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Abstract. In a previous study, we showed that dietary gamma-linolenic acid (GLA), an 
omega-6 polyunsaturated fatty acid found in borage oil (BOR), attenuates the devel- 
opment of hypertension in young spontaneously hypertensive rats (SHR). The pur- 
pose of this study was to determine the effects of dietary GLA on established hyper- 
tension in adult rats, as well as its effects on components of the renin-angiotensin- 
aldosterone axis. For 5 weeks, male SHR (14-15 weeks old) were fed a basal fat-free 
diet to which 11% by weight of sesame oil (SES) or BOR was added. Systolic blood 
pressure (SBP), determined by the tail cuff method, and weight were measured 
weekly. Plasma renin activity (PRA), aldosterone (PA), and corticosterone (PC) levels 
were measured at the end of the dietary treatments. The adrenal glands were homog- 
enized, and angiotensin II (ANG II) binding was measured and plotted according to 
Scatchard. Systolic blood pressure was 12 mmHg lower at Week 5 in SHR fed the BOR 
diet compared to SES-fed rats (P -c 0.005). Weight gains were similar in both dietary 
groups. Plasma aldosterone was lower, PRA was higher, and the PNPRA ratio was 
significantly lower (P c 0.05) in BOR-fed rats. Levels of PC were the same in both 
groups. The BOR-enriched diet reduced adrenal ANG II receptor density and affinity 
compared to the SES diet. Results suggest that BOR inhibits adrenal responsiveness 
to ANG II by an action on adrenal receptors. Our findings demonstrated that dietary 
GLA lowers SBP in adult SHR. This effect may be mediated, at least in part, by inter- 
ference with the renin-angiotensin-aldosterone system at the level of adrenal ANG I1 
receptors. [P.S.E.B.M. 1998, Vol 2181 

ypertension is a 
vascular disease H tional measures 

major cause of death and cardio- 
in westernized societies (I) .  Nutri- 
may lower blood pressure with 

fewer side effects than traditional drugs. Among these mea- 
sures are diets rich in the omega-6 polyunsaturated fatty 
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acid gamma-linolenic acid (GLA) (2, 3). Previous studies 
have demonstrated that evening primrose oil, which con- 
tains 8%-14% GLA, has an antihypertensive effect on ro- 
dents, including spontaneously hypertensive rats (SHR) (4- 
7) and stressed and salt-loaded rats with borderline hyper- 
tension (8, 9). Borage oil, which contains 18%-25% GLA, 
has been shown to lower blood pressure in normotensive 
rats (10). Moreover, borage oil attenuates the development 
of hypertension in young SHR (7, 11) .  The present study 
was undertaken to evaluate the effects of dietary borage oil 
in SHR with established hypertension. We also investigated 
the effects of dietary borage oil on the renin-angiotensin- 
aldosterone axis in vivo and in vitro. 

Materials and Methods 
Animals and Diet. Male SHR (14-15 weeks old) 

were obtained from Harlan (Indianapolis, IN) and housed 
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two to three per cage at constant temperature (26"C), hu- 
midity (60%), and lighting (12-hr darwlight cycle). The rats 
were randomly assigned to two groups and fed a diet for 5 
weeks of a fat-free basal mix (Teklad, Madison, WI) with 
the addition of 11% by weight of either sesame oil (SES) 
(Amend Drug & Chemical Co., Irvington, NJ) or borage oil 
(BOR) (Traco Labs, Seymour, IL). Dietary ingredients and 
the fatty acid composition of the oils are presented in Tables 
I and 11. The oils were used to provide similar proportions 
of total 18-carbon monounsaturated and polyunsaturated 
fatty acids in the diet yet control for GLA, 18:3n6. The 
content of linoleic acid (18:2n6) was 44% -+ 5%. The con- 
trol SES-based diet was rich in oleic acid (18:ln9) at 35% 
and devoid of GLA. The BOR-based diet contained oleic 
acid (14%) and GLA (24%). The fatty acid compositions 
was determined as previously described (12), using a cap- 
illary gas chromatograph (Hewlett-Packard Model 5890A) 
and a 15-mm x 0.5-mm fused silica capillary column (Su- 
pelco, Inc., Bellefonte, PA) with hydrogen as the carrier gas 
at a linear velocity of 167 cdsec .  The diets were prepared 
weekly and stored at 0°C. Fresh provisions of the diet were 
administered daily. Body weights were measured weekly. 
The study was conducted in accordance with the guidelines 
of the Committee on Animal Research at the University of 
California-San Francisco. 

Blood Pressure Measurement. Systolic blood 
pressure was determined by a photoelectric tail cuff system 
(Model 179, IITC, Inc., Woodland Hills, CA) at room tem- 
perature (10). Blood pressure was measured prior to the 
dietary treatments and weekly thereafter. The values pre- 
sented were the average of three separate readings. 

Measurement of Plasma Aldosterone, Cortico- 
sterone, and Renin Activity. Following 5 weeks of di- 
etary treatment, the rats (aged 19-20 weeks) were anesthe- 
tized with a mixture of oxygen (70%), nitrous oxide (30%), 
and halothane (5%). Blood samples were collected after 
cardiac puncture into prechilled tubes containing EDTA. 
Plasma was separated by centrifugation at 800 rpm for 20 
min at 1°C. The plasma samples were stored at -70°C until 
assayed. Plasma renin activity was measured as the rate of 
angiotensin I generation in plasma incubated for 3 hr at pH 

Table 1. Dietary Ingredients 
_ _ _ _ _ _ _  

Ingredients Diet (g/kg) 

Casein 
DL-methionine 
Sucrose 
Corn starch 
Cellulose 
Vitamin mixa 
Mineral mixb 
Calcium carbonate 
FatC 

225 
3 

492 
169 
56 
11 
39 
5 

110 

a Teklad AIN-76. 
Teklad 40060. 
Fat added as sesame oil or borage oil. 

Table I I .  Composition of Major Fatty Acids in 
the Oils" 

% Total fatty acids 

Sesame oil Borage oil 
Fatty acid 

Palmitic 9.3 
Stearic 5.5 
Oleic 35.1 
Linoleic 48.1 
Gamma-linolenic b 

Alpha-linolenic 0.4 

9.0 
3.3 

14.3 
39.5 
24.4 

0.1 
~~~ 

a Values are expressed as percent of total fatty acids. 
Not detected. 

6.5 (13). Plasma aldosterone and corticosterone levels were 
determined by radioimmunoassay (14, 15). 

Measurement of Adrenal Angiotensin I I  Recep- 
tor Binding. Adrenal glands were removed, and the cap- 
sules were isolated, frozen on dry ice, and stored immedi- 
ately at -70°C. To prepare thawed membranes, tissue 
samples were transferred into chilled Kreb' s buffer solution 
(containing in mM): NaC1, 136.9; KC1, 3.6; MgCl,, 5.0; 
dextrose, 11.1; HEPES, 20.0; EGTA, 13.4; PMSF, 2.83; 
8-hydroxyquinoline7 3.44; and bacitracin, 10 IU/ml (pH 
7.4). This mixture was homogenized using a Brinkman 
Polytron (Model PT 10-20-3500). The adrenal capsules 
were homogenized twice with 5-sec pulses separated by 
chilling in an ice bath (1 min). The suspension was centri- 
fuged at lOOOg for 10 min, the supernatant was decanted 
and saved on ice, and the pellet was resuspended in Kreb's 
buffer solution and homogenized by three pulses. This sus- 
pension was sedimented as described above. The resulting 
supernatant was pooled with the previous sample and used 
in the binding assays. 

Aliquots of pooled supernatant were pipetted into tubes 
with graded amounts of unlabeled Sar' angiotensin I1 or 
ligands for receptor subtypes, and the mixture was vortexed 
briefly. The subtype-specific ligands were losartan for AT 
and PD 1233 19 for AT,, both added to a final concentration 
of 5 pg/ml. Following incubation for 5 rnin at 22"C, ','I- 
Sar' angiotensin I1 was added and mixed, and the suspen- 
sion was incubated for 30 min at 22°C. Membranes and 
bound angiotensin I1 were pelleted by centrifugation at 
27,OOOg for 30 min. The supernatant was aspirated, and the 
tube sides were washed with 3 ml of ice-cold buffer. After 
the wash, the tube's contents with the pellet were counted in 
a gamma well scintillation counter. 

After counting, pellets were dried overnight at 110°C 
and rehydrated with NaOH (0.1 N, 100 ~ 1 ) .  The tubes were 
capped tightly and incubated at 37°C for 72 hr. The result- 
ing solutions were pooled, mixed, and quantitated for pro- 
tein using a Coumassie blue protein reagent kit (Pierce 
Chemical Co., Rockford, IL). 

Statistical Analysis. Results are expressed as mean 
f SEM. Data were evaluated for statistical significance with 
the Crunch statistical package (Crunch Software, Oakland, 
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CA), using Student’s t test for unpaired data. Analysis of 
variance with repeated measures was also used. Significant 
effects were evaluated further by Scheffe’s post hoc tests at 
a significance level of 0.05. 

Results 
Body Weight and Blood Pressure. Body weights 

did not differ significantly between groups at the end of the 
5-week dietary treatments (381 f 3 g (SES) and 374 f 6 g 
(BOR)}. Systolic blood pressure was significantly lower in 
BOR-fed SHR at Weeks 3, 4, and 5 compared to the SES- 
fed SHR (Fig. 1). The BOR-enriched diet reduced mean 
blood pressure at Week 5 by 12 mmHg ( P  < 0.005). 

Plasma Aldosterone, Corticosterone, and Re- 
nin Activity. Plasma aldosterone was lower, and plasma 
renin activity was higher in BOR-fed rats compared to SES- 
fed rats, but the differences were not statistically significant 
(Table 111). As a consequence, the ratio of plasma aldoste- 
rone to renin was significantly lower in the BOR-fed SHR 
( P  < 0.05). Corticosterone levels in the two groups did not 
differ significantly. 

Adrenal Angiotensin II Binding. The effects of di- 
etary BOR on binding of ligands to angiotensin receptors 
from SHR adrenal glomerulosa cells are shown in Figure 2. 
The BOR-enriched diet resulted in lower angiotensin I1 re- 
ceptor density compared to the SES diet. Binding to SES 
membranes was inhibited 88% by the AT,-specific ligand 
losartan ( P  < .001), and 3 1 % by the AT,-specific ligand PD 
123319 ( P  < .Ol). Binding to BOR membranes was inhib- 
ited 36% by the AT, ligand ( P  < . O l )  and 94% by the AT, 
ligand ( P  < .OOl). These results showed that angiotensin 
receptors in adrenal capsules were predominantly of the 
AT, subtype in both groups of rats. 

Discussion 
Results of this study show that borage oil reduced the 

blood pressure of adult SHR by 12 mmHg; this reduction 
was observed as early as 3 weeks following the start of 
borage oil enrichment. These results extend our previous 
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Figure 1. Effect of dietary borage oil on systolic blood pressure in 
SHR. = P < 0.01, ** = P < 0.005, vs SHR which were fed sesame 
oil-enriched control diet. Each point represents the mean SEM of 
five rats. 

Table 111. Plasma Aldosterone, Corticosterone, Renin 
Activity and Ratio in SHR Rats Fed Sesame Oil- or 

Borage Oi I-En ric hed Dietsa 

Dietary group 

Sesame oil Borage oil 
Parameter 

Plasma corticosterone (mg/dl) 40 k 1 46 k 8 
Plasma aldosterone (ng/dl) 10.0 k 1.4 7.9 f 0.8 
Plasma renin activity (ng/mI/hr) 6.9 f 0.6 9.6 k 1.8 
Ratio of aldosterone/renin activity 1.45 f 0.2 0.88 f 0.1 

a Values are expressed as mean * SEM, n = 5 for each group. 
P < 0.05, vs SES-fed SHR. 
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Figure 2. Scatchard plot of adrenal angiotensin II receptor bind- 
ing in SHR rats fed sesame oil- or borage oil-enriched diets. “B” 
refers to bound ligand, and “F” refers to unbound (free) ligand at 
equilibrium. 

observations that dietary borage oil treatment prevented the 
onset of hypertension in prehypertensive, 6-7-week-old 
SHR (7, 11). Thus, dietary borage oil is an effective an- 
tihypertensive nutrient in the developmental and established 
stages of hypertension in SHR. 

To investigate the role of the renin-angiotensin- 
aldosterone axis in the blood pressure response, we deter- 
mined levels of plasma aldosterone and renin activity. 
Plasma aldosterone was lower, and plasma renin activity 
was higher in BOR-fed SHR compared to SES-fed SHR, 
resulting in a significant reduction in the plasma aldoste- 
ronehenin ratio. This finding suggests that borage oil re- 
duces the responsiveness of rat adrenal glomerulosa cells to 
angiotensin. Renin secretion is stimulated by the decreased 
aldosterone levels, and the net effect is reduced aldosterone 
levels despite the rise in renin. 

To investigate responsiveness to angiotensin more di- 
rectly, we quantitated angiotensin receptors in adrenal 
glands from the two groups of rats. The number and affinity 
of antagonist receptors in adrenals were lower in rats fed 
borage oil compared to sesame oil. These findings suggest 
that the reduced plasma aldosteronehenin ratio in rats fed 
borage oil is the result of diminished angiotensin receptor 
activity in the cells that produce aldosterone. Previous stud- 
ies have shown that unesterified fatty acids inhibit adrenal 
and vascular smooth muscle angiotensin I1 receptors (16, 
17). Dietary borage oil may exert its effects on angiotensin 
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receptors by increasing levels of free GLA, or by modifying 
the fatty acid composition and physicochemical properties 
of cell membranes. Omega-6 polyunsaturated fatty acids 
increase membrane fluidity, which in turn influences mem- 
brane receptor function (18). We recently reported that di- 
etary treatment with borage oil for 7 weeks increases the 
levels of omega-6 polyunsaturated fatty acids, gamma- 
linolenic, and dihomo-gamma-linolenic acids in plasma, 
liver, aorta, and renal arterial tissue of SHR (19, 20). The 
precise mechanism by which dietary GLA reduces angio- 
tensin receptor function cannot be elucidated from our data 
and requires further investigation. 

An effect on aldosterone-producing cells might explain 
part or all of the pressure-lowering property of dietary bor- 
age oil. Competitive inhibitors of aldosterone action, such 
as spironolactone, lower the blood pressure of adult SHR 
(21). Arterial pressure could also be lowered by inhibition 
of extra-adrenal angiotensin receptors. The receptors inhib- 
ited by BOR were primarily of the AT, subtype; this sub- 
type mediates angiotensin’s stimulation of vasoconstriction, 
sympathetic transmission, and renal tubular sodium absorp- 
tion, as well as production of aldosterone (22). If dietary 
borage oil affected any of those extra-adrenal responses, it 
would have contributed to the pressure-lowering effect we 
observed. 

In conclusion, our findings demonstrate that dietary 
borage oil, rich in GLA, lowers blood pressure in SHR with 
established hypertension. The blood pressure response is 
associated with a reduction in the affinity and density of 
angiotensin II receptors in cells that produce aldosterone, 
and a reduction in the plasma aldosteronehenin ratio. The 
results suggest that the blood pressure effect of borage oil 
may be mediated by interference with the renin-angiotensin- 
aldosterone system. 

We are grateful to DuPonMerck for the losartan, and to Parke-Davis 
and Company for the PD 123319 used in these experiments. We thank Mr. 
Sid Tracy of Traco Labs and Mr. G. J .  de Wit of Zaadteelt, Zaadhandel, 
Texel, the Netherlands, for the borage oil. 

American Heart Association. Heart and stroke facts: 1996 statistical 
supplement. Dallas, TX: American Heart Association, 1996. 
Whipkey A, Simon JE, Janick J. In vivo and in vitro lipid accumulation 
in Borago oficinalis. J Am Chem SOC 65:979-984, 1988. 
Phillips JC, Huang YS. Natural sources and biosynthesis of gamma- 
linolenic acid: An overview. In: Huang YS, Mills DE, Eds. Gamma- 
Linolenic Acid: Metabolism and Its Roles in Nutrition and Medicine. 
Champaign, IL: AOCS Press, pp 1-13, 1996. 
Singer P, Naumann E, Hoffman P. Attenuation of high blood pressure 

5.  

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

by primrose oil, linseed oil, and sunflower oil in SHR. Biomed Bio- 
chim Acta 43:S243-S246, 1984. 
Soma M, Manku MS, Horrobin DF. The effects of hydrogenated co- 
conut oil, safflower oil, and evening primrose oil on development of 
hypertension and sodium handling in SHR. Can J Physiol Pharmacol 

Hoffman P, Forster W. Effect of sunflower seed oil, linseed oil, eve- 
ning primrose oil, and hydrogenated palm kernel oil on hypertension 
development in spontaneously hypertensive rats. Prostaglandins Leu- 
kot Med 11:43-44, 1983. 
Engler MM. Comparative study of diets enriched with evening prim- 
rose, black currant, borage, or fungal oils on blood pressure and pres- 
sor responses in spontaneously hypertensive rats. Prostaglandins Leu- 
kot Essent Fatty Acids 49:809-814, 1993. 
Mills DE, Summers MR, Ward RP. Gamma-linolenic acid attenuates 
cardiovascular responses to stress in borderline hypertensive rats. Lip- 
ids 20573-577, 1985. 
Mills DE, Ward RP, Mah M, DeVette L. Dietary n-6 and n-3 fatty 
acids and salt-induced hypertension in the BHR. Lipids 24: 17-24, 
1989. 
Engler MM, Engler MB, Paul SM. Effects of dietary borage oil rich in 
gamma-linolenic acid on blood pressure and vascular reactivity. Nutr 
Res 12:5 19-528, 1992. 
Engler MM, Engler MB, Erickson SK, Paul SM. Dietary gamma- 
linolenic acid lowers blood pressure and alters aortic reactivity and 
cholesterol metabolism in hypertension. J Hypertens 10: 1 197-1204, 
1992. 
Engler MM, Karanian JW, Salem N Jr. Ethanol inhalation and dietary 
n-6, n-3, and n-9 fatty acids in the rat: Effect on platelet and aortic fatty 
acid composition. Alcohol Clin Exp Res 15:483-488, 1991. 
Menard J, Catt KJ. Measurement of renin activity, concentration and 
substrate in rat plasma by radioimmunoassay of angiotensin I. Endo- 
crinology 90:424430, 1972. 
Mayes D, Furuyama S, Klem DC, Nugent CA. A radioimmunoassay 
for plasma aldosterone. J Clin Endocrinol Metab 30:682-685, 1970. 
Biglieri EG, Schambelan M. The significance of elevated levels of 
plasma 18-hydroxycorticosterone in patients with primary aldosteron- 
ism. J Clin Endocrinol Metab 49537-91, 1979. 
Goodfriend TL, Ball DL. Fatty acid effects on angiotensin receptors. 
J Cardiovasc Pharmacol 8: 1276-1283, 1986. 
Ullian ME. Fatty acid inhibition of angiotensin II-stimulated inositol 
phosphates in smooth muscle cells. Am J Physiol 264:H595-H603, 
1993. 
Murphy MG. Dietary fatty acids and membrane protein function. J 
Nutr Biochem 1:68-79, 1990. 
Engler MM. Gamma-linolenic acid: A potent blood pressure lowering 
nutrient. In: Huang YS, Mills DE, eds. Gamma-Linolenic Acid: Me- 
tabolism and Its Roles in Nutrition and Medicine. Champaign, IL: 
AOCS Press, pp 200-217, 1996. 
Engler MM, Engler MB. Dietary borage oil alters plasma, hepatic, and 
vascular tissue fatty acid composition in spontaneously hypertensive 
rats. Prostaglandins Leukot Essent Fatty Acids (in press), 1998. 
Scriabine A, Antonaccio M, Watson LS, Wolff FW, Hutcheon DE. 
Antihypertensive activity of diuretics. In: Scriabine A, Sweet CS, eds. 
New Antihypertensive Drugs. New York: Spectrum Publications, Inc., 
Discussion Session 6, pp 337-339, 1976. 
Goodfriend TL, Elliott ME, Catt KJ. Angiotensin receptors and their 
antagonists. N Engl J Med 334: 1649-1654, 1996. 

63~325-330, 1985. 

GAMMA-LINOLENIC ACID IN HYPERTENSION 237 




