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Abstract

Recent studies implicate hyperglycemia as a cause of vascular complications in diabetes. Our study confirmed that high concen-

tration of glucose (30mM) induces apoptosis in cultures of human umbilical vein endothelial cells. After 5 days of culture TUNEL

positive cells in high concentration of glucose were nearly 63% higher when compared to normal concentration of glucose (5mM).

Transfection of pcDNA3-rat aB-crystallin into these cells inhibited high glucose-induced apoptosis by �36%, such an effect was not

observed when cells were transfected with an empty vector. aB-crystallin transfection inhibited by about 35% of high glucose

induced activation of caspase-3. High concentration of glucose enhanced formation of reactive oxygen species (ROS) in these cells

but this was significantly (p < 0.001) curtailed by transfection of aB-crystallin. Results of our study indicate that aB-crystallin
effectively inhibits both ROS formation and apoptosis in cultured vascular endothelial cells and provide a basis for future therapeu-

tic interventions in diabetic vascular complications.

� 2004 Elsevier Inc. All rights reserved.
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Vascular complications are a major cause of morbid-

ity and mortality in diabetes. Abnormalities in vascular

endothelial cells such as increased permeability, en-

hanced expression of cell adhesion molecules, and a re-
duced response to NO are thought to contribute to

both micro- and macrovascular complications of diabe-

tes [1,2]. Biochemical mechanisms include formation of

advanced glycation end products [3,4], oxidative stress

[5], and activation of protein kinase C [6] or the polyol

pathway. There is some indication that excessive forma-

tion of ROS in mitochondria of vascular cells is the un-

derlying abnormality that activates apoptotic pathways
[7], but high concentrations of glucose may be the driv-

ing force behind ROS formation. To this point, results

from the Diabetes Control and Complications Trial
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(DCCT) [8] and United Kingdom Prospective Diabetes

Study (UKPDS) [9] indicate that it is the persistent hy-

perglycemia of uncontrolled diabetes that causes vascu-

lar complications.
In addition to abnormal vascular function, high con-

centration of glucose also causes death of vascular cells.

Endothelial cells cultured in a high glucose environment

die as a result of increased apoptosis [10,11]. Several

downstream pathways influenced by hyperglycemia,

such as oxidative stress [10–13] and glycation [14,15],

are thought to stimulate apoptotic pathways in cultured

endothelial cells.
Small heat shock proteins (sHsp) have a high degree

of sequence homology, and their expression in cells can

be induced by external stimuli, such as hyperthermia

and oxidative stress. Two members of this family,

Hsp27 and a-crystallin, have been extensively studied.

a-Crystallin in the lens of the eye is composed of two
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subunits, aA- and aB-crystallins, in a ratio of 3:1.

Whereas aA-crystallin is found primarily in the lens,

many other tissues such as kidney, retina, and skeletal

muscle contain aB-crystallin [16]. Recent studies show

that both Hsp27 and a-crystallin function as chaperones

where they inhibit aggregation of denaturing proteins
[16,17]. They also limit apoptosis by inhibiting specific

steps during the apoptotic process [18]. For example,

Hsp27 inhibits apoptosis by binding to cytochrome c

[19] and preventing activation of caspase-9 and cas-

pase-3 [20].

We wanted to determine if aB-crystallin prevented

hyperglycemia-induced apoptosis in glucose-challenged

human umbilical vein endothelial cells (HUVEC). We
found that transient transfection of rat aB-crystallin in-

to HUVEC inhibited glucose-induced ROS formation

and activation of caspase-3, and finally, apoptosis.
Materials and methods

Human umbilical vein endothelial cells (HUVEC) (cc-2517) and

EGM-MV medium kits (CC-3125) were obtained from Cambrex

(Walkersville, MD). DD-(+)-Glucose was from Sigma (St. Louis,

MO). In situ Cell Death Detection kit and fluorescein were from

Roche (Indianapolis, IN). Caspase-3 substrate (AC-DEVDAFC)

was from Calbiochem (La Jolla, CA). Chroromethyl 2 0,7 0-dichlo-

rodihydrofluorescein diacetate acetyl ester (CM-H2DCFDA) was

from Molecular Probes (Eugene, OR). Anti-aB-crystallin mono-

clonal antibody was from Stressgen Biotechnologies (Victoria, BC,

Canada). The HUVEC Nucleofector Kit was from Amaxa Bio-

systems (Koln, Germany). Rat aB-crystallin cDNA was cloned into

a pcDNA3.1 mammalian expression vector as described by Liu

et al. [21].

Cell culture. HUVEC were cultured in an EGM-MV medium kit

(containing 5% fetal calf serum). The medium was changed every other

day. All experiments used nearly confluent cells between passages 4

and 6.

DNA fragmentation detected by TdT-mediated dUTP nick end la-

beling. Cultures of 80% confluent HUVEC (5 · 104cells) were subcul-

tured on coverslips in 24-well plates in EGM-MV medium containing

1% fetal calf serum for 5 days in the presence or absence of 30mM

glucose described above. After incubation we detected DNA frag-

mentation with an in situ cell death detection kit. Briefly, the cells on

coverslips were washed twice in PBS and fixed with 4% paraformal-

dehyde in PBS for 1h at room temperature. Then all samples were

rinsed with PBS and permeabilized on ice in a solution of 0.1% Triton

X-100 and 0.1% sodium citrate for 5min. After washing, 50ll of TdT-
mediated dUTP nick end labeling (TUNEL) reaction mixture was

added to each sample, and incubation was continued in the dark in a

humidified atmosphere for 90min at 37�C. The samples were analyzed

using a fluorescence microscope.

Western blotting for aB-crystallin. HUVEC were treated with

high glucose for 1 week in EGM-MV medium containing 1% FCS

to measure a-crystallin. Adherent and detached cells were collected

and washed twice with ice-cold PBS and lysed on ice in 20mM

Tris–HCl (pH 7.5) containing 150mM NaCl, 1mM Na2EDTA,

lmM EGTA, 1% Triton, 2.5mM sodium pyrophosphate, 1mM b-
glycerophosphate, 1mM Na3VO4, 1lg/ml leupeptin, and 1mM

PMSF. The cell lysate was dispersed by sonication for 20s in a

Branson Sonifier (Danbury, CT) set at 20% amplitude. The sus-

pension was centrifuged at 7500g for 10min at 4 �C. Samples from

the supernatant fraction (2.5lg protein) were applied to 15% mini
gels and separated by SDS–PAGE. The proteins were transferred

electrophoretically to nitrocellulose membranes and treated with a

monoclonal antibody to aB-crystallin (diluted 1:1000). The samples

were incubated for 16h at 4 �C and then reacted with HRP-con-

jugated secondary antibody (rabbit antimouse, 1:2000 dilution) for

1h at room temperature. The membrane was washed with buffer A

and developed with the Pierce Enhanced Chemiluminescence (ECL)

kit (Pierce, Rockford, IL).

Transient transfection of aB-crystallin into HUVEC. We first

transfected HUVEC (5 · 105) using pCMS-EGFP using a Nucleofec-

tor kit. The cells were cultured for 24h on coverslips placed in 6-well

plates. After washing with PBS, we fixed the attached cells in 4%

paraformaldehyde for 30min at room temperature. We confirmed

transfection by fluorescence microscopy and estimated transfection

efficacy to be 50–60%. We then transiently transfected HUVEC with a-
crystallin using an Amaxa Nucleofector apparatus (Amaxa, Cologne,

Germany). Cells were harvested, washed once in PBS, and suspended

in 100ll of the electroporation buffer, then 5lg of plasmid DNA

(pcDNA3-rat aB-crystallin or pcDNA3 vector alone) was mixed,

transferred to a cuvette, and nucleofected. We confirmed the trans-

fection by Western blotting with a monoclonal antibody to aB-crys-
tallin as described above. Transfected and non-transfected HUVEC

were grown on coverslips placed in 24-well culture plates with media

containing 5 or 30mM glucose at 37�C for 5 days. The medium (from

the EGM-MV medium kit) contained 1% fetal calf serum and was

changed every other day. Apoptosis was measured by the TUNEL

assay as described above.

Caspase-3 assay. HUVEC with pcDNA3.1(�) alone and

pcDNA3.1(�) containing rat aB-crystallin cDNA were cultured in 6-

well plates for 3 days at 37�C with 5 or 30mM glucose in the EGM-

MV medium (1% fetal calf serum), and the medium was changed every

day. The treated cells were lysed on ice in 200ll lysis buffer containing
0.71% NP-40, 71mM Tris (pH 7.5), 0.71mM EDTA, and 212mM

NaCl. Samples corresponding to 40lg protein were applied to a black

plastic 96-well microplate and incubated for 1h at 37�C in 21mM

Hepes buffer (pH 7.4) that contained 105mM NaCl, 5.25mM DTT,

and 50lM Ac-DEVD-AFC (total volume of 200ll). A microplate

fluorescence reader (Gemini XS, Molecular Devices) measured the

fluorescent product at 505nm (excitation—400nm).

Intracellular reactive oxygen species. Transfected cells were treated

with normal and high glucose as described above. Samples

(1 · 105cells) were loaded with 10lM CM-H2DCFDA in 1.0ml HBSS

by shaking for 45min at 37�C. The samples were centrifuged at 200g

for 5min at room temperature, the supernatant was discarded, and

800ll of HBSS was added to the cell pellet. Fluorescence at 530nm

(excitation—480nm) was measured using a microplate spectrofluo-

rometer.

Protein measurement. We measured proteins with a Bio-Rad pro-

tein assay kit using bovine serum albumin (BSA) as the standard.

Statistical analyses. We used ANOVA (Statview 5.0, SAS Institute,

Cary, NC) to evaluate differences among treatment groups with

p < 0.01 considered to be significant.
Results

We measured high glucose-induced apoptosis by

TUNEL assay. Cells cultured in the high glucose envi-

ronment exhibited nearly 2.5-fold increase in TUNEL

positive cells over normal glucose controls (Fig. 1).

These results are in agreement with the previous obser-
vation of Ido et al. [11]. Because small heat shock

proteins have anti-apoptotic properties, we wanted to

determine how a high glucose environment affects the



Fig. 3. Transient transfection of rat aB-crystallin. HUVEC were

transiently transfected with either empty vector or vector containing

cDNA for rat aB-crystallin. Western blotting detected aB-crystallin.

Fig. 4. Hyperglycemia-induced apoptosis in aB-crystallin-transfected
cells. HUVEC were transiently transfected with either empty vector or

vector containing cDNA for rat aB-crystallin and grown in EGM-MV

medium supplemented with either 5 or 30mM glucose for 5 days.

Apoptosis was assessed by TUNEL staining.

Fig. 1. Hyperglycemia-induced apoptosis in endothelial cells. Endo-

thelial cells (HUVEC) were grown for 5 days in EGM-MV (1% FCS)

5mM (NG) or 30mM DD-glucose (HG). Apoptosis was assessed by

TUNEL staining.
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levels of aB-crystallin in HUVEC. As can be seen in
Fig. 2, we detected only traces of aB-crystallin in HU-

VEC cultured in either normal or high glucose medium.

Wewanted to establishwhether over-expression ofaB-
crystallin in HUVEC could protect cells from apoptosis

caused by a high glucose environment. We established

the transfection efficiency of our procedure by using a vec-

tor that contained enhanced green fluorescent protein

(EGFP) as a marker. As can be seen in Fig. 3, EGFP
was transfected efficiently and transfection was estimated

as 50–60%. We then transfected HUVEC with rat aB-
crystallin, and Western blotting established an over-ex-

pression of aB-crystallin in the transfected cells (Fig. 3).

TheTUNELassay showed the effect of high glucose on

apoptosis in HUVEC and confirmed the anti-apoptotic

effect of aB-crystallin. Transfection of aB-crystallin sig-

nificantly reduced apoptosis in HUVEC that were incu-
bated for 5 days with 30mM glucose (p < 0.05) (Fig. 4).

We observed a nearly twofold reduction in apoptosis in

cells transfected with aB-crystallin. This phenomenon

was limited to the aB-crystallin-transfected cells, since
Fig. 2. Western blotting for small heat shock proteins. HUVEC were

grown in 5 or 30mM DD-glucose for one week, lysed, and the cytosolic

proteins were Western blotted for a-crystallin as described in Materials

and methods.
apoptosis was similar in empty vector-transfected and

non-transfected cells cultured with high glucose. We also

assessed caspase-3 activity in all of the cell treatment

groups. Caspase-3 activity increased significantly in cells

cultured in a high glucose environment, but it was signif-

icantly reduced in aB-crystallin-transfected cells (Fig. 5).
High glucose increases oxidative stress in endothelial

cells, and increased oxidative stress has been linked to

apoptosis. In order to determine if aB-crystallin inhibits

apoptosis by reducing intracellular ROS, we measured

ROS content by loading the cells with 10lM CM-

H2DCFDA. As we found for caspase-3 activity, a high

glucose environment enhanced ROS production in emp-

ty vector-transfected cells, but this response was signifi-
cantly curtailed in aB-crystallin-transfected cells (Fig. 6).



Fig. 6. Reactive oxygen species (ROS) in aB-crystallin-transfected
cells. ROS was measured by loading the cells with 10lM CM-

H2DCFDA and measuring the resulting fluorescence in a spectroflu-

orometer.

Fig. 5. Caspase-3 activity in aB-crystallin-transfected cells. Caspase-3

activity in the cytosolic was assessed using a fluorogenic substrate

DEVD-AFC, as described in Materials and methods. Other details are

same as for Fig. 4.
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Discussion

Recent studies indicate that small heat shock proteins

(sHsp) function as anti-apoptotic proteins. In fact, over-

expression of either a-crystallin or Hsp27 inhibits apop-

tosis in a variety of different cells [20,22,23]. We initiated

the present study to determine if aB-crystallin could pre-

vent apoptosis in vascular endothelial cells caused by

exposure to high levels of glucose. Both aA- and aB-
crystallins inhibit apoptosis in cultured lens epithelial

cells, although aA-crystallin appears to be the more

effective of the two [23,24].

We detected only trace amounts of aB-crystallin in

normally cultured HUVEC, and the level of this protein

did not rise when the cells were grown in medium sup-
plemented with 30mM glucose. However, when we

transfected HUVEC with aB-crystallin and challenged

the cells with staurosporine, we found that transfection

rendered HUVEC resistant to apoptosis. Although we

do not know exactly how aB-crystallin inhibits apopto-

sis in HUVEC, we can suggest several possibilities based

on the findings by others. aB-crystallin can inhibit acti-

vation of caspase-3 [25] and inhibit the translocation of
two pro-apoptotic proteins, Bcl-XS and Bax, during the

process of apoptosis [26]. These properties could con-

tribute to its anti-apoptotic function.

Hsp27 was shown to reduce ROS formation and re-

sist glutathione loss in cells stressed by apoptotic

agents [27,28]. We found that aB-crystallin shares this

property; it inhibited ROS formation in HUVEC cul-

tured under high glucose conditions. Whether the inhi-
bition results from prevention of glutathione loss

during hyperglycemia remains to be established, al-

though a-crystallin expression in lens epithelial cells

correlates positively with the glutathione content of

the cells [29].

In summary, we showed that an elevation of aB-crys-
tallin in endothelial cells through transfection inhibits

glucose-induced apoptosis. This finding has important
implications for diabetic individuals with uncontrolled

hyperglycemia, since their entire vascular endothelium

is exposed to a high glucose environment. Our model

of aB-crystallin-transfected HUVEC invites further

studies of how hyperglycemia injures the vasculature,

and it could help design therapeutic strategies for early

intervention in diabetic complications.
Acknowledgments

This study was supported by NIH Grants RO1EY-

09912, PO1DK-57733 (R.H.N.), and P30EY-11373 (Vi-

sual Science Research Center of CWRU), Research to

Prevent Blindness (RPB), NY, Ohio Lions Eye Research

Foundation, and an American Heart Association Grant
0430295N to M.B. R.H.N. is a recipient of an RPB Lew

R. Wasserman Merit Award.
References

[1] U. Hink, H. Li, H. Mollnau, M. Oelze, E. Matheis, M. Hartmann,

M. Skatchkov, F. Thaiss, R.A. Stahl, A. Warnholtz, T. Meinertz,

K. Griendling, D.G. Harrison, U. Forstermann, T. Munzel,

Mechanisms underlying endothelial dysfunction in diabetes melli-

tus, Circ. Res. 88 (2001) E14–E22.



258 B.F. Liu et al. / Biochemical and Biophysical Research Communications 321 (2004) 254–258
[2] J.L. Wautier, M.P. Wautier, Blood cells and vascular cell

interactions in diabetes, Clin. Hemorheol. Microcirc. 25 (2001)

49–53.

[3] J.L. Wautier, P.J. Guillausseau, Advanced glycation end prod-

ucts, their receptors and diabetic angiopathy, Diab. Metab. 27

(2001) 535–542.

[4] T. Matsunaga, T. Nakajima, T. Miyazaki, I. Koyama, S. Hokari,

I. Inoue, S. Kawai, H. Shimomura, S. Katayama, A. Hara, T.

Komoda, Glycated high-density lipoprotein regulates reactive

oxygen species and reactive nitrogen species in endothelial cells,

Metabolism 52 (2003) 42–49.

[5] F. Pricci, G. Leto, L. Amadio, C. Iacobini, S. Cordone, S.

Catalano, A. Zicari, M. Sorcini, U. Di Mario, G. Pugliese,

Oxidative stress in diabetes-induced endothelial dysfunction

involvement of nitric oxide and protein kinase C, Free Radic.

Biol. Med. 35 (2003) 683–694.

[6] A. Hempel, C. Maasch, U. Heintze, C. Lindschau, R. Dietz, F.C.

Luft, H. Haller, High glucose concentrations increase endothelial

cell permeability via activation of protein kinase C alpha, Circ.

Res. 81 (1997) 363–371.

[7] T. Nishikawa, D. Edelstein, X.L. Du, S. Yamagishi, T. Matsum-

ura, Y. Kaneda, M.A. Yorek, D. Beebe, P.J. Oates, H.P.

Hammes, I. Giardino, M. Brownlee, Normalizing mitochondrial

superoxide production blocks three pathways of hyperglycaemic

damage, Nature 404 (2000) 787–790.

[8] The effect of intensive treatment of diabetes on the development

and progression of long-term complications in insulin-dependent

diabetes mellitus. The Diabetes Control and Complications Trial

Research Group, N. Engl. J. Med. 329 (1993) 977–986.

[9] Intensive blood-glucose control with sulphonylureas or insulin

compared with conventional treatment and risk of complications

in patients with type 2 diabetes (UKPDS 33). UK Prospective

Diabetes Study (UKPDS) Group, Lancet 352 (1998) 837–853.

[10] Q.D. Wu, J.H. Wang, F. Fennessy, H.P. Redmond, D. Bouchier-

Hayes, Taurine prevents high-glucose-induced human vascular

endothelial cell apoptosis, Am. J. Physiol. 277 (1999) C1229–

C1238.

[11] Y. Ido, D. Carling, N. Ruderman, Hyperglycemia-induced

apoptosis in human umbilical vein endothelial cells: inhibition

by the AMP-activated protein kinase activation, Diabetes 51

(2002) 159–167.

[12] R. Recchioni, F. Marcheselli, F. Moroni, C. Pieri, Apoptosis in

human aortic endothelial cells induced by hyperglycemic condi-

tion involves mitochondrial depolarization and is prevented by N-

acetyl-LL-cysteine, Metabolism 51 (2002) 1384–1388.

[13] F.M. Ho, S.H. Liu, C.S. Liau, P.J. Huang, S.Y. Lin-Shiau, High

glucose-induced apoptosis in human endothelial cells is mediated

by sequential activations of c-Jun NH(2)-terminal kinase and

caspase-3, Circulation 101 (2000) 2618–2624.

[14] J. Chen, S.V. Brodsky, D.M. Goligorsky, D.J. Hampel, H. Li,

S.S. Gross, M.S. Goligorsky, Glycated collagen I induces

premature senescence-like phenotypic changes in endothelial cells,

Circ. Res. 90 (2002) 1290–1298.

[15] C. Min, E. Kang, S.H. Yu, S.H. Shinn, Y.S. Kim, Advanced

glycation end products induce apoptosis and procoagulant activ-
ity in cultured human umbilical vein endothelial cells, Diab. Res.

Clin. Pract. 46 (1999) 197–202.

[16] J. Horwitz, Alpha-crystallin, Exp. Eye Res. 76 (2003) 145–153.

[17] T.H. MacRae, Structure and function of small heat shock/alpha-

crystallin proteins: established concepts and emerging ideas, Cell.

Mol. Life Sci. 57 (2000) 899–913.

[18] A.P. Arrigo, sHsp as novel regulators of programmed cell death

and tumorigenicity, Pathol. Biol. (Paris) 48 (2000) 280–288.

[19] J.M. Bruey, C. Ducasse, P. Bonniaud, L. Ravagnan, S.A. Susin,

C. Diaz-Latoud, S. Gurbuxani, A.P. Arrigo, G. Kroemer, E.

Solary, C. Garrido, Hsp27 negatively regulates cell death by

interacting with cytochrome c, Nat. Cell Biol. 2 (2000) 645–

652.

[20] C. Garrido, J.M. Bruey, A. Fromentin, A. Hammann, A.P.

Arrigo, E. Solary, HSP27 inhibits cytochrome c-dependent

activation of procaspase-9, Faseb J. 13 (1999) 2061–2070.

[21] B.F. Liu, M. Bhat, A.K. Padival, D.G. Smith, R.H. Nagaraj,

Effect of dicarbonyl modification of fibronectin on retinal capil-

lary pericytes, Invest. Ophthalmol. Vis. Sci. 6 (2004) 1983–

1995.

[22] P.S. Ray, J.L. Martin, E.A. Swanson, H. Otani, W.H. Dillmann,

D.K. Das, Transgene overexpression of alphaB crystallin confers

simultaneous protection against cardiomyocyte apoptosis and

necrosis during myocardial ischemia and reperfusion, Faseb J. 15

(2001) 393–402.

[23] U.P. Andley, Z. Song, E.F. Wawrousek, T.P. Fleming, S.

Bassnett, Differential protective activity of alpha A- and alphaB-

crystallin in lens epithelial cells, J. Biol. Chem. 275 (2000) 36823–

36831.

[24] U.P. Andley, Z. Song, E.F. Wawrousek, S. Bassnett, The

molecular chaperone alphaA-crystallin enhances lens epithelial

cell growth and resistance to UVA stress, J. Biol. Chem. 273

(1998) 31252–31261.

[25] M.C. Kamradt, F. Chen, V.L. Cryns, The small heat shock

protein alpha B-crystallin negatively regulates cytochrome c- and

caspase-8-dependent activation of caspase-3 by inhibiting its

autoproteolytic maturation, J. Biol. Chem. 276 (2001) 16059–

16063.

[26] Y.W. Mao, J.P. Liu, H. Xiang, D.W. Li, Human alphaA- and

alphaB-crystallins bind to Bax and Bcl-X(S) to sequester their

translocation during staurosporine-induced apoptosis, Cell Death

Differ. (2004).

[27] P. Mehlen, C. Kretz-Remy, X. Preville, A.P. Arrigo, Human

hsp27, Drosophila hsp27 and human alphaB-crystallin expression-

mediated increase in glutathione is essential for the protective

activity of these proteins against TNFalpha-induced cell death,

Embo J. 15 (1996) 2695–2706.

[28] C. Paul, A.P. Arrigo, Comparison of the protective activities

generated by two survival proteins: Bcl-2 and Hsp27 in L929

murine fibroblasts exposed to menadione or staurosporine, Exp.

Gerontol. 35 (2000) 757–766.

[29] R. Kannan, B. Ouyang, E. Wawrousek, N. Kaplowitz, U.P.

Andley, Regulation of GSH in alphaA-expressing human lens

epithelial cell lines and in alphaA knockout mouse lenses, Invest.

Ophthalmol. Vis. Sci. 42 (2001) 409–416.


	 alpha B-crystallin inhibits glucose-induced apoptosis in vascular  endothelial cells
	Materials and methods
	Results
	Discussion
	Acknowledgments
	References


