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SUMMARY

Introduction: The effects of dietary fatty acid supplementation on lipoprotein fatty acid
composition have rarely been described.

Patients and Methods: Sixty-one overweight and obese adults with dyslipidemia and insulin
resistance were randomized to placebo, 2 g/day extended-release nicotinic acid (ERN), 4 g/day
prescription omega-3 fatty acid ethyl ester (P-OM3), or combination therapy for sixteen weeks.
Lipoprotein fatty acid composition was analyzed by gas chromatography pre- and post-treatment.

Results: Treatment with P-OM3 or combination, but not ERN, increased proportions of
eicosapentaenoic acid, docosahexaenoic acid, and docosapentaenoic acid, and reduced those for
arachidonic acid in all lipoprotein fractions, with greatest impact in the high-density lipoprotein
fraction. P-OM3-induced changes in eicosapentaenoic acid within low-density lipoproteins and
very low-density lipoproteins were associated with beneficial effects on mean arterial pressure and
pulse pressure.

Conclusions: P-OM3 supplementation, with or without ERN, was associated with differentially
altered lipoprotein fatty acid composition and improved blood pressure parameters.
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INTRODUCTION

Changes in lipoprotein concentration and composition play a role in the development of
atherosclerosis and cardiovascular disease events [1]. Increased circulating levels of very
low-density lipoproteins (VLDL,; particularly VLDL remnants) and low-density lipoproteins
(LDL) contributes to atherosclerosis and cardiovascular disease by promoting ectopic lipid
accumulation, particularly of cholesterol [2]. Decreased levels of high-density lipoproteins
(HDL) can in theory slow reverse cholesterol transport, and result in loss of their anti-
inflammatory, anti-oxidative and anti-atherogenic effects [3-7].

In addition to lipoproteins, omega-6 (n6) and omega-3 (n3) fatty acids play important
mechanistic roles in cardiovascular health [8, 9]. Linoleic acid (LA), found in vegetable oils,
accounts for 85-90% of dietary n6 fatty acids and can be converted (sparingly) into
arachidonic acid (AA), which is the precursor for many proinflammatory and anti-
inflammatory eicosanoids and promotes platelet aggregation [8]. Eicosapentaenoic acid
(EPA), docosahexaenoic acid (DHA), and docosapentaenoic acid (DPA) are n3 fatty acids
derived almost exclusively from seafood ingestion and have demonstrated protective and
therapeutic effects against cardiovascular disease [10]. Supplementation of long-chain n3
fatty acids, primarily EPA and DHA, in fish oil has demonstrated the following effects:
improved arterial endothelial function, reduced platelet aggregation, decreased circulating
triacylglycerols, improved blood pressure, and reduced risk of cardiac death after an acute
myocardial infarction [11-17]. Additionally, the fatty acid composition of lipoproteins has
long been associated with lipoprotein oxidizability [18] and more recently with the activity
of associated proteins such as paraoxonase [19], suggesting indirect means whereby fatty
acids might impact lipoprotein metabolism. Although these are promising biochemical
effects, the potential clinical benefit of dietary fatty acid supplementation is clouded by
more recent studies, which did not support a cardioprotective effect of fish oil
supplementation [20-23]. Amidst these controversies, there is a lack of literature about the
effects of fish oils on the fatty acid compositions of the various lipoprotein fractions (HDL,
VLDL, and LDL) and plasma.

Similar to dietary fatty acid supplementation, nicotinic acid favorably modulates lipoprotein
concentrations, but there is much debate regarding its use in the prevention and treatment of
cardiovascular disease [20-22, 24-26]. Nicotinic acid is thought to reduce cardiovascular
disease events by increasing HDL-C while decreasing LDL-C and triacylglycerols [27, 28],
but recent data indicate that increasing HDL-C may not confer cardioprotective benefits [25,
26]. At present, there is no reason to believe that nicotinic acid would alter fatty acid
profiles, but no data on that question currently exist.

Here, we describe the biochemical effects of n3 fatty acid supplementation (Lovaza®) alone
or in combination with extended-release nicotinic acid (Niaspan®) on the fatty acid content
of lipoproteins. We also explored whether these changes could be associated with changes in
blood pressure or vascular function.

METHODS

Study Design

This was a randomized, double-blind, placebo-controlled clinical trial of 4g/day prescription
n3 fatty acid ethyl ester formulation (Lovaza®, GSK; P-OM3), and 2g/day of extended-
release nicotinic acid (Niaspan, Abbott; ERN), for the treatment of cardiovascular disease
risk in overweight and obese adults with dyslipidemia. The effects on the primary endpoints
have been published [29]. A 6-week, single-blind run-in period to control for lifestyle
changes and non-compliance preceded a baseline visit, at which time subjects were
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randomized to a 16- week treatment arm (placebo, ERN alone, P-OM3 alone, or
combination). Lipid and vascular outcomes were measured at baseline (pre-intervention) and
week 16 (post-intervention). A cohort of healthy subjects was included at baseline as a
comparator group. The study was carried out by Sanford Research/USD in conjunction with
the Sanford Clinic Clinical Research Services in Sioux Falls, SD. The study was approved
by the local IRB and written informed consent was obtained from each subject prior to
participating in the trial. The trial was registered with clinicaltrials.gov (#NCT00286234).

Sample Population

Subject inclusion/exclusion criteria have been published in detail [29]. Briefly, otherwise
healthy men and women meeting the following criteria were eligible for randomization to
the experimental groups: age 40 to 69 years, BMI 25 - 40 kg/m?, fasting triacylglycerols
(TG) 150 - 750 mg/dL, HDL >10 mg/dL, and the ratio of TG/HDL >3.5. A reference cohort
of fourteen healthy adults was also enrolled for baseline comparison purposes. This
reference cohort was not randomized to treatment or evaluated beyond baseline.

Lipid,fatty acids and other measurements

A fasting (=8hr) blood sample was obtained at baseline and after 16 weeks of treatment.
Lipoproteins were purified by sequential flotation and fatty acid composition was
determined by gas chromatography as described [30, 31]. The following fatty acids in
plasma and within each lipoprotein fraction are reported here as a proportion of the total
fatty acid composition: linoleic acid (LA, C18:2n6), arachidonic acid (AA, C20:4n6),
eicosapentaenoic acid (EPA, C20:5n3), docosapentaenoic acid (DPA, C22:5n3), and
docosahexaenoic acid (DHA, C22:6n3). The analytic error for these measurements can be
found in the study reported by Shearer et al, in which the same methodology was used [32].
Blood pressure was measured per standard clinical procedures.

Statistical Analysis

RESULTS

Statistical analyses were performed using Statal2® software. Analysis of variance and
chisquare tests were used to compare baseline characteristics among the treatment groups.
Differences between baseline and follow-up lipoprotein fatty acid proportions within groups
were determined using paired t-tests. The changes in proportions were compared among
treatments and among lipoprotein fractions using two-sample t-tests with unequal variances.
A Bonferroni correction (alpha = 0.0125) was included to account for multiple comparisons
across the four groups. Two-sample t-tests were conducted to compare the mean change of
cardiovascular parameters with each treatment by fraction. Pair-wise correlations between
the changes cardiovascular parameters and the changes in lipoprotein fatty acid proportions
by treatment group were performed.

Baseline characteristics (Table 1)

The final trial cohort consisted of 61 insulin resistant subjects, with an additional reference
cohort of 14 healthy subjects for baseline comparisons. At baseline, the insulin resistant
subjects had higher BMI, blood pressure, and homeostatic model assessment of insulin
resistance (HOMA-IR), as well as increased serum concentrations of triacylglycerols, non-
HDL-C, glucose, and insulin compared to the healthy reference population. Additionally,
insulin resistant subjects had lower HDL-C concentrations.

With a few exceptions, baseline fatty acid proportional compositions of lipoprotein fractions
were similar between healthy controls and the experimental groups (Table 1). Compared to
healthy controls, insulin resistant subjects had higher proportions of LA, AA, and DPA in
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the VLDL fraction and higher proportions of AA in the HDL and LDL fractions.
Additionally, EPA and DHA were lower in whole plasma in the insulin resistant subjects
compared to healthy controls.

As previously published [29], randomization of insulin resistant subjects to one of four
treatment arms resulted in similar distribution of these baseline characteristics across
treatment groups.

Changes in fatty acid proportional composition of lipoprotein fractions in response to
treatment (Figure 1)

Figure 1 displays the treatment effects (change from baseline) on fatty acid proportion
within each lipoprotein fraction. Assignment to placebo did not affect the fatty acid
composition within any lipoprotein fraction compared to baseline. The only effect of ERN
alone was a significant reduction in the proportion of DHA within the VLDL fraction
compared to baseline. Treatment with P-OM3 or in combination with ERN significantly
decreased AA and significantly increased EPA, DPA, and DHA in all fractions compared to
baseline. These effects of P-OM3 or Combo were also significantly different than those of
placebo or ERN alone. Additionally, Combo reduced LA in the HDL and VLDL fractions
compared to baseline. This effect was greater than placebo in the VLDL fraction and greater
than ERN alone in the HDL fraction.

Comparison of treatment response across lipoprotein fractions (Figure 2)

Figure 2 compares the change in fatty acid proportion from baseline among lipoprotein
fractions by treatment group. The placebo and ERN treatment (non)effects were similar
across the lipoprotein fractions for all fatty acids examined. The proportions of LA or DPA
were not significantly altered in response to any treatment. This was also true for treatment
effect on AA. Treatment effects of P-OM3 or Combo on EPA appeared to be strongest in the
HDL fraction and weakest in VLDL. This pattern was also observed for DHA in response to
Combo therapy, but the effect was not significant in response to P-OM3.

Correlations between changes in fatty acid proportions and measures of endothelial
function (Figure 3)

Figure 3 is a heat map of the correlation (Pearson’s r) between change in fatty acid
proportion in response to treatment and change in blood pressure parameters. Of the 61
subjects, 59 were eligible for vascular endpoint measurements and exploratory analyses
were conducted. In general, changes in fatty acid composition of lipoprotein fractions were
not associated with improvement or worsening of vascular endpoints using the EndoPAT
outcome measure. Correlation analysis indicated significant beneficial changes in mean
arterial pressure and pulse pressure (MAP and PP) in association with P-OM3-induced
increases in EPA within LDL and VLDL, as well as DHA within VLDL.

DISCUSSION

This sub-study was conducted to address a gap in the literature regarding the biochemical
effects of dietary fatty acid supplementation on fatty acid composition of lipoprotein
fractions, as well as dispel assumptions that dietary fatty acids distribute equally among the
lipoprotein fractions. Data from the current study support the notion that long-chain n3 fatty
acid supplementation (alone or in combination with nicotinic acid) can alter the fatty acid
content of lipoproteins. As expected, this included significant increases in EPA, DHA, and
DPA, accompanied by a decrease in AA across all lipoprotein fractions. More subtly, we
demonstrated that these changes in response to P-OM3 supplementation (alone or in
combination with nicotinic acid) were greater in HDL than in LDL or VLDL, indicating a
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stronger response in this fraction. Further, the changes in HDL fatty acids were related to
changes in blood pressure. The concordance of these two parameters provides a first-level of
evidence that fatty acid composition mediates some HDL function. Previously described
data regarding the influence of ingested fatty acids on the composition of blood lipoproteins
are limited in size and scope [33] in comparison to these data. One study noted that corn oil
consumption in a single subject increased the ratio of linoleic acid to oleic acid in
lipoprotein fractions of different density, but did not measure other fatty acids [34]. Another
study evaluated the effect of a one-week, low-fat diet on fatty acids levels of cholesterol
esters, phospholipids, and triacylglycerols in two subjects and found that linoleic acid
predominated in the cholesterol esters, oleic acid in the triacylglycerols, and palmitic acid in
phospholipids [35]. That study did not measure other lipoproteins, EPA, or DHA. A third
study examined the effects of fish oil on plasma phospholipids, cholesterol ester, and
triacylglycerols in five healthy individuals, but did not determine the lipoprotein fatty acid
composition [36]. The current study provides evidence of changes in fatty acid composition
of lipoproteins in response to dietary n3 fatty acid supplementation in a greater number of
individuals. Additionally, these individuals are overweight and obese adults with
dyslipidemia and insulin resistance, a population that is at greater risk for diabetes and CVD
events [37].

The parent clinical trial for the current study established that the combination of n3 fatty
acid supplementation and nicotinic acid could partially correct dyslipidemia [29]. It is
hypothesized that fish oil may reduce triacylglycerol levels by lowering the hepatic
availability of non-esterified fatty acids (mostly through increased p-oxidation in liver and
target tissues), which subsequently decreases VLDL production [38]. It has remained
unclear as to how the consumption of n3 fatty acids found in fish oil are incorporated into
and distributed among the various lipoprotein fractions. Data from the current sub-study,
however, demonstrate that the ingestion of fish oil alone (or in combination with ERN) leads
to potentially beneficial changes in fatty acid composition of plasma lipoproteins, which can
have numerous effects on lipoprotein function including the exchange of cholesterol esters
[39] and so could impact the course of vascular disease.

Exploratory analyses revealed that P-OM3-induced changes in the EPA content of LDL and
VLDL and the DHA content of VLDL were correlated with improved blood pressure
measures, but the direct impact of the biochemical changes on the surrogate cardiovascular
measures could not be expanded upon in this study. Beneficial changes in pulse pressure and
mean arterial pressure have been associated with cardiovascular disease risk [40, 41]. It may
be that the proportions of fatty acids within lipoproteins are more important than the
concentration of lipoproteins in determining risk, but this remains to be tested.

The most dramatic treatment-induced increases in the proportions of EPA, DPA, and DHA
were observed in the HDL fraction, but these effects did not appear to impart benefit on the
surrogate cardiovascular endpoints (pulse pressure and mean arterial pressure) measured in
this study. These data suggest that either this effect does not translate or that another clinical
endpoint would be more appropriate or sensitive to these physiologic changes. This
relationship would be a topic of future study as this data set did not contain the parameters
necessary to examine this mechanism further.

In this study, proportional increases in EPA and DHA within VLDL were associated with
beneficial effects on mean arterial pressure and pulse pressure. While VLDL is a source of
remnant lipoproteins and other lipids that contribute to atherosclerosis, it is not included in a
typical lipid profile and is an often underappreciated CVD risk factor, particularly for
individuals with insulin resistance [42]. Additionally, VLDL serves as a major source of
fatty acids for many tissues including heart, skeletal muscle and lungs. The results observed
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in this study suggest that P-OM3 supplementation could safely and inexpensively modulate
the polyunsaturated fatty acid composition of VLDL, which could impact lipid-generated
signaling in such tissues, resulting in changes in biochemical and downstream
cardiovascular endpoints.

The relatively small sample size restricted the types of analyses and adjustments to evaluate
treatment effect on blood pressure metrics. Although some subjects could not be classified at
having overt metabolic syndrome as defined by the National Heart, Lung, and Blood
Institute [43], all subjects were insulin resistant and overweight or obese. These risk factors
are highly correlated with development of cardiovascular disease [43]. Strengths include the
evaluation of two FDA-approved pharmaceutical agents that are used widely to treat
dyslipidemia in clinical settings, the focus on subjects who were at relatively high
cardiovascular disease risk, and the inclusion of a healthy group of control individuals.

In conclusion, n3 fatty acid supplementation (with or without niacin) in overweight and
obese adults with dyslipidemia and insulin resistance altered fatty acid composition of
lipoprotein fractions. Additionally, compositional changes in VLDL in response to n3 fatty
acid supplementation were associated with changes in a measure of improved blood
pressure, but future research is necessary to provide any evidence of causality. On the
whole, these results contribute to a lack of literature regarding the biochemical effects of
dietary fatty acid intake on the composition of circulating lipoproteins.
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Figure 1. Mean changein fatty acid proportion within individual lipid fractions from baselineto
follow-up in response to treatment
p<0.05; 2p<0.01, treatment effect from baseline to follow-up visit; °p<0.05; P°p<0.01,
treatment effect compared to change in placebo group; ©p<0.01, treatment effect compared
to change in ERN group; LA, linoleic acid; AA, arachidonic acid; EPA, eicosapentaenoic
acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid.
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Figure 2. Mean changesin fatty acid proportion from baselineto follow-up in response to

treatment between lipid fractions

4p<0.05; 38p<0.01, significantly different change compared to plasma; °p<0.05; "Pp<0.01,
significantly different change compared to the VLDL fraction; ¢p<0.05, ®p<0.01,
significantly different change compared to the LDL fraction. LA, linoleic acid; AA,
arachidonic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA,
docosahexaenoic acid.
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Figure 3. Heat map representation of correlation between changein percent fatty acid
composition and vascular endpoints

Each colored square represents the Pearson correlation between change in percent fatty acid
within a specific fraction and change in vascular endpoint from baseline to follow-up.
Significant associations (p<0.05) are highlighted by a thick black border. LA, linoleic acid;
AA, arachidonic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA,
docosahexaenoic acid;MAP, mean arterial pressure; PP, pulse pressure.
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Baseline Data by Group [mean (SD) unless otherwise noted]

Table 1

Healthy Controls  Insulin Resistant Subjects
Variable n=14 n=61
Age (years) 449 (12.3) 47.7 (10.3)
Sex male, n (%) 9 (64.3) 36 (59.0)
BMI (kg/m?) 22.9(1.2) 323 (4.0)¢
Systolic BP (mmHg) 112.4 (8.8) 132.2 (11.5)¢
Diastolic BP (mmHg) 68.7 (6.6) 82.7 (7.4)C
Triacylglycerols (mg/dL) 76.4 (22.4) 213.0 (81.6)C
Total Cholesterol (mg/dL) 181.2 (30.0) 203.1(43.2)
HDL-C (mg/dL) 55.9 (8.6) 417 (83)C
Non-HDL-C (mg/dL) 125.3 (28.1) 161.6 (39.7)P
Glucose (mg/dL) 88.2(9) 100.8 (10.8)C
Insulin (UU/mL) 3.2(L5) 14.0 (8.4)C
HOMA-IR 0.7 (0.3) 35(2.2)C
Current Smoker, n (%) 0(0) 5(8.2)
Current statin use, n (%) 0(0) 8(13.1)
LA (% total)
HDL fraction 25.4(3.8) 24.1(4.2)
LDL fraction 29.8 (5.4) 29.3 (4.6)
VLDL fraction 15.4 (3.5) 20.1 (3.4)P
Plasma fraction 29.6 (0.2) 27.5(4.3)
AA (% total)
HDL fraction 10.3(1.7) 115 (2.7)2
LDL fraction 7.3(1.5) 8.5 (1.9)8
VLDL fraction 3.7(0.8) 56 (1.6)b
Plasma fraction 8.0 (1.4) 7.4 (1.8)
EPA (% total)
HDL fraction 0.8 (0.4) 0.6 (0.3)
LDL fraction 0.7 (0.4) 0.5 (0.3)
VLDL fraction 0.3(0.2) 0.3(0.2)
Plasma fraction 0.8 (0.6) 0.4 (0.2)
DHA (% total)
HDL fraction 2.8(1.0) 2.3(0.6)
LDL fraction 1.8(0.7) 1.5(0.4)
VLDL fraction 1.1(0.7) 1.3(0.5)
Plasma fraction 2.1(0.9) 1.4 (0.4)2

DPA (% total)
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Healthy Controls  Insulin Resistant Subjects

Variable n=14 n=61
HDL fraction 0.8 (0.2) 0.8(0.2)
LDL fraction 0.5(0.2) 0.5(0.1)
VLDL fraction 0.4(0.1) 0.5 (0.1)2
Plasma fraction 0.6 (0.2) 0.5(0.1)
8<0.05,
bp<0.01,

p<0.001 when control was compared to healthy controls HOMA-IR, homeostatic model assessment of insulin resistance; LA, linoleic acid; AA,
arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid
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