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A high saturated fat intake has been implicated in the
development of cardiovascular disease. Epidemiological
studies have shown an increased incidence amongst
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Western diets high in saturated fat are associated with an increased incidence of
cardiovascular diseases. In this study we have evaluated vascular endothelial function and
oxidative stress in virgin rats fed a normal (VC) or high in saturated fat diet (VHF) (20%
lard and corn oil w/w) from weaning until adulthood, and throughout subsequent pregnancy
(PC and PHF, respectively).

The saturated fat diet was associated with enhanced noradrenaline sensitivity in small
mesenteric arteries from VHF rats (VHF wvs. VC, P <0-05) and blunted endothelium-
dependent relaxation in VHF and PHF rats (VHF wvs. VC, P<0-:001; PHF ws. PC,
P < 0:05). Endothelial dysfunction was attributable to a reduced nitric oxide component of
relaxation in VHF rats, and blunted prostacyclin and endothelium-derived hyperpolarizing
factor components in PHF rats.

Other than plasma cholesterol, which was reduced in VHF and PHF rats, plasma lipids were
normal. Fasting plasma insulin and glucose concentrations were raised in VHEF rats
(P < 0:05) and the plasma marker of oxidative stress, 8-iso PGF,,, was increased in PHF
animals (P < 0:01).

These findings suggest that endothelial dysfunction induced by a saturated fat diet is
cholesterol independent and likely to be of different mechanistic origin in virgin and pregnant
rats.

populations consuming a typical Western diet high in  1996).

saturated fat (Keys, 1997) and a low incidence of disease
when consumption of polyunsaturated fats is high (Kushi et

consumption (Erhardt et al. 1997) and may contribute to
vascular disorders as reactive oxygen species have been
implicated in endothelial cell damage (Busse & Fleming,

Interest in the relationship between saturated fat intake and

al. 1995). Vascular endothelial disorders are now considered
to be an important underlying pathology which predisposes
to atherosclerosis, thrombosis and hypertension (De Meyer
& Herman, 1997). Whilst largely attributed to hyper-
cholesterolaemia (Goode et al. 1995), other factors have
recently been implicated in endothelial dysfunction,
particularly the metabolic sequelae of insulin resistance
(Chowienczyk & Watts, 1997). This disorder is associated
with obesity (Walker, 1995) and high saturated fat intake
(Storlien et al. 1991; Fryer & Kruszynska, 1993). Affected
patients (Steinberg et al. 1996), including those with
non-insulin dependent diabetes (McVeigh et al. 1992),
demonstrate blunted endothelium-dependent vasodilatation.
Free radical synthesis is also evoked by high saturated fat

cardiovascular disease has focused on the general population,
but dietary saturated fat intake during pregnancy also
warrants consideration. Obese women are more likely to
suffer from hypertensive disorders of pregnancy and pre-
eclampsia (Calandra et al. 1981) as well as impaired glucose
metabolism and gestational diabetes (Ekblad & Grenman,
1992). Diminished reproductive performance is also reported
amongst obese women (Rogers & Mitchell, 1952) and rats on
a high saturated fat intake (Shaw et al. 1997). Additionally,
and because recent studies have suggested that adulthood
cardiovascular function can be programmed in utero (Barker,
1994), it is possible that oxidative stress and metabolic
disturbance resulting from saturated fat intake in pregnant
women could compromise the fetus with long-lasting
consequences.
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The aim of the present investigation was to investigate
endothelium-dependent in  virgin and
pregnant rats fed a diet high in saturated fat and to
determine whether oxidative stress and/or insulin resistance
may be important determinants of the disorders observed.
Unlike the human, the rat paradoxically responds to a diet
high in saturated fat by the reduction of plasma cholesterol
(Salter et al. 1991), and so provides an ideal model by which
to study cholesterol-independent mechanisms of vascular
dysfunction. Vascular constrictor responses and endothelium-
dependent and -independent vasodilatation were assessed in
isolated small mesenteric arteries using a small vessel
myograph. Plasma lipids, insulin and glucose were measured
and, for the first time in saturated fat-fed animals, plasma
concentrations of the stable marker of oxidative stress,
8 iso PGF,,, were evaluated.

vasodilatation

METHODS

The entire protocol was reviewed and approved by the local Ethical
Committee for Animal Procedures (K.U. Leuven, Belgium).

Dietary protocol

Virgin female Wistar rats were fed either normal rat chow (4 % fat
(corn oil), 21 % protein and 51 % carbohydrate; VC group) or a
semi-synthetic diet containing 20 % saturated fat (Mucaron High
Fat 821910; VHF group) from weaning until adulthood
(100—120 days of age) (Special Diet Services, Witham, Essex, UK).
The diet consisted of 16 % lard (lard fatty acid constituents: 2:7 %
palmitoleic, 32:8% oleic, 8:1% linoleic, 0:4% linolenic, 1:55%
myristic, 21:2% palmitic and 96 % stearic) and 4% corn oil (corn
oil fatty acid constituents: 23:4% oleic, 42:9% linoleic, 0-8%
linolenic, 9:8% palmitic and 2% stearic) supplemented with
essential micronutrients and vitamins to ensure the same final
content (w/w) as in normal chow. Rats were weighed weekly from
7-98 days of age. At 90—-100 days of age, subgroups of VC and
VHF rats (termed PC and PHF, respectively) were mated and then
remained on the same diet until 19-22days gestation when
vascular function was assessed. The number of fetuses and fetal
weights were determined after dams (19-22 days gestation) were
killed by inhalation of a rising concentration of CO,.

Plasma measurement of glucose, insulin, cholesterol,
triglycerides and non-esterified fatty acids

After an overnight fast, blood was taken from virgin female rats
(100 days old) from an incision made at the tip of the tail for
determination of plasma glucose, insulin, cholesterol, triglycerides
and non-esterified fatty acids. In some cases the sample obtained
was insufficient for complete analysis. In pregnant rats, fasting
plasma samples were taken the day before the experiments, but
only for estimation of plasma cholesterol. Plasma glucose and
insulin varies significantly from day to day in late pregnancy and
the data from the previous day would not be relevant to the
vascular function assessed on the following day. An overnight fast
immediately prior to the experiments might have influenced
vascular function. Non-fasting samples were taken immediately
prior to assessment of vascular function for estimation of lipids in
both pregnant and non-pregnant animals. Plasma glucose was
determined with the glucose oxidase method (glucose analyser
23008TAT; Yellow Springs Instruments, Yellow Springs, OH,
USA). Plasma insulin was assessed by radioimmunoassay using rat
insulin as a standard (Holemans et al. 1997). Plasma triglycerides
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(Triglycerides: GPO-PAP), cholesterol (Cholesterol: CHOL-PAP)
and non-esterified fatty acids (free fatty acids, half-micro test) were
evaluated using commercially available kits.

Assessment of vascular function

Rats were killed by inhalation of a rising concentration of CO, at
100-120 days of age and at the same time of day for each
experiment. Small mesenteric resistance arteries (internal diameter,
mean +s.EM.: VC, 296 + 11 ym (n=17) vs. VHF, 300 £+ 8 ym
(n=18), not significant; PC, 319+ 12 um (n=17) vs. PHF,
330 £ 15 um (n=16), not significant) were mounted on a small
vessel wire myograph as previously described (Mulvany & Halpern,
1977). Briefly, third-order branches of the mesenteric tree were
dissected free of connective tissue and mounted on fine tungsten
wires in pairs as ring preparations for the measurement of isometric
tension, and bathed in physiological salt solution (PSS, constituents
(mm): NaCl, 119; KCl, 4:7; CaCl,, 2-5; MgSO,, 1:17; NaHCO,, 25;
KH,PO,, 1-16; EDTA, 0:026; and glucose, 6:0; pH 74 at 37 °C)
gassed with 5% CO, in O,. The passive tension—internal
circumference characteristics of the arteries were determined by
stretching to achieve an internal circumference equivalent to 90 %
of that which would be attained when relaxed in situ under a
transmural pressure of 100 mmHg. To confirm viability of the
arteries, four contractions (4 min duration) were performed to 5 gm
noradrenaline (NA), 125 mm KCl in PSS, or a combination of both.
Arteries failing to produce active tension equivalent to 100 mmHg
were rejected. Concentration—response curves, at increments of
2 min duration, were then constructed to NA (0:1-10 um) and
following repeated washing and recovery, endothelium-dependent
relaxation to acetylcholine (ACh; 1 nMm—10 gm) and endothelium-
independent relaxation to sodium nitroprusside (SNP; 1 nm—10 um)
were assessed in arteries submaximally preconstricted with 5 gn
NA. To deduce the relative contributions of prostaglandins and/or
nitric oxide to the ACh-induced relaxation, two further concentration
responses to ACh were repeated after, firstly, incubation (20 min)
with, and in the presence of, indomethacin (10 gm) and, secondly,
with indomethacin (10 gm), N“-nitro-L-arginine methyl ester
(L-NAME, 100 M) and the soluble guanylate cyclase inhibitor,
oxadiazole quinoxalin (ODQ, 1 gm). Lastly, to investigate the
potential role of a hyperpolarizing factor, ACh responses were
performed with the prostaglandin and nitric oxide inhibitors in
partially depolarizing PSS (25 mm KCI). For this protocol arteries
were preconstricted with 2—4 um NA, the concentration being
adjusted in order to evoke similar preconstrictor tone to that
observed in normal PSS (5 mm KCI) without inhibitors.

Determination of F,-isoprostanes

Blood samples were taken for F,-isoprostane (8-iso PGF,,) and
PGF,, analysis by cardiac puncture in virgin rats at 100—120 days
of age and pregnant dams between 19 and 22 days gestation (when
vascular function was assessed). Samples were collected into 3:8%
trisodium citrate (blood :anticoagulant ratio, 9:1), 15 um indo-
methacin (in phosphate buffer adjusted to pH 7-4) and 20 gm
butylated hydroxytoluene (in ethanol), final concentration. The
blood was then centrifuged after standing at 4 °C for 30 min, (2500 g,
15 min, 4°C) and 1 ml aliquots of the plasma were stored in
butylated hydroxytoluene and frozen at —70°C until analysis.
Total (sum of free and esterified) F,-isoprostanes were assessed in
the plasma of all groups as previously described (Nourooz-Zadeh
et al. 1996). Briefly, after KOH hydrolysis of esterified
F,-isoprostanes, PGF,,-d, (1 ng (ml plasma)™) was added as an
internal standard and the samples were subjected to solid-phase
extraction and derivatization. Derivatized samples and the
appropriate internal standard were analysed subsequently by gas
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Table 1. Levels of plasma glucose, insulin, triglycerides, non-esterified fatty acids and cholesterol
from virgin rats (100 days old) fed either normal or saturated fat diets

Fasting glucose
(m) (p)

Fasting insulin

Fasting non-esterified
fatty acids
(mm)

Cholesterol
(mr)

Triglycerides
(mn)

5:01 + 0-27 (10)
562 + 027 (10)*

Virgin control group (VC)
Virgin high fat group (VHF)

40-73 + 335 (10)
12268 + 33-54 (10)*

0-74 + 006 (10)
0-63 + 0-05 (10)

0:53 + 0-06 (8)
065 + 0-08 (7)

1-94 4 0-07 (10)
142 4 0-07 (10)

Data are means + s.2.m.* P < 0:05 for VHF vs. VC; § P < 0-:001 for VHF vs. VC. n values are given in
parentheses.

chromatography-mass spectrometry (GC-MS). This was carried out
with a Hewlett-Packard 5890 gas chromatograph (Bracknell, UK)
linked to a VG70SEQ mass spectrometer (Fisons Instruments,
Manchester, UK) using ammonia as the reagent gas. Quantitative
analysis was performed using selected ion monitoring (SIM) of the
carboxylate ion [M-181] at m/z 569 for the F,-isoprostanes and
m/z 573 for PGF,,-d,.

Analysis of total body fat tissue mass by dual energy X-ray
absorptiometry

In separate groups of VHF (n=9) and VC (n = 9) rats, the animals
were Killed (100—120 days of age) by inhalation of a rising
concentration of (O, and, after exsanguination by cardiac
puncture, the carcasses were stored at —20°C for subsequent
analysis of body composition. This was performed by dual energy
X-ray absorptiometry (DEXA) using a Hologic QDR-1000/W
absorptiometer (line spacing, 0-1511 c¢m; point resolution,
0:076 cm). The total lean and fat tissue mass and bone mineral
content were recorded for each rat; the total mass was calculated as
the sum of these three.

Materials

Noradrenaline was obtained from Winthrop (Guildford, UK);
acetylcholine, indomethacin, sodium nitroprusside and L-NAME
were from Sigma; ODQ was from Alexis Corporation (Nottingham,
UK). PGF,,, PGF,,-d, and 8-iso PGF,, were purchased from
Cayman Chemicals (Ann Arbor, MI, USA). Sep-Pak C-18 and NH,
cartridges for solid-phase extraction were obtained from Waters
Chromatography (Watford, UK). Commercially available kits were
obtained from Boehringer-Mannheim. Rat insulin as standard for
radioimmunoassay was from Novo Industry. All other chemicals
were of AnalaR grade from Merck Ltd.

Data analysis

Data are given as means+sEM. For vascular protocols
noradrenaline was expressed as a percentage of K™ (125 mm KCl)-
induced tension and sensitivity calculated by the EC;, (pEC;,
(—logECj,)). Relaxation to ACh was assessed by the EC;, and
maximum relaxation (%o NA-induced tone) using the curve fitting
program Graphpad (Graphpad Software, San Diego, CA, USA).
Two arteries were used from each animal and mean values
calculated. When it was not possible to fit accurate sigmoidal
curves, comparisons were made between maximal responses. PGF,,
and total 8-iso PGF,, were calculated by equating the ratio of the
peak areas of either PGF,, or 8-iso PGF,, (R and S enantiomer) to
the internal standard PGF,,-d, calculated from the original mass
spectrometry traces for each individual sample. From this ratio,
quantification of PGF,, or 8-iso PGF,, was obtained from
calibration curves previously constructed from purchased standards

extracted in PSS as described above (but to known concentrations).
Comparisons were made between groups using Student’s paired
and unpaired ¢ tests (InStat Graphpad, Graphpad Software).
Significance was assumed if P < 0:05.

RESULTS
Plasma glucose, insulin, triglycerides, non-esterified
fatty acids and cholesterol

Fasting glucose and insulin levels were significantly higher
in VHF compared with VC rats at 100 days of age (Table 1).
Plasma cholesterol concentration was significantly lower in
100-day-old VHEF rats (Table 1) and also at the time
vascular function was measured (data not shown; P < 0-01).
Plasma triglyceride concentrations were no different
between 100-day-old VC and VHEF rats (Table 1). Fasting
non-esterified fatty acids were not significantly different
between the two groups at 100 days and at the time of
vascular function measurement (Table 1). Fasting plasma
cholesterol was higher in PC than PHF rats (2:16 + 0:07 mm
(n=11) vs.1-65 £ 0-10 m™m (n = 6); P < 0-001). Non-fasting
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Figure 1. Growth curves

Growth curves for female virgin rats fed a control (O; n = 21)
or saturated fat diet (@; n = 23) from 7 until 98 days of age.
Values are given as means + s. .M. * P < 0:05.
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Table 2. Body composition measured by dual energy X-ray absorptiometry in control rats fed
normal chow (VC) and rats fed a saturated fat diet (VHF) at 100—120 days of age

Group n BMC Lean tissue mass  Fat tissue mass Fat tissue Total mass
(@ (@ (@ (% of total mass) (@

VC 9 724+ 015 186-14 + 4-31 1568 +1-23 7-57 + 0-69 20906 + 3-68

VHF 9 838+ 0-16F 20871 + 2:75F 25'92 + 2-56* 10-54 +£0-85* 243:02 +4-97%

Data are represented as means + s.E.M. Total mass represents the sum of lean tissue mass, fat tissue mass
and BMC (bone mineral content). ¥ P < 0:01, + P < 0-001, f P < 0-:0001 »s. VC.

triglycerides were similar in VHF and VC groups (1:62 +
0-68 mm (n=15) vs. 1:06 £ 0-15mm (n="7)) and in PHF
and PC groups (5:90 + 0-75 mm (n=11) vs. 443 + 0-87 mm
(n=11)).

Effects of high saturated fat diet in non-pregnant rats
The high saturated fat intake led to a significantly greater
increase in weight in the virgin rats (VHF) compared with
the control rats (VC), but only from 98 to 120 days of age
(day 98: mean VHEF group wt, 218:33 + 4'31 g (n=23) vs.
mean VC group wt, 202:37 + 2:38 ¢ (n=21); P<0:05).
Growth curve profiles from weaning until 98 days of age
were similar between the two groups (Fig. 1). VHF rats
consumed significantly less chow than VC rats at 100 days
of age (VHF, 1285 + 0-40 g day ™' (n = 10) vs. VC, 1516 +
0-37 g day ™ (n = 10); P < 0:001). Despite the reduction in
food intake, daily calorific intake was similar in the two
groups (VHF, 0-247 +0:007 kJ day™ (n=10) ws. VC,
0-228 + 0005 kJ day ™ (n=10)).

1264
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50+

Tension (% K*)

log[NA] {logm}

Total body fat content (DEXA). Table 2 shows the total
body analyses performed in the VC and VHF rats. Despite
lower total body food intake in VHEF rats, these animals
demonstrated a disproportionate increase in total body fat
content when body fat was expressed as a percentage of
total mass.

Vascular function. Arteries from VHF rats showed a
significantly enhanced sensitivity to NA when compared
with those from VC rats but similar maximum constrictor
tension (Table 3 and Fig. 24). Preconstriction to NA was no
different between VC and VHF arteries, or in the presence
of any inhibitor. There was a significant shift in sensitivity,
but not maximum relaxation to endothelium-dependent
ACh-induced relaxation in the saturated fat-fed group
(Table 3 and Fig.3A4). Indomethacin caused a significant
decrease in sensitivity in both groups but the defect in
sensitivity remained in VHF rats in the presence of indo-
methacin (Table 3 and Fig. 3B). In the presence of both
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Figure 2. Concentration—response curves to noradrenaline in mesenteric small arteries

A, virgin rats fed a control (O; n = 10) or saturated fat diet (@; » = 10); B, pregnant rats fed a control
(O; n =9) or saturated fat diet (W; n =9). Values are given as means + s.e.M. pEC;: ¥ P< 0:05.



J. Physiol.517.2

Dietary fat and endothelial dysfunction

611

Table 3. Responses to constrictor and dilator agonists in the presence and absence of 10 um
indomethacin (Indo), 100 yum L-NAME and 1 um oxadiazole quinoxalin (ODQ) in rat small
mesenteric arteries from virgin and pregnant Wistar rats on either normal or saturated fat diets

Agonist Ve VHF PC PHF
(n =10) (n=10) (n=9) (n=9)
NA pEC;, (um) 578 + 0:06 599 4+ 0:06* 601 +0:08% 596 + 011
Max. constriction 107-32 4+ 3-20 109:87 + 423 106:50 + 2-91 108:18 + 3-03
ACh PEC,, (um) 722 + 0:09 6:61 +0-12F 7-18 +0-11 7:03 +0-14§
Max. relaxation 89:49 + 3-15 84-56 + 4-81 98:94 + 0621 89-57 + 3-30*
ACh + Indo PEC,, (#m) 6-89 + 0-08 626 +0-12F 662+ 0-25% 656 + 0-15
Max. relaxation 89:52 + 3:63 90:33 + 2:94 93:58 + 2:37 88:02 + 3:99
ACh + Indo 4+ L.-NAME Max. relaxation 7012 4+ 6-39 51324970 73724915 41-024+11-70%*
+ 0DQ
ACh + Indo + .-NAME Max. relaxation 3:64 + 2:21 0:38 + 5:06 1:62 + 3:69 2:64 + 3-15
+ ODQ + 25 mm KCI1
SNP pEC;, (1) 7:01 +£0-17 6:99 +0:15 6:91 +0-17 6:72 4+ 0-22
Max. relaxation 68:68 + 3:03 68:33 4+ 3-69 66:19 +7-19 69:04 + 7-41

VC, virgin control group; VHF, virgin high fat group; PC, pregnant control group; PHF, pregnant high fat
group; NA, 01-10 gm noradrenaline; ACh, 1 nm—10 gm acetylcholine; SNP, 1 nm—10 um sodium
nitroprusside; Max. constriction, maximum constriction calculated as the percentage of K*-induced
constriction; Max. relaxation, maximum relaxation calculated as the percentage of NA-induced
constriction. Data are means + s.e.Mm. * P < 0:05, VHF vs. VC and PHF vs. PC; ¥+ P < 0:001, VHF wvs. VC;
1 P<0:05, PCvs. VC; § P<0-05, PHF vs. VHF.
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Figure 3. Concentration—response curves to acetylcholine in mesenteric small arteries from
virgin rats fed a control (O; » = 10) or saturated fat diet (®; » = 10)
A, without inhibitors. B, in the presence of 10 gm indomethacin. C, in the presence of 100 ym L-NAME,
10 g™ indomethacin and 1 gm ODQ and also with the same inhibitors but in the presence of depolarizing
25 mm KClI to obviate the effects of endothelium-derived hyperpolarizing factor (EDHF) (A, control diet;

A, saturated fat diet). Values are given as means + s.E.m. pEC,: ¥** P < 0-001.
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nitric oxide and cyclo-oxygenase blockade the difference
between the VC and VHEF groups was no longer evident
(Table 3 and Fig. 3C). Relaxation was no different and was
completely inhibited in both groups in the presence of
indomethacin, L-NAME, ODQ and partially depolarizing
PSS (25 mm KCI) (Table 3 and Fig. 3C). Relaxation to the
endothelium-independent vasodilator sodium nitroprusside
(SNP) was no different between VHF and VC animals
(Table 3).

8-iso PGF,, and PGF,,. Total (free and esterified) plasma
levels of the F,-isoprostane 8-iso PGF,, were similar in VHF
and VC rats (8-iso PGF,,: VHF, 281:57 4+ 43:02 pg (ml
plasma)™ (n= 20) vs. VC, 32293 4+ 32-01 pg (ml plasma)™
(n=18); Fig. 44). Plasma levels of the cyclo-oxygenase-
derived prostaglandin PGF,, were no different between

VHF and VC (PGF,,: VHF, 51499 4 53-08 pg (ml
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[8-is0 PGF,.] (pg ml™")

200+

1200+ Hekok
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2004
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Figure 4. Plasma concentrations of 8-iso PGF,, and
PGF,,

Plasma concentrations (pg (ml plasma)™) of 8-iso PGF,, (4)
and PGFy, (B) from virgin (VC; n = 18) and pregnant (PC;

n = 10) rats fed the control diet and virgin (VHF; n = 20)
and pregnant (PHF'; n = 10) rats fed the saturated fat diet.
Values are given as means + s.g.m. 4: ** P < 0:01, PHF vs.
PCand *** P < 0-001, VHF vs. PHF; B: ** P < 0-01, PC vs.
VCand *** P < 0:001, PHF vs. VHF.
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plasma)™ (n= 20) vs. VC, 696:34 + 73-73 pg (ml plasma)™
(n=18); Fig. 4B).

Effects of high saturated fat diet in pregnant animals

There was no significant difference in maternal weights
between PC and PHF rats at 20—22 days gestation (PHF,
30805 + 607 g (n=11) vs. PC, 293-38 + 6:05 g (n=11)).
High fat-fed dams had significantly more and heavier fetuses
than pregnant controls (average number of fetuses per dam:
PHF, 12:64 + 049 (n=11) vs. PC, 10-27 £ 0:83 (n=11);
P < 0:05. Fetal wt on day 20 gestation: PHF, 2:71 + 0:07 ¢
(n=41) v5. PC, 1-86 & 0-02 g (n = 56); P < 0-001).

Vascular function. Preconstriction to NA was not different
between PC or PHF rat arteries, or in the presence of any
inhibitor. In contrast to virgin animals, arteries from
pregnant, saturated fat-fed animals had similar sensitivities
and maximum responses to NA compared with pregnant
controls (Table 3 and Fig. 2B). There was a significant
reduction in maximum relaxation, but not sensitivity, to
ACh in the pregnant saturated fat-fed group (Table 3 and
Fig. 54). Indomethacin significantly reduced the maximal
response to ACh in PC rats only, thereby negating the defect
in maximal response observed without indomethacin
(Table 3 and Fig. 5B). Relaxation to ACh in the presence of
nitric oxide and cyclo-oxygenase inhibition was significantly
reduced in arteries from the PHF rats (Table 3 and
Fig.5(C). However, relaxation was no different and was
completely inhibited in PC and PHF rats in the presence of
indomethacin, L-NAME, ODQ and partially depolarizing
PSS (25 mm KCl) (Table 3 and Fig. 5C). Relaxation to the
endothelium-independent vasodilator sodium nitroprusside

was no different between PHF and PC (Table 3).

8-iso PGF,, and PGF,,. Total (free and esterified) plasma
levels of the F,-isoprostane 8-iso PGF,, were significantly
higher in PHF compared with PC rats (8-iso PGF,,: PHF,
72628 + 112-26 pg (ml plasma)™ (n = 10) vs. PC, 297-16 +
14+64 pg (ml plasma)™ (n = 10); P < 0-01; Fig.44). Plasma
levels of the cyclo-oxygenase-derived prostaglandin PGF,,
were similar in both groups (PGF,,: PHF, 105650 +
96-37 pg (ml plasma)™ (n=10) vs. PC, 90544 + 37-94 pg
(ml plasma)™ (n = 10); not significant; Fig. 4B).

Comparison of non-pregnant vs. pregnant (normal
and high fat diet) goups

Vascular function. Sensitivity to NA was significantly
greater in PC than in VC rats, whereas sensitivity to NA in
PHF and VHF rats was similar (Table 3). Preconstriction to
NA, in the absence or presence of any inhibitor, was no
different in arteries from pregnant or virgin rats on either
dietary regime. Relaxation to ACh was significantly greater
in the pregnant animals compared with virgins irrespective
of diet (Table 3). In the control fed group, the enhanced
relaxation to ACh in arteries from PC rats compared with
VC rats was attributable to alteration in a cyclo-oxygenase-
derived prostanoid and to enhanced nitric oxide synthesis
or reduced degradation, whereas enhanced sensitivity to



J. Physiol.517.2

ACh in arteries from PHF compared with VHEF rats was

due to a cyclo-oxygenase-derived prostanoid only (Table 3).

Relaxations to sodium nitroprusside were similar in virgin
and pregnant animals irrespective of diet.

8-iso PGF,, and PGF,,. Plasma levels of 8-iso PGF,, were
similar in PC and VC rats but were significantly raised in
PHF compared with VHF rats (Fig. 4A4).
concentrations of PGF,, were significantly higher in the

pregnant compared with virgin rats irrespective of dietary
intake (Fig. 4B).

Plasma

DISCUSSION

The major finding of this study was that there was
impairment of endothelial vasodilator function in arteries
from virgin and pregnant Wistar rats fed a 20 % saturated
fat diet. To our knowledge there is only one previous study
demonstrating cardiovascular dysfunction in rats fed a
saturated fat diet (Langley-Evans et al. 1996), in which
higher systolic blood pressures in rats fed a diet supplemented
with coconut oil were observed. In man it is generally
considered that vascular endothelial impairment associated
with cardiovascular risk factors, including a high saturated
fat intake, is a consequence of increased plasma low-density
lipoprotein (LDL) cholesterol (Goode et al. 1995). In the
present investigation, impairment of endothelium-dependent
relaxation in the rats fed saturated fat, as assessed by
relaxation to ACh, did not significantly correlate with plasma

A B
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cholesterol, which was reduced. A similar fall in plasma
cholesterol concentration has been previously reported in
rats fed a saturated fat diet (Salter ei al. 1991) and is
characteristic of the rodent response to a saturated fat diet.

This study has suggested, therefore, that cholesterol-
independent pathways can evoke endothelial dysfunction
in rats fed saturated fat. At 100 days of age, virgin,
saturated fat-fed rats had significantly higher fasting
insulin and glucose concentrations than controls fed
normal chow, highly suggestive of insulin resistance.
Confirmation of insulin resistance in these saturated fat-fed
rats would be unequivocally proven only by euglycaemic—
hyperinsulinaemic clamp (Holemans et al. 1997), but
saturated fat ingestion in rats has previously been used as a
model of insulin resistance (Fryer & Kruszynska, 1987) and
obesity (Boozer et al. 1995). The association between insulin
resistance and vascular disease, at least in man, is well
recognized (McVeigh et al. 1992) and the link may well be at
the level of the vascular endothelium (Steinberg et al. 1996;
Chowienczyk & Watts, 1997). The defect in relaxation to
ACh in the saturated fat-fed virgin rats appeared to result
from reduced nitric oxide production or increased nitric
oxide degradation, as the difference from control remained
with cyclo-oxygenase inhibition but was no longer evident
in the presence of nitric oxide synthase (NOS) and cyclo-
oxygenase blockade. Abnormal relaxation to nitric oxide
was likely to be of endothelial origin as smooth muscle
sensitivity to exogenous nitric oxide (in the form of sodium
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nitroprusside) was not different. The enhanced sensitivity to
NA in the virgin rats on the saturated fat diet could also
potentially be explained on the same basis, as NA promotes
endothelial nitric oxide synthesis (Liao & Homey, 1993).
Theoretically, these abnormalities may result from insulin
resistance, as endothelial dysfunction could arise from
transient postprandial hyperglycaemia (Tribe & Poston,
1996) and/or dyslipidaemia associated with this disorder
(Hennig et al. 1994; Vogel et al. 1997). Conversely, endothelial
dysfunction could play a role in the development of insulin
resistance (Petrie et al. 1996), since insulin stimulates
endothelial nitric oxide production (Scherrer et al. 1994),
which would aid glucose delivery to peripheral tissues by
increasing local blood flow. However, this concept has
recently been challenged (Scherrer et al. 1994).

The fat-fed virgin rats in this study ate a similar number of
calories to the normal animals, and increased calorific intake
per se can therefore be discounted as a possible cause of
vascular dysfunction. The VHEF rats also demonstrated
evidence of fat accumulation as they had proportionately
greater body fat mass than the controls and, akin to obese
human subjects, this might contribute to insulin resistance.
Nevertheless the diet, designed to mimic that of human
subjects on a high saturated fat intake, would have resulted
in a reduction in essential nutrient intake as the saturated
fat-fed animals ate significantly less. Although the saturated
fat diet was supplemented with minerals and vitamins, it
cannot be discounted that in rats, and presumably in
humans, a diet high in saturated fat may be deleterious to
vascular function because of the reduced intake of other
dietary components.

The reduction in endothelium-dependent relaxation in PHF
rats was not as marked as in VHF rats, which may reflect
the protective effect of oestrogens on endothelial function,
through endothelial nitric oxide synthase (eNOS) activation
(Hayashi et al. 1995). In pregnancy, saturated fat feeding
revealed a reduction in two components of endothelium-
dependent relaxation. Firstly, and in contrast to VHF rats,
decreased dilator prostanoid activity played a role as
differences between PHF and VHF disappeared upon cyclo-
oxygenase inhibition. Secondly, simultaneous nitric oxide
and prostaglandin inhibition unmasked a large difference in
residual ACh-induced relaxation between the groups. As this
was completely inhibited by partial depolarization by raised
extracellular potassium levels in both groups, it suggested
the reduced synthesis of a hyperpolarizing factor in the rats
fed a saturated fat diet. This may be the endothelium-derived
hyperpolarizing factor (EDHF) which elicits relaxation by
vascular smooth muscle hyperpolarization (Garland et al.
1995).

To our knowledge, this is the first study to have evaluated
the plasma concentration of the F,-isoprostane 8-iso PGF,,
in response to saturated fat intake in animals. Whereas the
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concentration of 8-iso PGF,, was similar to that in control
animals in the VHF group, it was raised in the PHF group.
The normal plasma concentration of 8-iso PGF,, in the
virgin animals questions the reported association between
saturated fat feeding and increased free radical production.
Previous studies have reported increases in oxidative stress
in mice (Ibrahim et al. 1997) and man (Erhardt et al. 1997)
fed a saturated fat diet, evaluated by the measurement of
markers of oxidative stress now considered to be less reliable
than that of the F,-isoprostane assay. One study in man has
reported no change in anti-oxidant to pro-oxidant ratio with
altered fat consumption and would agree with the data
presented here (Velthuis-te Wierik et al. 1996). Accurate
quantification of oxidative stress is problematic. Recently,
the measurement of the F,-isoprostanes has been shown to
be a consistently good marker of oxidative damage (Morrow
& Roberts, 1996). The 8-iso PGF,, isoform is produced in
plasma as a direct result of a non-enzymatic free radical
attack of membrane arachidonic acid (Morrow & Roberts,
1996). The lack of involvement of enzymatic synthesis of
8-iso PGF,, in this study was confirmed by the independence
of plasma 8-iso PGF,, concentrations from those of plasma
PGF,,, synthesis of which is dependent upon cyclo-
oxygenase. The observation that 8-iso PGF,, was raised in
PHF rats but not in VHF rats suggests that pregnancy
increases the likelihood of lipid peroxidation. Indeed, human
pregnancy has been associated with an increase in free
radical production (Wisdom et al. 1991). To our knowledge
there are no reports of increased oxidative stress in rat
pregnancy, but this study suggests that it is insufficient to
evoke peroxidation as assessed by 8-iso PGF,,. However, the
saturated fat consumption may have tipped the balance
favouring a pro-oxidant state sufficient to elicit 8-iso PGF,,
synthesis in pregnancy:.

As was observed with the non-pregnant animals, the lack of
increase in weight in the pregnant animals fed saturated fat
may indicate a reduction in food intake and a relatively
lower intake of nutrients compared with the control animals.
This would also be anticipated in the human situation and
we cannot exclude the possibility that oxidative stress and
vascular dysfunction may arise in part as a consequence of
this. Additionally, these animals had been fed saturated fat
before conception, which may have influenced the pregnancy,
as high fat-fed rats demonstrate poor reproductive
performance (Shaw et al. 1997). Tt would be of interest
therefore to determine whether fat feeding in pregnancy
alone evoked similar defects in vascular function and
oxidative stress.

This study has also provided comparisons between pregnant
and non-pregnant animals. In contrast to previous studies
(Sladek et al. 1997), arteries from normal pregnant rats
showed enhanced constrictor sensitivity to NA when
compared with virgin animals. The enhanced ACh-induced
relaxation in arteries from pregnant animals on either diet
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compared with arteries from virgin controls agrees with
other studies in the same vascular bed (Pascoal et al. 1995)
and may contribute to the normal cardiovascular adaptation
to pregnancy (Sladek et al. 1997). The significantly greater
dilator prostanoid component of ACh-induced relaxation in
pregnant compared with virgin rats in both groups was
paralleled by higher plasma concentrations of PGF,,,
suggestive of enhanced cyclo-oxygenase activity previously
reported in rat pregnancy (Sladek et al. 1997). However, the
ACh increase was less pronounced in the arteries from the
pregnant rats fed saturated fat and was not accompanied by
any increase in the nitric oxide component of ACh-induced
relaxation, as occurred in the pregnant rats fed normal chow.
The saturated fat diet was therefore deleterious to the normal
adaptation of the vasculature to pregnancy.

The intrauterine environment is now thought to be crucial
in programming for cardiovascular diseases in adulthood,
notably hypertension, insulin resistance and coronary heart
disease (Barker, 1994), and we have recently shown
endothelial dysfunction in the offspring of dams fed
saturated fat (Koukkou et al. 1998). Langley-Evans (1996)
has also shown that male offspring of rats fed saturated fat
(coconut oil) are hypertensive. Maternal oxidative stress
associated with saturated fat diet in this study may be
amongst the factors responsible.

In summary, investigation of saturated fat intake in the rat
which, in common with other rodents, is paradoxically
associated with a fall in plasma cholesterol, has facilitated
the investigation of cholesterol-independent pathways of
vascular dysfunction. We conclude that an increase in
saturated fat intake may lead to endothelial dysfunction in
virgin and pregnant rats independently of plasma cholesterol,
and by different mechanisms. These findings highlight the
need for further detailed investigation of saturated fat
intake and vascular dysfunction, particularly in pregnancy,
when an increase in oxidative stress may increase the risk of
cardiovascular dysfunction in both mother and fetus.
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