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Elucidation of an Emerging Mechanism in the State of Insulin Resistance
by Electron Microscopy

Junji SEKIMOTO and Jin-ichi INOKUCHI

(Received November 20, 2009)

Insulin resistance in adipocytes induced by tumor necrosis factor a (TNFa) has been analyzed by immuno-

electron microscopy with special attention to the interaction between insulin receptor (IR) and ganglioside GM3

in plasma membranes. In normal adipocytes, most of the gold particles of GM3 molecules localized in the plane

region with cluster formation and a small number of GM3 was detected in the surrounding area of caveolae. IR

molecules were detected in caveolae region about 19% and the rest of IR were found in the plane region. The

relative ratio of IR molecules localized in caveolae was greatly reduced by 20% when the state of insulin resistance

was induced by TNFa, in which the amounts of GM3 in plasma membranes were up-regulated. Previously, we

demonstrated that an inhibitor of ganglioside biosynthesis, D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol

(D-PDMP), could normalize the impaired insulin signaling by blocking the increase of GM3 by TNFa. Here we

could show that the decrease of IR molecules in caveolae region by TNFa was restored by D-PDMP. These

observations strongly supports our working hypothesis concerning a new pathological feature of insulin resistance.

Key words — insulin resistance; adipocytes; GM3; caveolae; insulin receptor; electron microscopy
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Fig. 1. Illustration of model on insulin signaling system
in adipocyte
Dissociation of IR from caveolae disturb the insulin signaling.
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5 v 737 % caveolin-l, IR fHE. D JGAERAtR %2 7R L 72,
ZLTEHI, AT FIZEHET L IROLFED
TNFa K 0" 2 7 4 > THENRE & B %4 D-threo-1-
phenyl-2-decanoylamino-3-morpholino-1-propanol (D-
PDMP) ALFRIZ X 2 ZALIZ D -CTREGE L 72,

KEBRMBROTE

2 #

eIk LT~ A 3T3LL # i L7z 9§
10% calf serum A Y DMEM H°C 3 H [, ¥\ >C 10%
fetal calf serum (FCS) AV DMEM i CE#L, 2
YINVI Y MZELE RN LEFEL,
F9 2714 724 Nol (10% FCS, 510 uM 3-isobutyl-1-
methylxanthine, 250 nM dexamethasone, 10 nM
insulin % & ¢ DMEM) H1C 48 B, IR\ T AT 1 7
2 No2 (10% FCS, 10 nM insulin % ¢ DMEM) H
TAS FFHEE R SE L 2 & TITo 72, & 512 10% FCS
A DMEM HT 7-10 HEE:EE L, 90%LL E oAz
HNEBIZEN 2 % 2 2 IRRE L 72 5 £ THfL S E 7.

122 VIERMEOFEE

A 2 A YIPUEE, 4L 72 3T3-L1 % TNFa
%4t DMEM (100 pM rat TNFq, 10% fetal serum
bovine) H1°C 96 WfiE5#E 35 2 & TRHFE L 72, —i&b
OFFHE, TNFalZhnz & 512 D-PDMP (20 uM) %
B XA T4 7 AR TR L 7.
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International EM. PAG15, 1:30 in PBS, Z=if, 2 K
M) &S SE7z. a3 bu—)Vikk Tl anti-GM3
PR EB VTS, JuRE#O%, BRIV s L
TV K (25%, 01 M ) » ERRRE TR, 4T,
1HERE]), #Ieh A 37 A EEl (1% b R 3

TN 15% 7 a7 AL ) A 01 M A IV
MR AR, 4T, 1) CREEL, =¥/ —
WRF (50% —100%) THiAK, 7oL+ K
O L TR F U8R (Quetol8l2, HHTEM) %
MR iR S - %ES (60T, 48 ) S&7-.
B E S RN Y (80nm JE) L, 7=~
FREngettii & 3 MG S, BEREE R & L7

RRBRAMOERTFIE (Caveolinl, IR 1F5H)
BIPEMEBIZANLI 7)) v FIZ7 4V a/8— )b
AR, SBbich—Rra—g4 07, 41+
Iy Fr7, RY)L)TYrya—74 7 &NEICHL
720 ¥WE T4 v v ado 3T3L1 % PBS THEE L,
PBS ZFpWw <&M L7cfifu@o Hic ki 7y v R
RYLYYra—F 4 v HEE TN CHEAE,
1EE L. 74 v v 2WIZPBS 2 EHI2iEC
&, 3T3 L1 OMlalEA TR ) 72271 v R &
ERL. INEEBIINTERVAT VT R-Z V%
VT ITe FEER XTIV A 4%+ 78
0.05%, 0.1 M V) ~ ER#EMEHR CAR, 4C, 30 47/) T
E5E L7z, PBS #Eiftf%, 70 v ¥ > 7 (1% BSA, 5%
IEH Y FIE, 01% €7 F >, PBSAHM, 37C, 2
FEf), 1 kPUK (rabbit anti-caveolinl, Santa Cruz
Biotecnology N20, 1 ug/mL ~rabbit anti-IR 3, Santa
Cruz Biotecnology C19, 4 ug/mL, Lid7 o v ¥ >
JWCAIR, 37C, 1) &S, PBS D%
anti-IgG &3 1 4 FHEA 2 kIR (12 nm, Jackson,
ERET Ty F 2 ST 130 WAV, i, 1)
LRI EE72. PBSITREFDHZ IV VT IVTE R
(25%, 01 M V) » FRAEERR CAR, 1 Ref) KON A
I AHE(1%, 01 M /1 2 Y IVERFRERE TR, =il
10 43[H) CHE%E, BEfE™Y T > ettt < 10 4 deta o
BTy ) —VHRH(50%-100%) & -7 F )T a—
VTR & B HZ 5 % A C AR VR & L 72,

BEFIRMEHRE & 2N TFOMETLIE

PR L 72 5URHEZ R B F- B SR (JEM-1010, H
RET) CBE L7 AT T LA L2 IR 2Pk
— SRR RS L 26 10E, B SN ST
NN T EDMIZIRAT 40 nm DR DSEIEE S
5. T, caveolin-IR-IgG-1gG-gold & 3 fll D %
YINVEGTFRMELTHET 2720 TH L. Kl
BT A N T O E ST & ORI 24 nm
FTCOTEMPBDLEN T2 INRET T EMHMELT
WhHERLRLTHT Y ML 72X F 7 & GM3
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DOIFEDOT R % T2 B AR OIH 12 &
N, G THE KO XA T B2 5 30 nm &
TOTEMOBLEHTHE, I XNFTTIZEEND
GM3 LA LSt LTho v M7z

AT E IR ORTERERIZH T % TNFa LU
D-PDMP Os2ZOMGEEIILTO L B TH L.
3, B A x 20,000 TEEME L, S$EHIIE T
NhHERTHEho v b KIZ, ElB05E
LB 720 O RF T SR TF OV E % H i
L7z, 2NEDOFHHEIZOWT, EFHEE TNFa
WLEREREL, & O TNFa WLEEEE & TNFa + D-PDMP
ML SR T % L Z T student ttest 12X ) P<
005 CHEEMEZIT- 7.

X BR B R

GM3 AR R OE FIRMRHRE
NEIMIAIZIZ A 0% < O & 221, R
(ZHWIEREZ R, MR R D IRl © & &

Fig. 2. Low magnification section image of 3T3-L1
adipocyte
Round shape of cell body and large lipid droplets in cell body
are characteristic. PM: plasma membrane, LD: lipid droplet, Day
14 after induction of differentiation, fixed with 4% formaldehyde.

Fig. 3. Immunoelectron microscopy of GM3 molecules
labeled with gold particles ()
Invaginations of plasma membrane (—) indicate caveolae.

There are many gold particles near caveolae, but are not seen
in caveolae.

(Fig. 2). flakmoizKB (Fig 3) Tix, Ak
A 50~80 nm (T EDFEIRICIEA L 72HEE DY 3
BTRZ5., NI REIHETH L. T
H B2 5B iid, GM3 PRz /i LT
HEL72ERTTHDH. HF T ORFBEHEBIAAEL
TW5 GM3 SRS L&k T O % 5 L 724
H, 85% 13 1 NI T WEE KOV XA T BIIIER A 5 30
nm ¥ CTOEEIIIHFEEST, MPEOFHETIZF
FEL T/ (Fig 4). ZOfEHIE, HE1bsn032ER1c
L5, IRFITHLELELTEE GM3 24 &
S EEHTH L L) WG VR LTS, 70, %
COERTIE3~I0MHD 7 5 A% —HiEx/RL T
W7z (Fig. 5). Z ORI, MDCK ILA
fa7e & CGM3 IXERME nm © 7 7 A ¥ — k%
BoTwbdEn) i ®LRBEOFTRTH L. 2D
(Z2e, MEIAMINE E L CRIBRZIEEZ R L TWAIZh
59, GM3 &R FHA % L < £ /s
H N7z (Fig 6).

Caveolin-1 RV IR EZ#MREOEFHEMERE
FREGHBE QMBI 7 E v (THSG) HZE, 7)) v
R EWCBES 727 + VAN — VIR ICIE Y 15 724
ROETHMKEG E %L Fig. 7R T. KT 5 &,
B 100 nm LT OISR AL HBlg S 7z,

100% r
< N
X 80% | \\\\
o \ﬁ
S o b RN
= 60% AN\
o \f
© o
S 40% F AN
g ¥Q\
o) -
2 20% §\\~\
== B o
9 @k RS
S
0% \Q\\Q \

Non-caveolae caveolae

Fig. 4. The relative ratio of GM3 molecules on the

distribution between caveolae and non-caveolae regions
GM3 molecules labeled with gold particles localized within 30

nm distance from caveolae were defined as caveolae localized
GM3 and the others were flat-membrane GMS3.
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Fig. 5. The cluster formation of GM3. Arrows ({)
indicate caveolae

Fig. 6. Distinct difference on the expression levels of GM3
among adipocytes

Right cell have no GM3 molecules labeled with gold particles.

Fig. 7. A low Magnification image of stripped plasma
membrane
Center region colored dark gray is plasma membrane attaching
to formvar (resin) membrane. Many dots seen in plasma
membrane are caveolae.

Anti-caveolin-l CTIE#kE1To72& 25, &RT DI
T RTCBZORAKEE L2 Enb, ZOfE
BRI NF T THDENFETE (Fig 8). KIZ,
Anti-IR & W CHRICE#REZ1T- 72 (Fig 9). IR
ZRT SR T OB EL 20 /um? T, caveolin-1
EIRTERFOENL YD Lh oz, KEDEH T
IR O SFERIC & 5 7278, 9 B 19% 3/ N F T
K OZDAE & 1 20 nm DN OFEIRIZALE LT
72 (Figl0). Z OFEIEAN O 447 1% caveolin-1 & #%
HLTVDLIROFHEZRLTVDEHDEZEZHN
5. FORYLL LCE, 12 nm O&K T O RIEILH
E LA GTFORS D72, EBEOGTOME
SVEENTHZLZETHSH. IRIZTNFa 21 &
& GM3 mx #in s ¥ 7-/fg, TNFa & D-PDMP %
HIZEH &€ GM3 o LA 2] L 7-MilaoZ i e
N EIEE Mg & O T caveolin-l L L T 5
IR RSN T OEBICEADR RSN E) 0 x

Fig. 8. Caveolin-1 molecules on a high magnification image
of plasma membrane

Caveolin-1 molecules labeled with gold particles( { ) exclusively
localized in caveolae.

Fig. 9. Distribution of IR molecules labeled with gold
particles in normal adipocytes
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Number of gold particles

Whole PM

Caveolae IR

Fig. 10. The numbers of IR molecules in caveolae region

IR molecules labeled with gold particles localized within 20
nm distance from caveolae were defined as caveolae localized
IR. within 20 nm distance from caveolae were defined as
caveolae localized IR and the others were flat-membrane IR.

i~7z (Figll). BE—KHE D I12H % ki Hidwv
FTRORETHL LR, IEFHEHIA LT TNFa
QLB ClE 2 DB A L 7. & 512 D-PDMP
RINZ72RE T, A S e SRR
DREFRGNTIT o AL EBROR R % LT 5.9

% =

INF CTHARHBICBIT A1 >R VIR
FEHE AT Z A NIZOW TR 4 BT 2 HIFZEDS 72
ST &2, TR B TUIRBEHA O LS5
Lotz INETIIHADOWRELZLIZLD, B
i IE L B AR 12 B8 C TNFa mRNA 2383 %
Z &, VEEMIMINIC TNFa % 4 » A VARPUMEFE
W HERIRE TG4 WY 7Y 4 ¥ K GM3 A2t
¥ %, £7- GM3 1L IR & FiidD ¥ 7 F IV 5F IRS-
1 L OMEERZREST S L, ¥ GM3 O8Nk
WIR IE#H NF T % & & Detergent resistant
membrane microdomein (DRM) 432> 5 j&4 3 %
WS, A7 4 v TRREAHER] D-PDMP % GM3 &
JCHERE R TS 2 &, ARF T RAA >
WIRDR-TL BT &, O EEICAILFERFEER
TRENTWSE., &6, GM3A» ALY F & IR &
DHEAERHZHETLEOGF A= AL ELT
X, IRBY 7=y FoOfMIEEE Loy ¥ UL
GM3 O 7 IVIREREOHENMEFN TH L Z &
A3, SR R I OOt PE GM3 & F vV 72 24552

Number of particles
F-

3 =
2 L
1 L
0 .
normal TNFa TNFa
+
D-PDMP

Fig. 11. The restoration of the impaired IR localization by
TNFa in caveolae by the treatment of D-PDMP

B WK DIRL TS, LA L, LRI
RABLR o % 43§ A T+ T IR @ DRM 45 i 20 5
D5 EEAMER 9 2 FHETE A OWREIKE S 5 2
Es, EREOAMBORN ZEERMT 2B %
MRS L2 EIETE R\, T/, A TOmI%E
W3 > —Fi:TdH A Fluorescent Recovery After
Photo bleaching (FRAP) £ Tix, # X4+ F & IR D
MHEERZEZRESTZ LG TER W, 9 22 TR
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g E T, ERENAIR S EEN 7 70—
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T IE AL T O GMS3 JRIEMIT 1X 2 £ TRfESF
Mg, v > 238k, MDCK IAMifg 7 & TirbiTB Y,
BT NOMALTH GM3 JJHE & /w3 4k T 12
JEECEE020um 1ZED Y T AY —%HMATYS
Z LIRSz Al IEERk 3T3-L1 TO
GM3 RTEMIT &2 17> 7275, & 2T GM3 1ZFHk%
7 IAY = %K T AEND D L LD Do 7.
COr 7 Ay =1, Mg LEELREE 2R
T LR ENTVLEAT 4 v TRE .0 &
L 7B Y 22 i/ NEIS T & A, glycosphingolipid
enriched membrane microdomains (GEM) %7~ %
DEEZLND. —F, IERENWRFEILTH B 77X
F F12BT 5 GM3 OFFFEICE L Tld—3 L 7= i
PRLN TV W, S0 SRIOFEERTIX, 7T TN
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otz EHIZGM3 & ek T & OMICHEET 54T
Ky OBEZELER L THXYT IS 30nm
T COHEBNICHEET 28R TR 72725, #nT
b GM3 DR FHUT LD 15% Th -7z, Dbk
GM3~A 7T RXAENX_FFTEITHAD KA
A VEEHRT LT 0048 Ez 5N, Ll
ED GM3 DA NG FIZEFT AEEIIEE SN
L. [ABRICIRIIERZ B 2 T b2 b 59, GM3
SR NTE A EBE I NG VIR B S
N7z, GM3 OB L~V A & ORI T L 122D
HLOTHIUX, 4 Y AR) T T FVOfERD F
7oAl R H RS D L. FIFROBIRITH
HESFHAZIC BT HRERR SN TEB Y, B3 2 Ml
FGM3 Z3H L vy, Y—J7, b L 72BN
MIBLIEIZ & A EBIE L 2\ 720, SRIEIMARICE
V2 RN % R 2 B B

Caveolin-1 2 UF IR Oy BBHBIZI 12 B\ CILA
BRI [HIEATLE] W afH Lz 2
DF7 TN 2 P A IS BE§ 5729, IR O &
) B H D RO RTEBE b WL % 5. Al
FABERMI I L HOMCEEEIBE SN, Z O
TERIZ caveolin-l fFFEXHERR L 72 & B XA T
A FERR L7z, SR I3IFICH XF T OINETRIC
% CFAE L 72728, caveolin (&7 N4 T OB IER A
SEHEEIC T THAET 5 L EZ5N5E. IR IZIEH
NRE) VHEE R AL B, 122 2T caveolin &
HEAEHLTWALIRIZA Y 2 Y OREMEY 75
WERIRZ L. 7205, IR R FIZ/EL TV D »
WZOWTIIHR T 2 #ED 7% STV 7z, B9 KA

72 CO IR EREIR T, ST IF 5 DM
JRAEIC % C IR S, —8B (&2 1R @ 19%) DA )S
NG T HSEFERIC I L CWwW iz Shud X F4IR
EFIEICOWTHENRFERICEZ S, L2, IR
FEFIART FZIHFETSE Lrnin) 2
&% L, AR TR % LS A AT
EIR T TEFTOYH L L C—ERHE 7210 7 X F
FIHEAELTBY, TZOIRDOANRY 7)) v 712
boTnd, LEZLONPEYBTHL, ZLT
[GM3 OEEHNHE D B N F F-IR A A E 2
L2402 VEPUESEETIV] X, AREF T L
A NF T T O IR BEL O % IE 7 N
FTHANELERLETHELLEEZLNDLDT
& %. FRAP EB» 5 b O REN: % 30354 2 5
PHEINTND, O U LEOEZIIEDEHINL T
SR T O 55 TNFa K& " D-PDMP ORI &
DAL AMEEL 728 25, TNFa ok A4 v 2
) ARPUEIREE A B L 22 A, GM3 o BN
o THANF FITEH L7 IR D&k TR L
72. & 512 D-PDMP € TNFa |2 & %5 GM3 0%
HHIL, A >R VARPUSERE S N IREETLE, IR
DI RF; T NORAESEAES 5 & & BB
LT THEFEL 7.

o 4}

AFge i, FRiMieo TNFa 2k b4 > A1) &~
HIHESIE A 7 = X AI2DOWT, KFFEE THeD &
T E ALY, EMREEBIE TOMRAEZ E 512
FO LN RIEBEER L DREBREIT- 72,
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GM3 I ZMAEIE E e NF ST Y 5 A 5 —HE
EEEE L Tz, G Z 15883 5 IR Ok
\Z, TNFa ML T4 L7295, D-PDMP & O T
IR SN, 2L, THRIMIBIC B VT
TNFa OFEHIC X D3I L 72 GM3 237 XA+ 7 L D)
IR%Z5HESELEEGEZMMSE L7204 A1)
YR S VnERHET S]] Lo Feo
FHEEIFTLLDTHL. KR THES NZHR
DS, Biizle A v A VARPUSEISERE I O —B) &
b EDHEEND.

A4 2 A0 YIRPUELGEE R R AR & L7z D-PDMP
DR G Re R 7 >0 71, BAEH AR REE &
L CHRISHED Sho2oH 5.
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