Hypertension and Its Treatment Influence Changes in Fasting Nonesterified
Fatty Acid Concentrations: A Link Between the Sympathetic Nervous System
and the Metabolic Syndrome?
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In previous studies, a cross-sectional association has been described between blood pressure (BP) and nonesterified fatty acid
(NEFA) concentrations. The direction of causality, and thus, the mechanism explaining this relationship, remains uncertain.
Therefore, we analyzed a prospective population-based cohort of 937 subjects who underwent an oral glucose tolerance test
(OGTT) on two occasions separated by 4.5 years. In cross-sectional analysis, NEFA measures were correlated with systolic and
diastolic BP, both at baseline and at follow-up study. In longitudinal analysis, baseline systolic and diastolic BP predicted
changes in fasting NEFA levels {both P < .01). However, baseline NEFA levels did not predict change in BP. In multivariate
analysis, the relationship between baseline BP and change in fasting NEFA was independent of age and sex. Obesity and its
interaction with BP did not explain this association. Absolute changes in NEFA concentrations were greater among subjects
who were hypertensive at baseline compared with the normotensive individuals. This change was greater in subjects treated
with diuretics compared with those treated with B-adrenergic antagonists (P < .01), an observation that provides support for

a role of sympathetic nervous system (SNS) activity in explaining the relationship between BP and NEFA concentration.
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HE METABOLIC SYNDROME (MS), otherwise known
as syndrome X or the insulin resistance syndrome, is a
clustering of cardiovascular risk factors (low high-density
lipoprotein [HDL] cholesterol and elevated triglyceride concen-
trations, glucose intolerance, obesity, and hypertension) that are
associated with an increased risk of developing type 2 diabetes
and coronary heart disease.'-* The association between hyperten-
sion and other features of the syndrome is relatively weak, and
therefore, its inclusion as part of the MS is still debated.™*
Insulin resistance has been proposed as the underlying feature
of the MS.! A relationship between insulin resistance and blood
pressure (BP) is possible and may be explained by several
mechanisms, including increased sympathetic nervous system
(SNS) activity, reduced sodium excretion, vascular smooth
muscle cell proliferation, or reduced capillary density of
skeletal muscle.>® However, in several studies, hyperinsulin-
emia, a marker of insulin resistance, and BP were not shown to
be linked, particularly in subjects with essential hyperten-
sion. !0
Recently, it has been suggested that nonesterified fatty acid
(NEFA) metabolism could be a mechanism linking hyperten-
sion and the MS.!2"" The Randle-cycle hypothesis predicts that
increased NEFA levels would reduce insulin-mediated glucose
uptake, thereby causing insulin resistance.'’ Therefore, a rela-
tionship between NEFA and BP would support the inclusion of
hypertension as a part of the syndrome. This mechanism is
supported by the observation of a higher prevalence of hyperten-
sion in individuals with obesity, diabetes, or dyslipidemia,
conditions that are associated with increased NEFA levels.'6-1?
An association between increased NEFA concentrations and BP
has been shown in cross-sectional studies, but the mechanism
explaining this association and the direction of causality remain
unclear.!3-14 This association could be explained by the hemody-
namic, neurohumoral, and microvascular changes linked to BP
or by the effect of NEFA on vascular tone.!>1420-33 No prospec-
tive epidemiological studies have investigated this relationship
over time, and therefore, the aim of this study was to investigate
the relationship between the change in BP, treated as both a
continuous and a categorical variable, and the change in NEFA
measures over time.
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SUBJECTS AND METHODS

The Ely Study is a prospective population-based cohort established in
1990 and has previously been described in detail.>*?5 Subjects for the
study were recruited from a general practice register in Ely, Cam-
bridgeshire. A letter of invitation was sent to a random selection of
1,122 patients not previously known to have diabetes (74% response
rate), between the ages of 40 and 65 years at recruitment. A total of
1,071 subjects who participated in phase 1 of the study from 1990 to
1992 were found to be nondiabetic, and 937 (87%) of these individuals
were retested in phase II after a mean interval of 4.5 years. The 134
subjects who were not retested included those who died, who refused to
be reexamined, or who moved outside the United Kingdom. The
Cambridge Local Research Ethics Committee granted approval for the
study, and all subjects provided written consent.

At both baseline and follow-up evaluation, subjects underwent a
clinical examination that included dietary and medical questionnaires
and anthropometric measurements. The body mass index (BMI) was
calculated as the weight in kilograms divided by the height squared in
meters. Waist circumference was measured at the midpoint between the
inferior border of the costal margin and the anterior superior iliac crest,
and hip circumference was measured at the level of the greater
trochanter. Diastolic and systolic BP were recorded at rest with the
subject seated using an Accutorr automatic sphygmomanometer (Data-
scope, Cambridge, UK). Three sets of readings were taken in the right
arm, 1 minute apart. Hypertension was defined as a diastolic BP of 95
mm Hg or higher.

The oral glucose tolerance test (OGTT) consisted of a 75-g oral
glucose challenge with collection of venous blood samples at 0, 30, and
120 minutes. Plasma samples were immediately separated, kept on ice,
and stored at —70°C within 4 hours. Serum was separated from the
samples kept at room temperature for 30 minutes and was then stored in
the same way as the plasma samples. The plasma glucose level was
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measured by the hexokinase method, and the triglyceride level was
measured using the RA 1000 instrument (Bayer Diagnostics, Basing-
stoke, UK) with a standard enzymatic method. Plasma insulin was
determined by two-site immunometric assays with either '] or alkaline
phosphatase labels.>”-* Insulin concentrations were measured at 0, 30,
and 120 minutes. The 30-minute insulin incremental response (a
measure of first-phase insulin secretion) was included in the analysis,
and was calculated by dividing the difference between 30-minute
insulin and O-minute (fasting) insulin concentrations by the 30-minute
glucose concentration. '3

Plasma NEFAs were determined enzymatically based on the activity
of acyl-coenzyme A (acyl-CoA) synthetase (Boehringer Mannheim,
Lewes, UK). The resultant acyl-CoA was oxidized to yield hydrogen
peroxide, which was measured colorimeu-ically.29 The assay had a
between-assay coefficient of variation of 6% (high NEFA levels) to 10%
(low NEFA levels) in phase I and 2.7% (high NEFA levels) to 5.1% (low
NEFA levels) in phase 1l of the study. NEFA concentrations were
measured in samples at 0, 30, and 120 minutes during the OGTT in both
phases I and II of the study. The NEFA area was defined as the area
under the trapezoid described by NEFA measurements at 0, 30, and 120
minutes.'?

Statistical Analysis

The analysis was restricted to subjects tested at both baseline and
follow-up study. Patients were excluded from the first analyses if they
used antihypertensive agents either at baseline or at follow-up. To study
the effects of 3-adrenergic antagonists on NEFAs, subjects treated with
any medications of this class alone, without diuretics, at baseline and
follow-up study were compared with subjects treated with diuretics
alone, without B-blockers, at baseline and follow-up study.
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The arithmetic mean * SEM are presented where the underlying
variable was normally distributed. Triglycerides, fasting insulin, the
30-minute insulin incremental response. and NEFAs at fasting and 30
and 120 minutes were normalized by logarithmic transformation and
are presented as the geometric mean and 95% confidence interval. T
tests or Mann-Whitney tests were used to compare means. Changes in
NEFAs were defined as the residual of a linear regression model with
the NEFA measure at follow-up as the dependent variable and the NEFA
measure at baseline as the independent variable. To determine which
features predicted change in fasting NEFA levels and measures of NEFA
suppression, Pearson correlation coefficients were calculated between
the change in NEFA measures and diastolic and systolic BP and factors
known to be correlated with NEFAs.!3'® Each significant feature in
univariate analysis and its interaction with BP (if necessary) were
included in a multivariate linear regression model with BP to determine
whether BP was still an independent factor predicting change in NEFA.
For each variable, the B coefficient and its significance are shown. The
adjusted R” is presented to show the overall variability explained by the
model. All features and their interactions that were previously signifi-
cant were included in the final model. All analyses were conducted
using the SPSS (SPSS, Chicago, IL) for Windows package.

RESULTS

Eighty-nine percent of the women initially recruited (543 of
608) and 85% of the men (394 of 463) underwent follow-up
testing.”> Of these individuals, 107 women and 75 men were
excluded from the initial analysis because they were being
treated with antihypertensives at the baseline and/or follow-up
study. The characteristics of the remaining 436 women and 319

Table 1. Characteristics of Subjects at Baseline, at Follow-up, and Differences Between Follow-up and Baseline, by Sex

Women Men
Characteristic Baseline Follow-up Difference Baseline Foliow-up Difference

No. of subjects 436 436 319 319
Age (yr) 52.7 {0.36) 57.1 (0.36) 4.44(0.02)+ 53.7 (0.44) 58.1 {0.44) 4.46 (0.03}+
BMI (kg/m2) 25.0 {0.20) 26.0 (0.21) 1.03 (0.10)#  25.7 (0.16)8 26.5 (0.18) 0.77 (0.08)%
WHR 0.76 (0.003) 0.80 (0.004) 0.04 (0.003)%  0.90 (0.003)}| 0.96 (0.004) 0.06 (0.003)%
Diastolic BP

{mm Hg) 75.6 (0.47) 74.2 (0.48) -1.26 (0.41)t  79.6 (0.55)| 79.0 (0.59) —0.45 (0.51)
Systolic BP

{mm Hg) 125.0 (0.8) 124.2 (0.8) -0.78 (0.66) 129.3 (0.8} 129.2 {0.9) 0.17 (0.75)
HDL cholesterol

(mmol/L) 1.60 (0.02) 1.63 (0.02) 0.02 (0.01) 1.31 (0.02)|} 1.34 (0.02) 0.03 (0.01)*
Fasting insulin

{pmol/L} 37.7 (35.6-40.0) 37.7 (35.6-40.0) 1.4{1.3) 40.0 (37.8-42.5) 42.1 (39.7-44.6) 29(2.3)
Insulin increment 27.1 (25.6-28.8) 32.8 (30.9-34.8) 6.1(1.1)¢ 25.0 (23.1-27.1) 30.3 (28.5-32.1) 6.12 (1.27)%
Fasting plasma

glucose (mmol/l) 5.56 (0.03) 4.85 (0.03) -0.71(0.03)% 5.85 (0.03)|l 5.12 {0.03) —0.74 (0.05)
Plasma glucose
120 min  {mmol/L} 6.19 (0.07) 5.83 (0.09) —0.37 {0.08)% 6.20 {0.09) 5.84 (0.12) ~0.36 {0.12)1
Triglycerides

{mmol/L) 1.07 (1.03-1.11) 0.99 (0.93-1.05) -0.09 (0.03)t 1.32 (1.25-1.40)) 1.12(1.05-1.18) —0.26 (0.05)%
Fasting NEFA

{mmol/L) 0.45 (0.43-0.48) 0.49 (0.47-0.51) -0.003 {0.02) 0.36 {0.33-0.39)| 0.41 (0.39-0.43) 0.03 {0.02)
NEFA 30 min

{mmol/L) 0.35 (0.32-0.38) 0.28 {0.26-0.29) -0.11 (0.14)% 0.34 (0.31-0.36) 0.27 (0.25-0.29) -0.11 (0.01)%
NEFA 120 min

{mmoliL) 0.061 (0.057-0.066)  0.058 {0.055-0.061) —0.01 (0.03)% 0.071 (0.066-0.077)§  0.065 (0.065-0.071) —0.01 (0.04)t
NEFA area

{mmol - h-'/L) 0.64 (0.02) 0.51 (0.01) -0.12 (0.02)% 0.57 (0.02)8 0.47 (0.01) —0.11 (0.02)

NOTE. Data are the arithmetic mean (SEM) and geometric mean (95% confidence interval).
*P < .05, 1P < .01, $P < .001 (difference v0); §P < .01, ||P < .001 {(women vmen).



HYPERTENSION AND CHANGES IN NEFA LEVELS

Table 2. Cross-Sectional Correlation Coefficients Between

NEFA M sres and Di lic and Systolic BP at Baseline
and Follow-up Study
Parameter Fasting NEFA NEFA Acrea
Baseline
Diastolic BP .09* A1t
Systolic BP 167 A7t
Follow-up
Diastolic 8P A0t A7t
Systolic BP A7 241
NOTE. Data are Pearson correlation coefficients.
*P < .05.
TP < .01,

men are shown in Table 1. The 30-minute insulin incremental
response increased and the NEFA area and NEFA levels at 30
and 120 minutes during the OGTT decreased in men, as well as
women. There were no significant changes in BP (except
diastolic BP in women) and fasting NEFA concentrations during
the follow-up study.

In cross-sectional analysis, fasting NEFA and the NEFA area
were all correlated with diastolic and systolic BP both at
baseline and at follow-up (Table 2). After adjustment for the
baseline NEFA value, both baseline diastolic and systolic BP
were associated with fasting NEFA and the NEFA area at
follow-up study (Table 3). Baseline BMI was correlated with
the change in all NEFA markers, but the waist to hip ratio
(WHR) was only correlated with the change in NEFA area.
Baseline fasting and 2-hour plasma glucose and fasting insulin,
triglyceride, and HDL cholestero! all predicted the change in
NEFA.

After stratification by tertiles of baseline BMI (Fig 1), a
significant positive association was demonstrated between
baseline diastolic and systolic BP and fasting NEFA at fol-
low-up study adjusted for baseline. This association was
restricted to subjects in the middle and upper tertiles, ie, those
with a BMI of at least 23.5 kg/m?. No other interaction with BP
was found.

To determine the independent factors predicting NEFA
measures at follow-up, significant baseline features in univari-
ate analysis and the interaction with BP and BMI were tested in
a multivariate linear regression model (Table 4). The 2-hour
plasma glucose, rather than fasting glucose, and diastolic rather
than systolic BP were chosen for the multivariate analysis
because of their reduced variance. In model 1, diastolic BP at
baseline independently predicted fasting NEFA concentrations
at follow-up study after adjustment for baseline fasting NEFA,
age, and sex. Then, the other factors were introduced into the
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model one by one. Only the 2-hour plasma glucose and fasting
insulin were still significant. Finally, these two significant
factors were introduced together in model 1, and diastolic BP at
baseline independently predicted fasting NEFA concentrations
at follow-up after adjustment for baseline fasting NEFA, age,
sex, and 2-hour glucose (fasting insulin was no longer signifi-
cant). Only systolic BP at baseline predicted the NEFA area at
follow-up after adjustment for age, sex, 2-hour glucose, fasting
insulin, and WHR.

We compared NEFA concentrations during the OGTT in
hypertensive subjects (without treatment, n = 28) and normoten-
sive subjects (n = 727) at baseline. Fasting NEFA levels at
follow-up study in both sexes and at 30 minutes in men were
significantly higher in the hypertensive group (Fig 2). After
adjustment for baseline, fasting NEFA and the NEFA area at
follow-up were significantly higher in hypertensive subjects
compared with normal individuals (both P < .001).

In this group of untreated individuals, resting heart rate was
correlated both with fasting NEFA (r = .21, P < .01), and the
NEFA area (r = .23, P < .01). Since the heart rate is related to
SNS activity, this raised the possibility that the SNS could be
part of the mechanism linking BP and NEFA. We sought to
examine this possibility further by investigating the change in
NEFA in subjects who were started on antihypertensive therapy
during the course of the follow-up study. Antihypertensive
agents are known to affect NEFA concentrations, 2! but our
main comparison was between the sole use of B-blockers and
diuretics, since these agents have different effects on SNS
activity. At baseline, 113 patients were treated with antihyperten-
sives, 66 with B-blockers, 56 with diuretics, three with ACE
inhibitors, and 15 with calcium antagonists. At follow-up, 145
patients were treated with antihypertensives, 66 with B-block-
ers, 71 with diuretics, 15 with ACE inhibitors, and 22 with
calcium antagonists. Thirty-three subjects were treated with
B-blockers without diuretics both at baseline and at follow-up.
Twenty-eight (85%) of the subjects received B-blockers without
intrinsic sympathomimetic activity. Twenty-two subjects were
treated with diuretics without B-blockers at baseline and
follow-up (55% thiazides, 15% potassium-sparing and thia-
zides, and 30% loop diuretics). Between baseline and follow-up
study, fasting NEFA increased in subjects treated with diuretics
and tended to decrease in subjects treated with B-blockers. The
difference between B-blockers and diuretics in the fasting
NEFA change between baseline and follow-up was significant
(P < .01). In contrast, the BMI increased more with 3-blockers
than with diuretics (P < .05). No other differences were signifi-
cant. Figure 3 shows NEFA concentrations at follow-up during

Table 3. Longitudinal Relationship Between Explanatory Variables at Baseline and NEFA Measures at Follow-up

Baseline Variables

Follow-up Age SBP DBP BMI WHR PGO PG 120 Insulin 0 TG HDL Cholesterol
Fasting NEFA$ 19t .14t A1 .08* -.01 .09* 201 .10% .10* .00
NEFA area$ 211 .18t 12t 161 .09* .16t .30t .18t 211 -.10*

NOTE. Data are Pearson correlation coefficients. Fasting NEFA, TG, and insulin 0 {fasting) are normalized by logarithmic transformation.
*P < 05,
tP<.01.

$After adjustment for baseline.

Abbreviations: SBP and DBP, systolic and diastolic BP; PG, plasma glucose; TG, triglycerides.
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the OGTT. Fasting concentrations were significantly lower in
subjects treated with B-blockers versus diuretics, but there was
no difference in diastolic and systolic BP at baseline and
follow-up. After stratification by sex. there was a trend for lower
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Fig 1. Fasting NEFA at follow-up (adjusted for baseline) according
to tertiles of baseline diastolic and systolic BP, by tertiles of baseline
BMI: 1{T3), (33}, 11 {M). *P = .06, **P = .02, and ***P = .001.
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Table 4. Multivariate Linear Regression Analysis With Fasting NEFA
Level at Follow-up as Outcome and Baseline Explanatory Variables

Baseline
Fasting R
NEFA Age Sex DBP Insuiin Adjusted
Model 1 .29% 18% .16% 13t .19
Model 2 .29% 9% .15% A1t .08* 19
Model 3 .26% .16% .15% A1t .16% .20

NOTE. Results are significant standardized B-coefficient.

Abbreviations: DBP, diastolic BP; PG120, 120-minute plasma glu-
cose after OGTT.

*P - .05,

tP< .01,

3P < .001.

fasting NEFA concentrations with 3-blocker treatment (P = .07
in women and P = .06 in men: data not shown). Furthermore,
after adjustment for baseline values, fasting NEFA concentra-
tions at follow-up were still significantly higher in subjects
treated with diuretics in comparison to those treated with
[3-blockers (P < .01) and normotensive individuals (P < .01),
and were not different versus hypertensive patients without
treatment. Conversely, subjects treated with B-blockers had
lower fasting NEFA levels (after adjustment for baseline) than
untreated hypertensive patients (P < .05) and were not different
versus normotensive individuals.

DISCUSSION

Hypertension is a controversial element of the MS, and its
relationship to insulin resistance and diabetes is unclear.* It has
been postulated that NEFA metabolism could mediate a link
between BP and the MS.'*!* Previous cross-sectional studies
have shown that NEFA and BP are correlated. but have not been
able to provide evidence about the direction of causality. The
present prospective study shows for the first time that BP.
treated as a continuous variable or as a category, predicts change
in fasting NEFA levels, but the converse is not true. This
suggests that either hypertension itself or a phenomenon
associated with it is causally linked to changes in NEFA
metabolism. There is no support in this study for a mechanism
in the opposite direction, ie, elevated NEFA levels causing
hypertenston. The correlation between heart rate and NEFA
levels raises the possibility of SNS activity acting as a common
pathway, a hypothesis supported by the intriguing observation
of opposite longitudinal effects on NEFA of B-blockers and
diuretics in subjects whose hypertension was treated.

In our study, the change in fasting NEFA concentration over
4.5 years was correlated with BP at baseline. After adjustment
for age, sex, 2-hour glucose, and fasting NEFA level at baseline,
a relationship between diastolic BP at baseline and fasting
NEFA at follow-up was observed. This result suggests that BP is
associated with the change in the fasting NEFA concentration, a
conclusion supported by the observation of greater change in
fasting NEFA concentrations over time in hypertensive subjects
compared with normotensive individuals. In a small cross-
sectional study using a euglycemic-hyperinsulinemic clamp
test, Hennes et al'* compared 10 obese hypertensive and six
obese normotensive individuals with seven lean normotensive
subjects. They showed that fasting NEFA levels were higher in
obese versus lean subjects, but not in obese hypertensive versus
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obese normotensive subjects. Thus, obesity could be a confound-
ing factor in the relation between NEFA levels and BP. Previous
data have shown that hypertensive patients have higher fasting
NEFA concentrations than BMI-matched control subjects.*® In
our large population, the relationship between BP and fasting
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NEFA was significant in individuals with a BMI above 26.2, but
was stronger in subjects in the middle tertile for BMI (between
23.5 and 26.2 kg/m?). Furthermore, neither the BMI nor WHR
(a marker of abdominal obesity) predicted a change in fasting
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NEFA concentration. These data suggest that obesity and its
interaction with BP cannot explain the observed association
between BP and fasting NEFA.

Since the same difference in the fasting NEFA concentration
was found in hypertensive and normotensive subjects with
different definitions of hypertension (eg, diastolic BP > 95
and/or systolic BP > 140 mm Hg, or diastolic BP > 95 mm Hg
and/or antihypertensive use), it seems unlikely that this differ-
ence was due to BP measurement error in our study.

The relationship between BP and fasting NEFA could be
explained by the hemodynamic, neurohumoral, and microvascu-
lar changes linked to BP. Because it not only regulates BP but
also enhances lipolysis, SNS activity may be a confounding
factor,20233134 SNS and catabolic hormones such as growth
hormone and catecholamines regulate lipolysis by stimulating
lipoprotein lipase, and they are therefore major determinants of
fasting NEFA levels when insulin levels decrease, while in the
fed state, the effects of insulin predominate.?>3¢ Since BP
reflects SNS activity, the predictive effect of BP on the fasting
NEFA level may be explained by the SNS. This hypothesis is
supported by previous studies showing a cross-sectional relation-
ship between the MS and heart rate used as a marker of SNS
activity.3’-39 Therefore, the weaker relationship in subjects with
a BMI less than 23.5 g/m? in our study suggests that adipose
tissue is important for this association and may be explained by
decreased SNS activity in lean versus fat individuals.40

The opposing effects of B-blockers and diuretics on NEFA
levels support this hypothesis. Adrenoreceptors, especially 8,
and ;, have been found in human fat and may regulate lipolytic
activity.'>4143 B-Blockers without intrinsic sympathomimetic
activity, even those that are 3-selective such as atenolol, can
reduce lipolysis?'* and decrease SNS activity, in contrast to
thiazide diuretics.202345 Both selective and nonselective B-block-
ers decrease lipoprotein lipase activity,?? and therefore increase
plasma triglyceride levels.* Inhibition of lipase may be achieved
through the direct inhibitory action of the B-blockers them-
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selves or may be secondary to unopposed a-adrenergic stimula-
tion.*> Furthermore, since the heart rate is another marker of
SNS activity, this hypothesis is consistent with the positive
correlations between the heart rate and fasting NEFA or the
NEFA area.

In our study, both at baseline and at follow-up study. more
than 70% of antihypertensive treatment included diuretics
and/or B-blockers, which have different effects on NEFA
metabolism. B-Adrenergic antagonists without intrinsic sympa-
thomimetic activity such as atenolol could decrease fasting
NEFA concentrations in hypertensive subjects. Other antihyper-
tensive agent also affect NEFA metabolism, as it has been
shown that ACE inhibitors may improve insulin-mediated
lipolysis.'* This finding reinforces the importance of consider-
ing all features of the MS when choosing antihypertensive
treatment.

In conclusion, baseline BP was independently associated
with the change in fasting NEFA levels over time. Our results
suggest that this relationship may be due to increased SNS
activity because, in contrast to diuretic therapy, treatment with
B-blockers can prevent an increase in fasting NEFA in hyperten-
sion.
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