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Methylglyoxal-induced Apoptosis of Endothelial Cells
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Diabetic patients exhibit increased blood plasma levels of methylglyoxal (MG), a metabolite of glucose. Since MG
generates advanced glycation end-products (AGEs) that disrupt the functions of such biomolecules as proteins, it is

responsible for the progression and complications of diabetes. A functional disorder of the vascular endothelium may

also contribute to the progression and complications of diabetes. In endothelial cells, MG is the major precursor for the
formation of AGE:s. In this study, we examined the effects of MG on vascular endothelial cells and found that it induced
the apoptosis of bovine aortic endothelial cells (BAECs) . MG induced the collapse of mitochondrial membrane poten-
tial, an index of apoptosis, and the elevation of caspase-3 activity, an apoptotic execution enzyme, leading to cell death.

Flow cytometric analyses with annexin-V and propidium iodide double staining revealed that cells exposed to a lethal

dose of MG displayed features characteristic of apoptosis. MG induced an increase in the level of intracellular reactive
oxygen species (ROS) prior to induction of apoptosis. Taken together, these findings suggest that BAECs exposed to
MG die by apoptosis due to the increase of intracellular ROS level.
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L7, Uedis T, &IMHREE TIZ MG 23 iE N
BRI U T c g B e 52 Tnas Lo
N, ZOFHNZHS M TIERW, b MEHEIRNE
ML TIX, MG MO - HEHHICB 59 % ex-
tracellular signal-regulated kinase %, A b L X%
2B 5-9 % Jun-N-terminal protein kinase D {5 Pt
EHRETHIENREIN TS, 2D Fh Ty
haU il & DEEMERIZENT, MG 2
TR = AEFET LI EARINTNDS, 410
ZDZ EMS, MG IZMENE OGS ZERKT
HAREMENE A 5N S.
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1. &¥F MG |3 Sigma Chemical Co. (St. Lou-
is, MO) X DHMEAL7. MitoLight Apoptosis De-
tection Kit {& Chemicon International Inc. (Temec-
ula, CA, USA) &b, ¥ifiR/)¥—+t-3-phycoery-
thrin (PE) ¥i{AlZ Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA) XD AL/-. Annexin-
V-FLUOS Staining Kit | Roche (Indianapolis, IN,
USA) X0, YeERoxTFY7AL (HE) I3 In-
vitrogen (Eugene, OR, USA) KD ALKZ. D
it ORLEEE, TR 2 U7z

2. MifRtEE L MG LE i Cambrex
Co. (MD, USA) 5 A L7~ bovine artery endo-
thelial cells (BAECs) ZffiflL/z. K5#IT13 10%
FBS KU L-Z I H 32>, XRZ2 U2, ARLT b
XA ZEFEMLU - DMEM 2 HWw/=. MG JL#
13, HEHiAE 2%FBS 233 DMEM 25Xl 7205,
MG ZRINL Tiro 7z, A > FaxX—23 2%,
fifg Z DPBS TyEi L, SFEHIEICH W,

3. MRREFEOAE AL, WEN
FARE D A= M e & MBS 2 R SRR E R A 7 7 & —
PIEHEHEES LU THEELZ. Y a2 bao—)L KD
MG JLEE L 7= BAECs (3X10%cells) i 10 mM p—=
o7 =)Ly CEE RN 0.1 % Triton-X 100 & A HE
B> b U AWK (pHS.5) % 100ul RANL, 20
A > FaxX—T 3>k DWT, 1M NaOH
AR 10 ul ZINA ThOSZ4#1E L, 405 nm OWIEE

ZHIEL .

4. I bR TEEBBLMOAE IFICE
U 7 EEALE, K EA) T O —7 MitoLight 2 T
M L 7=. BAECs (106cells) % MG JLFE %,
MitoLight % & & EE R 2R M L, Z| T 15
AoFaxR—=Tarli HGWT, fMilgz~) 7>
TR D FHEER L L THEL, 155 N7k
YV A L —7F—F 21— (Becton Dickinson,
Franklin Lakes, NJ, USA) TAi& L 7/=. MitoLight
H#E1 Coulter ELITE cytofluorometer (Beckman
Coulter Inc., CA, USA) W FL-1 ¥+ %) (530
nm) IZEXDHEEL .

5. hZAN—E-3DRE MG /L3 BAECs
(108 cells) Z/)NTHRIVATIVT & RTEER, Ko
AL ) =)V Wil ZE#EE Lz, 70y
FOUMELU=DOB, Hih Z)X—E-3-PE JiikZE iR
L, BET300MA >Fax—a> Lk B
BOBIEIZI ha > R 7EEMOWE & FERICT
S/ HFiHA)N—E-3-PE & iZ70—H 1 b
A—4%— (FL-2 F % %)L : 585nm) X DHIEL
7z,

6. MAEEIEHERXDHE Annexin-V-FLUOS
Staining Kit 2\, YR =T AR IR O0—
ZDOMBERERICONVWTHRELZ. MG AL
BAECs (10°cells) & hU 72 KD HBEL, =
%, Annexin-V-FLUOS {8 & A, =R TS5 5
Bl >Fax—=Tarliz UBOEEZII NI
R 7B ORE LRI T 72, 7O0—8A K
A= —ZfWn, 7YxF -V (FL-1 F ¥R :
530nm) &3IA{k7ovEYw A (PD) (FL-2 F v
IV 1 585nm) DHOECEWE L /=, FL-1 DAL
EN ERLUZMEEY R N—2 A, FL-1 KT
FL-2 OWj#CEDN EA LMz o—2 X
EHEL .

7. SEMEBEOAE MG L BAECs (10
cells) 12 10uM HE Z#spnL, 20 73l > F 2 X—
Parllz EWTHllEE N 7> 2T &0 FIkzE
DUTHEL, 70—Y1 b A—F —HOilk z i
#1 7-. HE ®®t1, FL-2 F ¥ *%JI (585 nm)
IR OBmH LU .

8. #EEHALIE F ¥R T 85 Hr#&, Student
D tREZETY, p<0.05 2HEE L.
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1. MREETFRICHT S MG OZE BAECs
Z MG ULH L, MilgEGFERzRRrICHE Lz
(Fig. 1). AGFHRIT, NGO A4 o E & BV
ERIBERZ 7y ¥y —EEEEREE LD
MG5mM CUET 2 &, AERIEM > FaN—T
3 ARHILENSE LK TFL, SHMOEEFER
FHOTM13%THo7z. ZHiZl, MG 1lmMm T
ML 72354, SHMBICBVWTHEFRORNER
EENIED s Nan o . DEOFERIT, MG O
ENGEF ICHERIN SmM LB O Tiro 2.

2. MGAEBAECsD 3 b R TREER&E
AZAN—E-3FEDZE MG Gmm) IZX5
BAECs £HFHEDEK T &, 7R M= 2 & OB
EMELEZ. 7R ZANBEINDEE, KEfTL
TP RYTEBEMOBRENRD SN TV
5. 2T, 2 A RYTEEMOEIITDN
T, ®aEezHnwryOo0—Y A1 M AR —=ICKDH
# U #EfE#E MitoLight 13, S b2 RU 7K
BALOFIEL M TIEHEARE U THIRREICHIE
L, mWikEadtzKno, a2 ho—)ufila (MG
AOHE) T, EERINICRYTEEMERT
A THIHIT 96% DM /34 L7z (Fig. 2). —4,
BAECs Z MG T 2 IRl T 5 &, A fHIF D010
EET 3% AL, S ha2RY TEEMD A
BE/RY BHEBOSMEGN ST%ITHEmMLEZ.
DOEEOENHEIX, TI>bO—)LD38{HFTHo
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Fig. 1. Viability of BAECs Treated with MG

BAECs were treated with MG at concentrations of 1 and 5 mm for 0 to 8
h. Cell viability was determined by acid phosphatase assay, as described in
‘“Experimental Procedure.’” Viability is expressed as percentage of surviving
cells with respect to control at the each time. Data are means +S.D. of six in-
dependent experiments. *p<0.05, compared with control at each time.

7. 123, MG 2L % MitoLight M5k D HEN
1%, BAECs NELE LIS WA T T 5 1isn
-7~ (data not shown).

KIZ, TRE= AHAr— RO FRICAET S
TR b= AETEBEED N Z)N—E-3® OiE %
M L7=. BAECs # MG T 4 LT3 &, K
AN—T-3{EED FA %R A N5 B A
D7 MBI EIN (Fig. 3). EHELOREIX
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Fig. 2. Disruption of Mitochondrial Membrane Potential in
BAECs Treated with MG

Experiments were carried out as described in ‘‘Experimental Proce-
dure.”” Cells were treated with 5 mm MG for 2 h. The status of the mitochon-
drial membrane potential was detected by flow cytometry using MitoLight.
The FL-1 channel recorded cells that emitted the greenish-yellow fluorescence
of MitoLight monomers. Regions A and B contain cells with intact and dis-
rupted mitochondrial membrane potential, respectively. Relative fluores-
cence of untreated cells was set to 1.0. Data are means+S.D. of three in-
dependent experiments. *p<0.05, compared with control.
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Fig. 3. Activation of Caspase-3 in BAECs Treated with MG

Cells were treated with 5 mm MG for 4h and collected, fixed, and
processed for immunofluorescence-based flow cytometry as described in
““Experimental Procedure.”” Relative fluorescence of untreated cells was set
to 1.0. Data are means*S.D. of three independent experiments. *p<(0.05,
compared with control.
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R =T ZADEE L TWBaJREMEAVRIE I N /.

3. MG LI BAECs (Cd5(T B MAREHER O HIE

MG (5mm) JLEE BAECs 12 31F 2l 1 FEAE =
OBRFT 2D, 7HFF -V KO PI O _HEY
BEERAY, JO0—HA1 FA N = E{To .
IR E DS R IEDMREZN T NS 7R b —3 ZDIREE
TIE, ®RAT77F )bt U TMEEO N S 5
fABITL, 27 2F2-VAkEE L T FL-1
HHBED LHZRT, —F, F70—2 X DIRE
ICES &, MIBEOENMET 2720, 73+
>-V & Pl OW#EMEN EH L, FL-1 & FL-2
DOMEICRENEMT S, Figure 412, a1 hO—
JVHIRE B O MG LRI O 7 % F 2 2=V (i)
& PI (fitdlh) o#OtHEZRLE. Z0HE, M
FEHE S IE N SN T3 AEEMIIE A fE
12, 7R h— MM BRI, x o/ O0—3
M CHEBICMMET 2EEA6NS. a2 b
O—)LAIAE T, 7% F 3 >-V & Pl OHLHHE
FwIns/ha<, AEBRICHMLEZ. —F, MG
TA4RMAET D&, F8TXOMENT R ~—
2%R_RT BEEANECT N ZOBE, RV
O—>A%ZRT CHEBANDODERRS T MIED 5
Nizinolz. £, BEEADI 7 ME, MG T2
FERALEE U 7285 5113580 5 /e /nh o 7= (data not
shown). 7238, MG 27 %+ >-V © Pl D)t
W LU TEEE2 5 272W\WZ 13, BAECs 23721F L

Control MG 4h
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Fig. 4. Alteration of Phosphatidylserine Distribution in
BAECs Treated with MG

Cells were treated with 5 mm MG for 4 h and analyzed by flow cytometry
using the annexin-V/PI double-staining method, as described in ‘‘Ex-
perimental Procedure.”” Regions A, B, and C contain viable, apoptotic, and
necrotic cells, respectively. Control cells not treated with MG were annexin-
V-negative and PI-negative. Similar results were obtained in two additional
independent experiments using different cell preparations.

IRWERMHE T THEZE L 7= (data not shown), DA E®D
KNS, MG LB BAECs IZBWT, Y Rb—3
AMBEINTNWD I ENREBINT-.

4. MG 4LIE BAECs [C&(T5 ROS DAERK 7K
WATZITER, 770bA 2 ikEDTIVTE RIL
EMITRVFEESIN DML, ROS VLT
HTENREINTNS, 1920 22T, ROS EAZE
BT 520, 7 0—7TdhsHEZHWY
O—H%4 A RMN)—=2HEfro7% (Fig.5). a~
FO—)VHIfE TiE, HE O#EEIS/NE <, KEmpN
AEBICHMmUE. —FH, MG (5mMm) I2XKD 2
FERAALEE S % &, %9 33% @ BAECs 7% ROS D %
ZRY BREEANET T MU, @HAHWREIZD S R
O—)LD 1.9 fFic EFH L. 758, MG HEIL HE
DHENITKHL, AEEEEZ 522> (data
not shown)., Z DI &5, MG ULERHIIZ B W
T, ROSHEAL TS I EAREBI N,

% £

ARFZETIE, MG 7% BAECs I 317 % HiU3E % I
MHETFICRAET 5 Z &S ) & e o 7= (Fig. 1).
BAECs OS4SR RIE, mM F—% — DR
B MG ILEIZKL D@D 5N MGIZE bRl
fi KOS b B #ERIRE RINmSF 2B W T, 8
Fi l.4um, 1mM T, Ml EFET B, 22 2
NS OHEMNS, MG ITH 2Rz I3 o fEsE
IZ& > TR D, BAECs D& MG 123 % HHT
HENIEENEEB X 5N 5. HRFEEREOMmEH

Control

Cell count

Intensity of HE fluorescence
(arbitrary unit)

Fluorescence intensity of HE Control MG

Fig. 5. Generation of ROS in BAECs Treated with MG
After treatment with 5 mm MG for 2 h, cells were incubated with 10 um
HE for 20 min at 37°C. HE fluorescence was detected by flow cytometry at
FL-2. Relative fluorescence of untreated cells was set to 1.0. Data are means
+8S.D. of three independent experiments. *p<(0.05, compared with control.
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T, MGEEIZ2uMEETHS.? LnL, MGIZ
fEpE =N U CAERT 2720, 2 BB RFBE DM
N MG EEIImMEE Rl TELRSETHIESN
5. HFE, v MERESEO MG BEE, MR
EXORMSHEEN. D FrA Z—ZNLAY—IIK
AIRLIZHNT, MGBEEIZ3I0OuMBFEET DT &N
WMEINTNE . W INSOHAZEEL TH, K
EBRARATHWE MG BERIEMNEVWEESEA SN
%. Chan & Wuld, b MfENEMICBNWT

BN A=A TFTIE Sum O MG TH Ca2t &
ROS, NOKGFEMED TR = ANFEIND I &
EHRELTWVWS.2 LML, MGIZX% BAECs 4
FRDOETICHL, I I—ZAKUONO RF—iRk
MO EE RS SN /ah > 7~ (data not shown) .

—7, Denis 51%, 7IVT7T I EHEHELE MGIZ3
uM TR D7 R b —> A &8T5 &
EHELTNWS. 20 LaLEans, bohUoOiHE
L7z MG-BSA Bz R L =556, MG §pl &
thi# U C BAECs QAEGFRICHS MRZEITRO 5N
72/ > 7= (data not shown).

MIREZEII R LT, BEBAIMIIESE TH 2 7 R ~h—
CALZHMMEE TH D/ O— A I N
%5. DNAHEREDA ML X225 &, MldliX
AAN—EFHOEM(LZ I LT DNA 2L,
707 7 MEHIRESE, WHhWS TR N—2 24T
5.7 —7, HMIHERENARRIC/RZIEEDEN A b
L Az2 0 5a, MO A F > ik R 00
L, MIERIC/AKBIRAT S Z EIC&D, Mgt
WRHEFERIL, F 70— 2ANEES D X |
a2 RUTIE, MO ZRE T SHMIEN/NSE
ThO, T I RUYTHEBMOMEL I ha>
RUTZBEY R b — AFEOARAHHYEER & L
THEDBENTWDS. 1® BAECs IZBWT MG 1%, #
JASEDFFEIZETL T, X Ay RY 7 REBALD A
HraEEL (Fig.2), 512, 7R M= AFET
BFEEINDHAN—E-3DEEIZSIESEIL
7z (Fig.3). T ha>RUTHER I FaR
U7 NN SHIEE NS M7 OA c iR St 2
L, NAN—EHWAr—RE{EHET .82 Lk
735 T, MG X BAECs IZBWT, S ha>RU7
ENLEAAN—ERGEHEBICLD TR N—2 2 %
BT D ENRBEIND. MG ALFEE L /= BAECs
X, MREEOZE2MENRIZNTWAIRET, MmN

BENSHEANRZA 7 7 F )t 2B fTLTWwS
ZENHREIN, (Fig.4), ZOZERETHRE—
ADHREARREZRL TWD.,

WA, IMENEMAD 7 R h—3 212 ROS OB
ENPEINTNDS 30 /2, b b ERIRN R
el o MR B I T, MG B8 7 R b — 3 2wt
9% ROS OGN HE SN TS, 220 MG 1
BAECs Offiflds€12 5647 L T, ROS O EEZIRT
HE #OCE D LA Z#FE L /= (Fig. 5). HE &
ROS DHTH XA —/N\—FF T R 25 RIEN
BWHEN T O—T Th 5.3 AFKEOSLME T T
Z—=)N—FF > ROFEENTTHEL TW S ITREMNE
AHN50, MGUHMRIZA—N—FF FT R
L —FZIFEMLTH, HE EEREICKHT 5
1338 5N/ o = (data not shown). — 5 T,
—EeEFE, WERCHEMRR EOIEEEFREN, M
BNEMIERDOT R N— A 258 5 2 ENHE
INTWND 323 54 MG 7535 18 N Rl 5812
BT 5EMEBES TREICONT, FMIChRiTT 2
WENH S,
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