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Hypertension induced by x-3 polyunsaturated fatty
acid deficiency is alleviated by a-linolenic acid
regardless of dietary source

Denovan P Begg1,2,3, Andrew J Sinclair1,2, Lauren A Stahl3, Shirmila D Premaratna3, Ahmad Hafandi3,
Mark Jois4 and Richard S Weisinger3

X-3 polyunsaturated fatty acid deficiency, particularly during the prenatal period, can cause hypertension in later life. This study

examined the effect of different sources of a-linolenic acid (canola oil or flaxseed oil) in the prevention of hypertension and

other metabolic symptoms induced by an x-3 fatty acid-deficient diet. Dams were provided one of three experimental diets from

1 week before mating. Diets were either deficient (10% safflower oil-DEF) or sufficient (7% safflower oil+3% flaxseed oil-SUF-F;

or 10% canola oil-SUF-C) in x-3 fatty acids. The male offspring were continued on the maternal diet from weaning for the

duration of the study. Body weight, ingestive behaviors, blood pressure, body composition, metabolic rate, plasma leptin and

brain fatty acids were all assessed. The DEF animals were hypertensive at 24 weeks of age compared with SUF-F or SUF-C

animals; this was not evident at 12 weeks. These results suggest that different sources of ALA are effective in preventing

hypertension related to x-3 fatty acid deficiency. However, there were other marked differences between the DEF and, in

particular, the SUF-C phenotype including lowered body weight, adiposity, leptin and food intake in SUF-C animals. SUF-F

animals also had lower, but less marked reductions in adiposity and leptin compared with DEF animals. The differences

observed between DEF, SUF-F and SUF-C phenotypes indicate that body fat and leptin may be involved in x-3 fatty acid

deficiency hypertension.
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INTRODUCTION

O-3 polyunsaturated fatty acids have diverse physiological roles in vivo
including cell membrane composition1 and synthesis of eicosanoids.2

Therefore, dietary o-3 fatty acids can act on multiple levels to alter
membrane fluidity,3 inflammation4 and gene expression.5 Prenatal and
life-long deficiency of the essential dietary o-3 fatty acid, a-linolenic
acid (ALA), can induce hypertension in Sprague–Dawley rats.6,7

Deficiency can also exacerbate hypertension rats with an overactive
renin-angiotensin system.8 When deficiency of dietary o-3 fatty acid is
reversed in later life brain o-3 fatty acid levels are essentially restored,6,7

although not in all brain membrane lipid fractions,1 but hypertension
remains.6,7 There is even some evidence that prenatal o-3 fatty acid
supplementation may reduce diastolic blood pressure in human
infants.9 Overall the data indicates that prenatal o-3 fatty acid supply
has an important role in the development of the cardiovascular system
and the regulation of blood pressure.
Despite this evidence, deficiency studies have not universally

observed hypertension when different strains,10 sexes of rats11 or
source of o-3/o-6 fatty acids11 have been examined. Recent evidence

suggests that many of the problems with replication may be related to
dietary interactions with other nutrients including protein content.12

Given the importance of other dietary factors, an examination of the
effect of the dietary source of ALA on hypertension is required. The
two predominant sources of ALA used in dietary studies with o-3 fatty
acids of hypertension have been canola oil (B8% ALA)6,7 or flaxseed
oil (B55% ALA) as part12 or all of11 the dietary fat. To further
complicate the field, some studies have also examined combinations
including long-chain o-3 fatty acids.8,10

Feeding a canola oil-rich diet can have adverse outcomes in some
situations, including shortened life span,13,14 reduced litter size and
retardation of growth in stroke prone rats.15 There is also evidence
that indicates canola oil may result in less body weight gain than diets
high in o-6 fatty acids.16 Thus, use of canola oil as the source of o-3
fatty acids could act as a major confounding variable in studies of
hypertension. Therefore, this study aimed to establish the effect of
ALA source (canola oil or flaxseed oil) on prevention of o-3 fatty acid
deficiency-induced hypertension, and to determine if there are other
effects on metabolic function in these animals.
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METHODS

Diets
Diets were based on American Institute of Nutrition (AIN-93G) guidelines

with increased casein content (30%); the deficient diet contained 10% safflower

oil (DEF); the first sufficient diet contained 7% safflower oil and 3% flaxseed

oil (SUF-F); the second sufficient diet contained 10% canola oil (SUF-C).

To prevent fatty acid oxidation diets contained vitamin E, were packed

under nitrogen, and remained frozen before use (produced by Glen Forrest

Stockfeeders, Canning Vale, WA, USA).

Animals
15 female Sprague–Dawley rats (Animal Resources Centre, Canning Vale, WA,

USA) were mated with male breeders (La Trobe University, Central Animal

House, Bundoora, Victoria, Australia) 1 week after being placed on one of the

three experimental diets. The females remained on the diet throughout the

duration of the pregnancy (21 days) and lactation (21 days). After weaning,

male offspring were pair housed and continued on the same diet until the end

of the experiment. There were three groups of male rats (DEF, SUF-F and

SUF-C n¼16/group), from five mothers/diet, chosen at random from the

litters. Diets were provided ad libitum throughout the study. Food intake data

was collected when animals were housed in the Labmaster indirect calorimetry

system (TSE Systems, Bad Homburg, Germany). Body weights were measured

by averaging balance (Sartorius, Melbourne, Victoria, Australia). All procedures

were approved by the La Trobe University Animal Ethics Committee.

Tail-cuff plethysmography
Animals were acclimated to the system (Rat Blood Pressure System, IITC,

Woodland Hills, CA, USA) for 2 days prior to measurements; rats were placed

in restrainers in the heated (27±2 1C) system. Following the 2 acclimation

days, testing was performed over 2 further days. Three recordings were taken

per animal per day; the average of the six measurements was calculated for

systolic blood pressure, diastolic blood pressure and heart rate. This procedure

was performed at 12 and 24 weeks of age.

Dual energy X-ray absorptiometry (DEXA)
Animals were anaesthetized with Ketamine (60mg kg–1; Troy Laboratories,

Smithfield, New South Wales, Australia)/Xylazine (8mg kg–1; Bayer, Botany,

New South Wales, Australia) and laid flat on the scanning platform on their

ventral side. A Norland XR-36 Dual Energy X-ray Densitometer (InMed,

Baulkham Hills, New South Wales, Australia) was used to determine body

fat mass, fat-free mass and fat percentage with software specifically written for

small animals. This procedure was performed at 16 weeks of age.

Indirect calorimetry
Rats were placed in the calorimetry system cages for 36h; the first 12h was

considered the acclimation phase and data were analyzed only for the final 24h.

The system used was a custom built 4-cage open-circuit calorimetry system;

respiratory exchange ratio, energy expenditure, ad libitum feeding, drinking

and general locomotor activity were continuously measured (LabMaster; TSE

Systems). The data analyzed were respiratory exchange ratio, total energy

expenditure and ingestive behaviors. These tests were performed in weeks 25–28.

Blood and tissue analysis
Leptin was analyzed in plasma using a commercially available ELISA kit (Linco

Research Immunoassay, St Charles, MO, USA). Brain lipid separation was

performed using thin layer chromatography and the total phospholipid fatty

acids were analyzed using gas chromatography.

Statistical analysis
Data were analyzed by one-way ANOVA, followed by post hoc least significant

difference test (Statistica, Statsoft) where appropriate. Po0.05 was considered

to be a statistically significant difference, results are expressed as mean±s.e.m.

Correlations were performed and graphs were produced using Sigmaplot

(Systat Software, Chicago, IL, USA).

RESULTS

Blood pressure
There were no differences in systolic blood pressure, diastolic blood
pressure or heart rate between the groups at 12 weeks of age (data not
shown). However, by 24 weeks of age the DEF group had elevated
systolic blood pressure compared with both SUF groups (SUF-F
Po0.01; SUF-C Po0.01); there was no difference between SUF-F
and SUF-C. Diastolic blood pressure was higher at 24 weeks in DEF
animals compared with SUF-F (Po0.01) and SUF-C (Po0.05)
groups. There were no significant effects found for heart rate. Blood
pressure results are displayed in Figure 1.
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Figure 1 Systolic (a) and diastolic (b) blood pressure and heart rate (c) at 24 weeks. Significant differences between groups are indicated on the graph with

different lower case letters (Po0.05; n¼16/group).
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Body weight
Weaning, 16-week and 28-week body weights are displayed in Figure 2.
At weaning SUF-F animals weighed significantly more than both DEF
(Po0.05) and SUF-C (Po0.001) animals, the DEF group also
weighed significantly more than SUF-C group (Po0.01). By 16 and
28 weeks DEF animals were significantly heavier than SUF-C
(Po0.001) but not the SUF-F group; SUF-F animals also weighed
more than the SUF-C group (Po0.01).

Body composition
Fat-free mass was significantly lower in SUF-C than in either
DEF (Po0.05) or SUF-F (Po0.05) animals. Fat mass was

highest in DEF animals followed by SUF-F animals (Po0.05)
and SUF-C (Po0.001); SUF-F also had more fat than SUF-C
(Po0.05). Bone mineral content was also reduced in SUF-C animals
when compared with SUF-F (Po0.05) and DEF (Po0.05) animals
(Figure 3). Body weight, taken manually at the time of DEXA
scanning, was highly correlated with weight analyzed by DEXA
(r2¼0.99).

Metabolic rate
There were no differences in respiratory exchange ratio or energy
expenditure during measurement in the Labmaster system (see
Figure 4).
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Figure 2 Weaning (a), 16-week (b) and 28-week (c) body weight of DEF, SUF-F and SUF-C groups. Significant differences between groups are indicated on

the graph with different lower case letters (Po0.05; n¼16/group).
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Figure 3 Body composition of animals as assessed by DEXA at 16 weeks, consisting of fat-free mass (a), fat mass (b), bone mineral content (c) and the

combined body weight (d). Significant differences between groups are indicated on the graph with different lower case letters (Po0.05; n¼16/group).
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Ingestive behavior
Animals in the SUF-C group ate significantly less than both the SUF-F
(Po0.01) and DEF (Po0.01) groups. Water intake followed the same
pattern SUF-C animals drank less than SUF-F (Po0.01) and DEF
(Po0.01) animals. Ingestive behavior results are displayed in Figure 4.

Plasma leptin
Circulating leptin levels were higher in DEF animals than in the SUF-F
(Po0.05) and SUF-C (Po0.01) groups. The difference between the
SUF groups was not significant (P40.05). There was a significant
correlation between plasma leptin and body fat percentage (r¼0.738;
Po0.001). There was also a significant correlation between plasma

leptin and systolic blood pressure (r¼0.549; Po0.001). Leptin results
are presented in Figure 5.

Brain fatty acids
The proportion of docosahexaenoic acid in the frontal cortex was
significantly lower in the DEF group (8.41%±0.10) than both the
SUF-F (9.45%±0.18 Po0.01) and SUF-C (9.39%±0.19 Po0.01)
groups, with no difference between the SUF groups.

DISCUSSION

This study shows that the hypertension induced by o-3 fatty acid
deficiency from a safflower oil-based diet can be prevented by diets
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Figure 4 Respiratory exchange ratio (a), 24 h total energy expenditure (b), 24 h food (c) and water (d) intakes. Significant differences between groups are

indicated on the graph with different lower case letters (Po0.05; n¼16/group).
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Figure 5 Plasma leptin was increased in DEF animals (a; n¼12/group). There were positive correlations between plasma leptin and body fat percentage

(b; r¼0.738; Po0.001; n¼12/group), body fat percentage and systolic blood pressure (c; r¼0.477; Po0.01; n¼12/group), and plasma leptin and systolic

blood pressure (d; r¼0.549; Po0.001; n¼12/group).
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containing vegetable oils rich in ALA; either a canola oil diet or a
combination of flax seed oil with safflower oil. Safflower oil has been
used in many different studies to induce o-3 fatty acid deficiency due
to the extremely low ALA levels in this oil (o0.5% of total fatty
acids).6,8,12,17 As previously reported, o-3 deficiency-induced hyper-
tension did not develop in DEF animals by 12 weeks of age, but was
present at 24 weeks.12 The present data indicates that dietary vegetable
oil source does not change the normotensive effects of ALA. However,
it was not expected that the two ALA-containing diets would have
significantly altered the phenotype of the animals in a number of ways
including body weight and body composition.
Given that both SUF-F and SUF-C groups had less body fat, the

hypertension in DEF animals may be due to an increase in adipose
tissue and body fat percentage, as obesity has a well-documented effect
on hypertension.18 This may be controlled by a number of factors
secreted by adipose tissue. Indeed, there is some evidence to suggest
that o-3 fatty acids affect hypertension through an interaction with
angiotensin (ANG) II19,20 a hormone that can be produced in
adipocytes.21 Higher levels of vasodilative eicosanoid metabolites
from the o-3 fatty acid eicosapentaenoic acid in SUF animals may
be causing a reduction in the vasoconstrictive effects of ANG II as o-3
fatty acids are known to affect vascular responses to infusion of
exogenous ANG II.22–24 However, the effect of o-3 fatty acids on
hypertension cannot be entirely mediated by the eicosanoids effects on
ANG II; as this would not explain the perinatal programming that is
known to occur with o-3 fatty acid deficiency6–8 and would relate
only to the diet an animal is currently maintained on. Given there was
no difference in fluid consumption between the SUF-F and DEF
groups, and fluid intake increases with ANG II,25 this may indicate
that hypertension is not due to an overactive renin-angiotensin
system; however, it may be that ANG II is elevated but not to the
extent that it alters drinking behavior.
The elevated leptin levels in DEF animals may be a mechanism for

hypertension in DEF animals. A role for leptin as a cause of elevated
blood pressure has been proposed given that elevation of blood
pressure occurs in both lean and obese hyperleptinemic mice,26 and
chronic peripheral, but not central,27 leptin infusion also increases
mean arterial pressure in the rat.28,29 This suggests that increases in
leptin may be an underlying mechanism that contributes to hyperten-
sion in o-3 fatty acid-deficient animals.
Given the DEF animals ate more than SUF-C animals this may

indicate leptin insensitivity; however, this may relate to an increase in
consumption based on body weight. Unfortunately, individual food
intake could only be measured while animals were in the indirect
calorimetry system as at other times they were housed two per cage
due to ethical considerations. However, over the course of the study,
generally, pairs of animals from the DEF and SUF-F groups ate more
than pairs from the SUF-C group.
Interestingly, weaning weights of the groups did not reflect eventual

body weights for SUF-F and DEF groups. This is unusual as weaning
weight tends to be reflected in adult body weight,30 and low weaning
weight may be associated with decreased lifespan.31 The greater
increases in body weight observed resulted in greater fat mass and
higher plasma leptin of the DEF group. This was most likely caused by
greater food intake over time as the lack of difference in energy
expenditure between groups during indirect calorimetry indicates that
it was not due to changes in energy expenditure.
As expected, the concentrations of docosahexaenoic acid, the

predominant o-3 fatty acid in the brain, in the prefrontal cortex
were related to the o-3 fatty acid deficiency/sufficiency of the diet the
animals were fed. Despite the difference in ALA content of the SUF-F

(B1.8%) and SUF-C (B0.8%) diets, there was no difference in the
proportion of docosahexaenoic acid in the frontal cortex of animals
fed the SUF-F and SUF-C diets. This indicates that these dietary levels
of o-3 fatty acid are adequate to prevent deficiency, and hence,
prevent hypertension.
Future research should extend this work by determining the role of

leptin in hypertension following o-3 fatty acid deficiency. This could
be performed by infusion of a leptin antagonist and would help to
determine actually causative rather than simply correlative. Also, given
the proposed role for ANG II in o-3 fatty acid deficiency hyperten-
sion12 measuring plasma renin activity, angiotensin-converting
enzyme activity and ANG II would all be of interest in future work,
as would assessment of ACE inhibitor treatment in this model.
Overall, the results of the current study indicate that hypertension

caused by o-3 fatty acid deficiency can be prevented by either of the
two different vegetable oil sources of ALA. These data suggest a
contributing cause of the hypertension induced by the o-3 fatty
acid deficiency might be related to the higher body weight, body fat
and plasma leptin levels. This should be explored further in future
studies.
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