Physiol. Res. 53: 609-614, 2004

Coronary Vascular and Aortic Endothelial Permeability
During Estrogen Therapy: A Study in DOCA-Salt
Hypertensive Ovariectomized Rats

M. KHAZAEI, M. NEMATBAKHSH

Department of Physiology, School of Medicine, Medical University of Science, Isfahan, Iran

Received September 29, 2003
Accepted January 29, 2004

Summary

Cardiovascular disease (CVD) is a major source of morbidity and mortality in the Western World. Premenopausal and
estrogen-treated postmenopausal women have a lower incidence of CVD. It has been suggested that circulating
endogenous estrogens are probably responsible for this protection. This study investigated the hypothesis that the
reduction of endothelial permeability is responsible for cardioprotective effects of estrogen in hypertensive animals.
Fourty-four rats were ovariectomized and divided into five groups: groups 1, 2 and 4 received DOCA-salt and groups 3
and 5 received normal saline (N/S) injection for four weeks. Then, in groups 4 and 5 the blood pressure was measured.
Group 1 received estradiol valerate and in groups 2 and 3 continued with DOCA-salt and N/S injection for six weeks,
respectively. Endothelial permeability was measured by Evans Blue extraction method. There was no significant
difference in endothelial permeability in coronary circulation in estrogen-treated group and controls (12.97+£2.32 vs.
9.96+1.01, respectively). Also, aortic endothelial permeability in DOCA-salt hypertensive rats did not change
significantly after estrogen treatment (28.34+3.65 vs. 41.60+5.98). This study showed that the cardioprotective effects
of estrogen in DOCA-salt hypertensive animals are not mediated by a reduction of endothelial permeability.
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Introduction

Cardiovascular disease (CVD) is a major source
of morbidity and mortality in the Western world (Keany
2000). CVDs are the leading cause of death among
women, accounting for nearly 30 % of deaths (Lerner and
Kannel 1986). The incidence in women have been found
to lag 10 years behind those in men (Ho and Mosca
2002), because they lose their protection against CVD
after the menopause (Sullivan and Fowlkes 1996). It has

been suggested that circulating endogenous estrogens are
probably responsible for this protection (Ho and Mosca
2002, Sullivan and Fowlkes 1996). However, the
mechanisms mediating this protection remain obscure.
Although estrogens can favorably affect lipid profiles
(Tolbert and Oparil 2001, Miller et al. 1991, Walsh et al.
1991, Walsh and Sacks 1991), only 25-50 % of the
antiatherogenic effects of estrogens are attributable to its
effects on lipid metabolism (Gruchow et al. 1988,
Stampfer et al. 1991, Grady et al. 1992).
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It has been observed that endothelial cell injury
is responsible for the development of atherosclerosis.
Ross and Glomset (1973) proposed that atherosclerosis
resulted from arterial response to chronic injury. They
reported that changes in injured endothelium lead to a
disruption of its permeability characteristics and permit
the interaction between the blood and arterial wall.
Therefore, the endothelium plays a central role in the
process of atherosclerotic disease (Anderson 1999,
Britten et al. 1999). The accumulation of atherogenic
lipoproteins in the arterial wall intima constitutes a
fundamental event in the atherogenesis (Nielsen 1996,
Williams and Tabas 1995). It is possible that estrogens
may inhibit atherosclerosis process by direct effects on
the arterial wall (Wagner et al. 1991).

Since the incidence of CVDs related to
hypertension is significantly lower in premenopausal
women than in men of similar age (Isles et al. 1992) and
hypertension is associated with functional and
morphological alterations of the endothelium (Kennedy
and Tedgiu 1995), this study was designed to test the
hypothesis that the reduction of endothelial permeability
is responsible for cardioprotective effects of estrogens in
hypertensive animals.

Methods

Animals

The experiment was carried out in female Wistar
rats of body weight 175+15 g fed a commercial pellet diet
for rodents. The animals were housed four per cage with
a 12-h light/dark cycle. All animals were obtained from
the Pasteur Institute of Iran.

Ovariectomy surgery

Rats were anesthetized with an intraperitoneal
injection of ketamine (75 mg/kg). A longitudinal incision
(0.5-1.0 cm) was made in the midline area of lower
abdomen. A small peritoneal incision was made and the
ovaries were removed.

Experimental design

After recovery, the animals were randomly
divided into five groups. Hypertension was induced by
DOCA-salt treatment as previously described (Huang et
al. 1992). DOCA (Iran Hormone Co, Iran) was injected
30 mg/kg of body weight subcutaneously, twice a week,
tap water for drinking was replaced by 1 % NaCl
throughout the treatment period. Estradiol valerate

(Aboureihan Co, Iran) was injected 2 mg/week, i.m. In
control groups, normal saline (N/S) was injected with the
same volume. The groups were as follow:

Group 1 (n = 11): DOCA-salt for four weeks and DOCA-
Salt + estradiol valerate for six weeks.

Group 2 (n = 8): DOCA-salt for four weeks and DOCA-
Salt + N/S injection for six weeks.

Group 3 (n = 11): N/S injection for ten weeks.

Group 4 (n = 7): DOCA-salt for four weeks only.

Group 5 (n = 7): N/S injection for four weeks only.

Blood pressure measurement

After four weeks, the animals of groups 4 and 5
were anesthetized with an intraperitoneal injection of
ketamine. A polyethylene catheter was inserted into the
right common carotid artery and direct blood pressure
was measured by a physiograph (Bioscience, England).
Comparison of blood pressure measurement in these
groups showed that DOCA-salt hypertension was induced
successfully. After ten weeks, the remaining animals
were subjected to direct blood pressure measurement.
Comparison of blood pressure between groups 2 and 3
showed that induced hypertension continued throughout
the experiment.

Measurement of endothelial permeability

Coronary and aortic endothelial permeability
were measured in groups 1 and 2. Endothelial
permeability was determined by extravasation of injected
Evans Blue dye (EB) as previously described (Hulthen et
al. 1996). Briefly, EB diluted in normal saline (20 mg/ml)
was administered through the catheter. After 20 min, rats
were sacrificed. Heart and aorta (to the beginning of renal
arteries) were isolated and cleaned from surrounding
connective tissues. They were then weighed immediately
and put into formamide solution (aorta: 2 ml, heart: 4 ml)
for 24 h at room temperature for EB dye extraction. The
extracted amount of EB and plasma EB diluted in
formamide, was determined by a spectrophotometer
(Secomam, France) at 620 nm wavelength. The results
were plotted on standard of EB in 0.2 to 10 pg/ml
formamide. Concentration of EB in these tissues was
expressed in pg/gram wet weight (ug/g ww) tissue and
tissue/plasma EB ratio.

Statistical analysis
Data are reported as means + S.E.M. Student’s
t-test was used for comparison between two groups. The
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difference between three groups was analyzed by one-
way ANOVA. P<0.05 was considered statistically
significant.

Results

Blood pressure (Table 1)

Blood pressure measurements of group 4
(DOCA-salt for four weeks) and group 5 (N/S injection)
showed that mean arterial pressure (MAP) significantly

increased in DOCA-salt treated rats compared to the
controls. These data indicated that hypertension was
induced successfully in rats by the DOCA-salt treatment.
At the end of the experiment, there were significant
differences in MAP between groups 1 (DOCA-salt +
estradiol) and 2 (DOCA-salt) from group 3 (N/S
injection). These data indicated that hypertension
continued in DOCA-salt treated rats. The results also
showed that MAP in DOCA-salt hypertensive animals
did not change significantly after estrogen treatment.

Table 1. Systolic, diastolic and mean arterial pressure (mm Hg) in particular experimental groups.

Group n Systolic BP Diastolic BP Mean arterial pressure
Group 1 11 160.4+4.1 112.7£3.7 128.6£3.72

Group 2 8 161.6+4.1 120.4+5.2 134.1+£5.84

Group 3 1 133.6£4.7* 103.914.2* 113.8+4.26*

Group 4 7 156.4+5.6" 117.1+6.7* 130.2+ 6.21"

Group 5 7 118.6+£ 4.6 90.7£ 4.8 100.0+2.20

Data are expressed as Mean + S.E.M.* significant difference (P<0.05) between groups 1 and 2.
# significant difference (P<0.05) between groups 4 and 5.

Table 2. Quantitative extravasation of EB and heart or aorta/plasma EB ratio.

Aorta EB Heart EB Aorta/plasma  Heart/plasma
Group n (ng/g ww) (ng/g ww) EB ratio EB ratio
Groupl 11  41.60+5.98 12.97+2.32 0.256+0.068 0.817+0.087
Group2 8 28.34+3.65 9.96+1.01 0.094+0.017 0.539+0.097

Data are expressed as Mean =+ S.E.M.

Endothelial permeability (Table 2)

There was no significant difference in
endothelial  permeability in  coronary circulation
(expressed as quantitative extravasation of EB and
tissue/plasma EB ratio) between estrogen-treated
hypertensive rats and hypertensive rats. Moreover, aortic
endothelial permeability in DOCA-salt hypertensive rats
did not also significantly change after estrogen treatment.

Discussion

The effect of estrogen on coronary vascular and
aortic endothelial permeability was the objective of this
study. Results showed that coronary vascular and aortic
endothelial permeability did not change significantly after

estrogen treatment.

The cardioprotective effects of estrogen are
supported by several epidemiological studies, which have
been prompted by the recommendation for the
widespread use of postmenopausal replacement therapy
(Lobo and Speroff 1994). It has traditionally been
assumed that the antiatherogenic effect of estrogen is due
to amelioration of the serum lipid pattern (Miller et al.
1991, Walsh et al. 1991, Walsh and Sacks 1991, Lobo
and Speroff 1994, Tolbert and Oparil 2001). However,
recent studies suggested that direct effects of estrogen on
blood vessels may contribute significantly to the
cardioprotective effects (Mendelsohn 2002). Both
endothelial cells and vascular smooth muscle cells
possess estrogen receptors and they are physiological
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targets for estrogen action (Karas et al. 1994, Farhat et al.
1996).

Endothelial dysfunction is a primary defect in
essential hypertension, which is present even before the
elevation of blood pressure (Panguina et al. 2000).
Hypertension is associated with functional and
morphological alterations of the endothelium (Lischer
1994), and endothelial dysfunction creates a vicious cycle
that enhances propensity to the development of
atherosclerosis, regardless of the initial cause of the
hypertensive process (Panguina et al. 2000). A major
hypothetical change in endothelial function is the increase
of endothelial permeability (Ross et al. 1990),
particularly to atherogenic lipoproteins (Thubrikar et al.
1992, Nielsen et al. 1992, Nordestgaard and Nielsen
1994). In hypertension, the permeability of both the
endothelium and media are altered (Kennedy and Tedgui
1995).

There is a link between endothelial permeability
and progression of atherosclerosis (Nielsen 1996). It has
been suggested that the alterations in endothelial
permeability and suppression of the accumulation of
atherogenic lipoproteins may be important for the
estrogenic effects (Hough and Zilversmit 1986, Wagner
et al. 1991). In this study we tested the hypothesis that
reduced endothelial permeability may account for the
cardioprotection of premenopausal and postmenopausal
women who received estrogen. According to our results,
estrogen could not change endothelial permeability in
DOCA-salt hypertensive rats. Our results agree with the
study of Haarbo et al. (1994) who observed that plasma
lipid-independent antiatherogenic effect of estradiol is not
mediated through an effect on aortic permeability to
LDL, but this effect is related to the metabolism of
lipoproteins after they had entered the arterial wall. Also,
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It should be considered that endothelial cells can
release several relaxing and constricting factors which are
important for the dynamic properties of the arterial wall.
Endothelial cells release nitric oxide (NO), vascular
endothelial growth factor (VEGF) or endothelin-1 that
can separately affect the endothelial permeability
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We conclude that the cardioprotective effects of
estrogen in hypertensive animals are not mediated by the
reduction of endothelial permeability.

Acknowledgements

This study was supported by a grant of Isfahan Medical
University. The authors wish to thank H. Sadeghi for
skillful assistance.

AGRAWAL R, PRELEVIC G, CONWAY GS, PAYNE NN, GINSBURG J, JACOBS HS: Serum vascular endothelial
growth factor concentrations in postmenopausal women: the effect of hormone replacement therapy. Fertil

Steril 73: 56-60, 2000.

ANDERSON TJ: Assessment and treatment of endothelial dysfunction in humans. J Am Coll Cardiol 34: 631-638,

1999.

BRITTEN MB, ZEIHER AM, SCHACHINGER V: Clinical importance of coronary endothelial vasodilator
dysfunction and therapeutic options. J Intern Med 245: 315-327, 1999.
FARHAT MY, LAVIGNE MC, RAMWELL PW. The vascular protective effects of estrogen. FASEB J 10: 615-624,

1996.



2004 Endothelial Permeability During Estrogen Therapy 613

GARDNER G, BANKA CL, ROBERTS KA, MULLICK AE, RUTLEDGE JC: Modified LDL-mediated increases in
endothelial layer permeability are attenuated with 17 beta-estradiol. Arterioscler Thromb Vasc Biol 19: 854-
861, 1999.

GRADY D, RUBIN SM, PETITTI DB, FOX CS, BLACK D, ETTINGER B, ERNSTER VL, CUMMINGS SR:
Hormone therapy to prevent disease and prolong life in postmenopausal women. Ann Intern Med 117: 1016-
1037, 1992.

GRUCHOW HW, ANDERSON AJ, BARBORIAK JJ, SOBOCINSKI KA: Postmenopausal use of estrogen and
occlusion of coronary arteries. Am Heart J 115: 954-963, 1988.

HAARBO J, NIELSEN LB, STENDER S, CHRISTIANSEN C: Aortic permeability to LDL during estrogen therapy.
A study in normocholesterolemic rabbits. Arterioscler Thromb 14; 243-247, 1994.

HO JE, MOSCA L: Postmenopausal hormone replacement therapy and atherosclerosis. Curr Atheroscler Rep 4: 387-
395, 2002.

HOUGH JL, ZILVERSMIT DB: Effect of 17 beta estradiol on aortic cholesterol content and metabolism in cholesterol-
fed rabbits. Arteriosclerosis 6: 57-63, 1986.

HUANG M, HESTER RL, COLEMAN TG, SMITH MJ, GUYTON AC: Development of hypertension in animals with
reduced total peripheral resistance. Hypertension 20: 828-833, 1992.

HULTHEN UL, CAO Z, RUMBLE JR, COOPER ME, JOHNSTON CI: Vascular hypertrophy and albumin
permeability in a rat model combining hypertension and diabetes mellitus. Effects of calcium antagonism,
angiotensin converting enzyme inhibition, and angiotensin 11-AT,-receptor blockade. Am J Hypertens 9: 895-
901, 1996.

ISLES CG, HOLE DJ, HAWTHORNE VM, LEVER AF: Relation between coronary risk and coronary mortality in
women of the Renfrew and Paisley survey: comparison with men. Lancet 339:; 702-706, 1992.

KARAS RH, PATTERSON BL, MENDELSOHN ME. Human vascular smooth muscle cells contain functional
estrogen receptor. Circulation 89: 1943-1950, 1994.

KEANY JF Jr: Atherosclerosis: from lesion formation to plaque activation and endothelial dysfunction. Mol Aspects
Med 21: 99-166, 2000.

KENNEDY JH, TEDGUI A: Normal and pathological aspects of mass transport across the vascular wall. Cardiovasc
Surg 3: 611-615, 1995.

LERNER DJ, KANNEL WB: Patterns of coronary heart disease morbidity and mortality in the sexes: a 26-year follow-
up of the Framingham population. Am Heart J 111: 383-390, 1986.

LOBO RA, SPEROFF L: International consensus conference on postmenopausal hormone therapy and the
cardiovascular system. Fertil Steril 61: 592-595, 1994.

LUSCHER TF: The endothelium and cardiovascular disease - a complex relation. N Engl J Med 330: 1081-1083,1994.

MENDELSOHN ME: Protective effects of estrogen on the cardiovascular system. Am J Cardiol 20: 12E-17E, 2002.

MILLER VT, MUESING RA, LAROSA JC, STOY DB, PHILLIP EA, STILLMAN RJ: Effects of conjugated equine
estrogen with and without three different progestogens on lipoproteins, high-density lipoprotein subfractions,
and apolipoprotein A-I. Obstet Gynecol 77: 235-240, 1991.

NIELSEN LB: Transfer of low density lipoprotein into the arterial wall and risk of atherosclerosis. Atherosclerosis 123:
1-15, 1996.

NIELSEN LB, NORDESTGAARD BG, STENDER S, KIELDSEN K: Aortic permeability to LDL as a predictor of
aortic cholesterol accumulation in cholesterol-fed rabbits. Arterioscler Thromb 12: 1402-1409, 1992.

NORDESTGAARD BG, NIELSEN LB. Atherosclerosis and arterial influx of lipoproteins. Curr Opin Lipidol 5: 252-
257, 1994.

PANGUINA OA, BRYANT MB, PANZA JA: Transient hypertension directly impairs endothelium-dependent
vasodilation of the human microvasculature. Hypertension 36: 941-944, 2000.

ROBERT KA, WOO MM, RUTLEDGE JC: Nitric oxide mediates LDL uptake in the artery wall in response to high
concentrations of 17 beta-estradiol. Arterioscler Thromb Vasc Biol 17: 2123-2131, 1997.

ROSS R, GLOMSET JA. Atherosclerosis and the arterial smooth muscle cell: Proliferation of smooth muscle is a key
event in the genesis of the lesions of atherosclerosis. Science 180: 1332-1339, 1973.



614 Khazaei and Nematbakhsh Vol. 53

ROSS R, MASUDA J, RAINES EW: Cellular interactions, growth factors, and smooth muscle proliferation in
atherogenesis. Ann N Y Acad Sci 598: 102-112, 1990.

RUBANYI GM, JOHNS A, KAUSER K: Effect of estrogen on endothelial function and angiogenesis. Vascul
Pharmacol 38: 89-98, 2002.

STAMPFER MJ, COLDITZ GA, WILLET WC, MANSON JE, ROSNER B, SPEIZER FE, HENNEKENS CH:
Postmenopausal estrogen therapy and cardiovascular disease. Ten-year follow-up from the nurses' health study.
N Engl J Med 325: 756-762, 1991.

SULLIVAN JM, FOWLKES LP: The clinical aspects of estrogen and the cardiovascular system. Obstet Gynecol 87
(Suppl): 36S-43S, 1996.

SUMINO H, NAKAMURA T, ICHIKAWA S, KANDA T, SAKAMAKI T, SATO K, KOBAYASHI I, NAGAI R:
Serum level of vascular endothelial growth factor is decreased by hormone replacement therapy in
postmenopausal women without hypercholesterolemia. Atherosclerosis 148: 189-195, 2000.

THUBRIKAR MJ, KELLER AC, HOLLOWAY PW, NOLAN SP: Distribution of low density lipoprotein in the branch
and non-branch regions of the aorta. Atherosclerosis 97: 1-9, 1992,

TOBOREK M, KAISER S: Endothelial cell functions. Relationship to atherogenesis. Basic Res Cardiol 94: 295-314,
1999.

TOLBERT T, OPARIL S: Cardiovascular effects of estrogen. Am J Hypertens 14: 186S-193S, 2001.

WAGNER JD, CLARKSON TB, St CLAIR RW, SCHWENKE DC, SHIVELY CA, ADAMS MR: Estrogen and
progesterone replacement therapy reduces low density lipoprotein accumulation in the coronary arteries of
surgically postmenopausal cynomolgus monkeys. J Clin Invest 88: 1995-2002, 1991.

WALSH BA, MULLICK AE, BANKA CE, RUTLEDGE JC: 17beta-estradiol acts separately on the LDL particle and
artery wall to reduce LDL accumulation. J Lipid Res 41: 134-141, 2000.

WALSH BW, SACKS FM: Effects of low dose oral contraceptives on very low density and low density lipoprotein
metabolism. J Clin Invest 91: 2126-2132, 1991.

WALSH BW, SCHIFF I, ROSNER B, GREENBERG L, RAVNIKAR V, SACKS FM: Effects of postmenopausal
estrogen replacement on the concentrations and metabolism of plasma lipoproteins. N Engl J Med 325: 1196-
2004, 1991.

WILLIAMS KJ, TABAS I: The response-to-retention hypothesis of early atherogenesis. Arterioscler Thromb Vasc Biol
15: 551-561, 1995.

Reprint requests
Khazaei M, M.D., Department of Physiology, School of Medicine, Medical University of Science, Isfahan, Iran.
E-mail: majkhazaei@zahoo.com



