FASEB J, 2016, 30(2): 601 - 611. DOI. 10.
1096/1j. 15-277962.

Pasnoor M, Dimachkie MM, Kluding P, et al. Diabetic neuropathy
part 1. overview and symmetric phenotypes [ J ]. Neurol Clin,
2013, 31(2) : 425 -445. DOI. 10.1016/j. ncl. 2013. 02. 004.
Wang H, Layton BE, Sastry AM. Nerve collagens from diabetic
and nondiabetic Sprague-Dawley and biobreeding rats: an atomic
force microscopy study [ J]. Diabetes Metab Res Rev, 2003,
19(4) . 288 -298. DOI:10. 1002/ dmrr. 372.

Makrantonaki E, Jiang D, Hossini AM, et al. Diabetes mellitus
and the skin[ J]. Rev Endocr Metab Disord, 2016, 17 (3):
269 —282. DOI:10.1007/s11154-016-9373-0.

Argyropoulos AJ, Robichaud P, Balimunkwe RM, et al. Altera-
tions of dermal connective tissue collagen in diabetes: molecular
basis of aged-appearing skin[ J]. PLoS One, 2016, 11 (4):
€0153806. DOI; 10. 1371/journal. pone. 0153806.

Shemer A, Bergman R, Linn S, et al. Diabetic dermopathy and
internal complications in diabetes mellitus[ J]. Int J Dermatol,
1998, 37(2): 113 - 115.

Napoli N, Chandran M, Pierroz DD, et al. Mechanisms of diabetes
mellitus-induced bone fragility [ J]. Nat Rev Endocrinol, 2017,
13(4): 208 —=219. DOI: 10.1038/nrendo. 2016. 153.

Hammond MA, Gallant MA, Burr DB, et al. Nanoscale changes
in collagen are reflected in physical and mechanical properties of
bone at the microscale in diabetic rats [ J]. Bone, 2014, 60:
26 -32. DOI: 10.1016/j. bone.2013.11.015.

(%%, khsk)



