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Abstract
Objective—Offspring of patients with type 2 diabetes (OPDs) exhibits endothelial dysfunction
(ED) associated with a chronic inflammatory state. N-3 polyunsaturated fatty acids (n-3 PUFA) may
have antioxidant and anti-inflammatory properties that are beneficial for cardiovascular and
metabolic health. Therefore, in the present study, we tested the hypothesis that dietary
supplementation with fish oil rich in n-3 PUFA may improve ED in otherwise healthy OPDs.

Methods and design—A double-blind, placebo-controlled trial was conducted with 50 OPDs.
Participants were randomized to treatment with either placebo or n-3 PUFA (2 g/day) for 12 weeks.
Before and after treatment we evaluated endothelial function (using flow-mediated dilation (FMD)
of the brachial artery), circulating inflammatory markers (adiponectin, TNF-α, and high sensitivity-
CRP), and insulin resistance (QUICKI).

Results—No significant changes were observed in study outcomes in subjects treated with placebo.
By contrast, when compared with baseline values, subjects treated with n-3 PUFA had significant
improvement in FMD (9.1 ± 5.8% vs. 11.7 ± 4.4%, p = 0.02) that was accompanied by decreased
plasma triglycerides (117 ± 73 mg/dl vs. 86 ± 44 mg/dl, p = 0.001) and TNF-α levels (8.9 ± 2.3 pg/
ml vs. 6.8 ± 2.7 pg/ml, p = 0.001), and a trend towards increased plasma adiponectin levels (7.8 ±
4.5 μg/ml vs. 9.5 ± 5.1 μg/ml, p = 0.09). When data were analyzed by multiple regression analysis,
decreased TNF-α after treatment with n-3 PUFA predicted increased FMD.

Conclusion—Dietary supplementation with n-3 PUFA significantly improved endothelial function
and reduced pro-inflammatory markers in OPDs. Thus, fish oil consumption may have beneficial
cardiovascular and metabolic health effects in otherwise healthy subjects predisposed to diabetes and
its vascular complications.
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1. Introduction
Endothelial dysfunction (ED) is a major contributor to the pathogenesis of cardiovascular
disease (CVD) [1,2]. ED is frequently observed in normoglycemic offspring of patients with
type 2 diabetes (OPDs) [3]. Indeed, several clinical studies demonstrate that OPDs have
impaired endothelium-mediated vasodilation that may be linked to underlying cardiovascular
risk factors including insulin resistance and increased circulating pro-inflammatory markers
[4]. We previously reported that OPDs, characterized by cardiometabolic abnormalities, have
concomitant ED [5–7]. Moreover, several clinical trials demonstrate that therapy with
antioxidant or antidiabetic agents ameliorates insulin resistance and the pro-inflammatory state
in OPDs [8–10]. However, only few studies have tested effects of pharmacological
interventions to improve impaired endothelial vascular reactivity of OPDs [11].

Evidence from both animal and human studies suggests that n-3 polyunsaturated fatty acids
(n-3 PUFA) including eicosapentaenoic (EPA) and docosahexaenoic (DHA) acid have anti-
inflammatory properties [12]. Moreover, dietary supplementation with fish oil rich in n-3
PUFA positively impacts vascular function and reduces CVD in the setting of atherosclerosis
[13]. Therefore, in the present study, we tested the hypothesis that dietary supplementation
with fish oil rich in n-3 PUFA may improve ED by normalizing lipid abnormalities and
decreasing the pro-inflammatory state in OPDs that is suggested by elevated levels of
circulating pro-inflammatory cytokines and other biomarkers [4]. To investigate this
hypothesis we carried out a randomized double-blind, placebo-controlled clinical trial in 50
OPDs for 12 weeks.

2. Materials and methods
2.1. Subjects

We studied 50 healthy subjects (age 29.9 ± 6.2 years, 25 men and 25 women) with ≥1 parent
with a diagnosis of type 2 diabetes (DM2). Subjects were recruited and completed all phases
of the study at the Clinical Centre for Atherosclerosis at the University of Rome “Tor Vergata”.

All of the participating women reported regular menstrual cycles without oral contraceptives
therapy. In female subjects, all experiments were performed during the first week of the
menstrual cycle. None of the study’s participants were taking any medication (including aspirin
or vitamin supplements) at the time of the study. Exclusion criteria included history or evidence
of hypertension (blood pressure (BP) >140/90 mmHg), diabetes mellitus according to the
American Diabetes Association criteria [14], CVD, peripheral vascular disease, or
coagulopathy. The study protocol was approved by the University of Tor Vergata Institutional
Review Board and all participants submitted written informed consent for all procedures.

2.2. Study design
This was a prospective, placebo-controlled, randomized, double-blind, parallel-group trial
designed to compare effects of daily intake of 2 g of n-3 PUFA vs. placebo over 12 weeks. We
evaluated effects of the treatments at the beginning (day 0) and end (day 84) of the study in
two parallel groups of healthy OPDs. None of the participants were taking medications or other
supplements that are known to influence endothelial function, metabolic parameters, or
markers of inflammation. Each participant was asked to take one capsule twice daily for 84
days. Each capsule contained either 1000 mg of n-3 PUFA (≥85% ethylic esters of EPA +
DHA in a ratio of 0.9–1.5:1) or 1000 mg of refined olive oil (placebo). Compliance with
treatment was assessed by capsule counts at the end of the study.
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2.3. Endothelial function test
Assessment of endothelial function was conducted in the fasting state using a standardized
procedure at approximately the same point in time and before all of the scheduled metabolic
tests. All studies were performed in the morning in a quiet room with a temperature of about
22 °C. Participants were asked to refrain from drinking alcohol or beverages containing caffeine
for at least 24 h before the test, and all study subjects fasted for at least 10 h before the study
day. Endothelium-dependent and -independent vasodilator functions were assessed as
previously reported [5–7]. Briefly, subjects lay supine on a bed and were allowed to rest for at
least 10 min. Then, the left brachial artery was visualized from a distance of 2–15 cm proximal
to the antecubital fossa by using a high-resolution ultrasound (ATL HDI 3000, with a 7.5-MHz
linear array transducer, Philips Medical Systems, Best, Netherlands). After baseline images
and flow measurements were obtained, a pressure cuff applied on the upper arm was inflated
to 200–250 mmHg for 5 min. Blood flow was measured during the 15 s following cuff release,
and arterial images that measured diameter were acquired between 60 and 90 s after cuff
deflation. Flow-mediated dilation (FMD) was calculated as the increase in post-stimulus
diameter as a percentage of the baseline diameter. After at least a 15-min rest, endothelium-
independent vasomotor responsiveness was assessed by acquiring images and flow
measurements before and after administration of 0.4 mg sublingual nitroglycerin. Blood flow
and images for arterial diameter were recorded between 3 and 4 min after nitroglycerin
administration. The nitroglycerin-mediated dilation (NMD) was calculated as the increase in
post-stimulus diameter as a percentage of the baseline diameter. For both FMD and NMD,
arterial diameter was measured from the anterior to the posterior endothelial–lumen interface
at the end diastole, coincident with the R wave on the electrocardiogram. Images were then
coded and analyzed by an investigator blinded to the image sequence and to the treatment arm
of subjects.

2.4. Laboratory methods
After at least 10 h of fasting (at the first and last study day), weight, height, and waist
circumference measurements were obtained. Body mass index (BMI) was calculated as weight
(kg) divided by height (m2). BP was measured in subjects in a sitting position after a 5-min
rest using a mercury sphygmomanometer. The average of three measurements was used to
calculate systolic and diastolic BPs. Blood samples were obtained (in the fasting state) from
all patients and multiple aliquots of serum were stored at −80 °C until analysis. Samples were
divided in aliquots that were frozen and thawed only once. The following circulating markers
were evaluated: serum high sensitivity C reactive protein (hs-CRP; nephelometric assay, Dade-
Behring, Liederbach, Germany); CD40L levels (ELISA; Bender MedSystem, Vienna,
Austria); V-CAM, I-CAM, IL-6, E-selectin, and TNF-α levels (ELISA; Bender MedSystem);
adiponectin was measured by ELISA using a high sensitivity commercial kit for total
adiponectin (Alpco Diagnostics, USA).

2.5. Metabolic evaluation
After endothelial function testing, each subject underwent a standard OGTT. Seventy-five
grams of glucose was given orally and venous blood samples were drawn at 0, 30, 60, 90, and
120 min after glucose ingestion for determination of blood glucose and plasma insulin
concentrations. A surrogate index of insulin sensitivity (quantitative insulin sensitivity check
index [QUICKI] [15] was calculated as described.

2.6. Statistics
Data for each of the study outcome variables were checked for normality of distribution where
appropriate using the Kolmogorov–Smirnof test. Quantitative variables were expressed as
mean ± S.D. if normally distributed, and as median (with interquartile range) if non-normally
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distributed. Categorical variables were presented as numbers. For normally distributed data,
unpaired Student’s t-tests were used to compare each of the reported study outcomes for NGT
and IGT subjects where appropriate. Moreover, when appropriate, analysis of covariance was
used to further evaluate differences in the study outcome parameters of interest. For variables
with non-normal distributions, the non-parametric Mann–Whitney test was used to evaluate
whether differences in study outcomes were statistically significant. In the study treatment
arms, a paired t-test or Wilcoxon test was used as appropriate to analyze the effect of n-3 PUFA
or placebo on study parameters that were evaluated. Correlations were evaluated by univariate
and stepwise forward multivariate regression analysis. A p-value of less than 0.05 was
considered to indicate statistical significance. Statistical analyses were performed using SPSS
for Windows (version 14.0).

3. Experimental results
Results from OGTT identified 33 subjects with normal glucose tolerance (NGT; 2-h post-load
glucose level <7.8 mmol/L), and 17 subjects with impaired glucose tolerance (IGT; 2-h post-
load glucose level between 7.8 and 11.1 mmol/L). After participants were randomized to
placebo or n-3 PUFA treatment, the subject distributions according to OGTT results were as
follows: PUFA–NGT (n = 16), PUFA–IGT (n = 10) and placebo–NGT (n = 17), placebo–IGT
(n = 7).

3.1. Baseline characteristics
Table 1 reports anthropometric and biochemical features of study subjects from the entire
cohort as well as from subgroup representations according to OGTT results (IGT vs. NGT
subjects). Subjects with IGT were older, with higher BMI and plasma triglyceride levels.
Moreover, subjects with IGT had elevated fasting insulin levels with relative insulin resistance
(assessed by QUICKI) when compared with NGT individuals. FMD was significantly lower
in IGT when compared with NGT subjects. However, no significant differences were observed
in NMD when NGT and IGT subjects were compared.

3.2. Effects of treatment with n-3 PUFA
All subjects completed the study and the capsule counts at the end of the study revealed
excellent compliance with the treatments (93.7%).

Table 2 presents baseline metabolic and inflammatory characteristics of study subjects divided
according to the two arms of the study (n-3 PUFA or placebo). Table 2 also shows the values
after 12 weeks of treatment and the absolute mean change (Δ) of selected variables of interest
associated with n-3 PUFA or placebo treatment. No significant differences were found between
baseline anthropometric, metabolic and inflammatory characteristics of n-3 PUFA and placebo
treatment groups. No significant changes in metabolic or circulating inflammatory markers
were observed when results before and after placebo treatment were compared. By contrast,
subjects who received n-3 PUFA had significantly lower plasma triglyceride levels following
treatment when compared with baseline levels. They also showed both decreases in plasma
triglycerides levels and increases of FMD percent improvement (Fig. 1, Panel A). Interestingly,
while both NGT and IGT subjects who received n-3 PUFA had comparable decreases in plasma
triglycerides, a greater percent improvement of FMD was observed in the IGT group when
compared with the NGT group (Fig. 1, Panel B). We also performed a comparison between
the Δ of variables of interest (values after treatment minus baseline values) associated with n-3
PUFA and placebo treatment. Significant differences in Δ between n-3 PUFA vs. placebo
groups were observed for TNF-α, triglycerides, and FMD (p < 0.05 for TNF-α and p < 0.01
for both triglycerides and FMD, Table 2).
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3.3. Correlation analyses
We evaluated correlations among the absolute mean change (Δ) of selected variables of interest
associated with n-3 PUFA treatment after adjustment for age, gender, and BMI at baseline. In
the group receiving n-3 PUFA, increase in FMD was associated with decreased plasma
triglycerides (r = −0.452, p = 0.02) and TNF-α levels (r = −0.554, p = 0.003) (Fig. 2).

To identify parameters linked to effects of n-3 PUFA to improve endothelial function, a
multiple regression model was used in which Δ BMI, Δ triglycerides, Δ TNF-α, age, and gender
were considered as independent variables with Δ FMD as the dependent variable. Changes in
the independent variables included in this model explained about 30% of the improvement in
FMD (adjusted R2 = 0.292; F = 10.15, d.f. = 4.65, p = 0.003). Interestingly, using this analysis,
changes in TNF-α levels emerged as a unique independent and significant predictor of
increased FMD after n-3 PUFA treatment (β coefficient = −0.485, p = 0.025).

4. Discussion
We demonstrate that oral supplementation with fish oil rich in n-3 PUFA improves endothelial
function in OPDs with or without IGT. N-3 PUFA treatment of OPDs is also associated with
a significant lowering of elevated circulating TNF-α levels consistent with improvement in a
chronic pro-inflammatory state. Chronic metabolic diseases such as obesity and diabetes are
often associated with persistent elevations in circulating levels of pro-inflammatory cytokines
such as TNF-α and other biomarkers that can be reduced by interventions that target the
inflammatory component of these diseases. Therefore, a chronic pro-inflammatory state is
often considered to contribute importantly to the pathophysiology of diabetes, obesity, and its
cardiovascular complications [33].

We chose to treat our subjects with n-3 PUFA for 12 weeks because previous studies suggest
that this may be sufficient to observe improvement in FMD [17]. The daily dose of 2 g n-3
PUFA was chosen because doses of n-3 PUFA ranging from 1 to 2 g/day used in previous
studies do not adversely affect glucose homeostasis [30]. It has been reported that higher doses
of n-3 PUFA may worsen glucose homeostasis in patients with DM2 [31]. Moreover, in DM2
patients, treatment with ~2 g n-3 PUFA reduced platelet aggregation [32]. Since our study
subjects are at higher risk for DM2 and its cardiovascular complications due to genetic factors,
we chose to exclude doses of n-3 PUFA greater than 2 g/day to avoid further complicating
interpretation of our results with respect to metabolic and cardiovascular outcomes. We
previously reported that OPDs of diabetic patients have metabolic and inflammatory
abnormalities [5–7]. This is accompanied by ED, an early pathogenic condition that
predisposes to atherosclerosis and cardiovascular complications. Moreover, a recent report of
the Framingham Offspring Study identified ED as an independent risk factor for the
development of diabetes [16]. Thus, improvement of ED mediated by n-3 PUFA
supplementation that we observed in subjects predisposed to development of diabetes is
intriguing and may have clinical relevance.

Anti-inflammatory actions of n-3 PUFA supplementation is observed in several trials
demonstrating health benefits in patients with systemic lupus erythematosus, rheumatoid
arthritis, psoriasis, asthma, inflammatory bowel disorders, and overt diabetes. These diseases
are accompanied by increased oxidative stress and high circulating levels of pro-inflammatory
cytokines in general and TNF-α in particular. TNF-α acts primarily in an autocrine/paracrine
fashion [21,22]. Nevertheless, in many animal and human studies, circulating TNF-α levels
are elevated in obese/metabolic syndrome models [23]. It has been suggested that the
metabolic- or obesity-related elevation of circulating TNF-α may be caused by increased
activity of TNF-α converting enzyme (TACE) [24], a transmembrane sheddase/
metalloproteinase which cleaves pro-TNF-α into its active form at the membrane level.
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Of note, in our study subjects, n-3 PUFA intake substantially decreased circulating levels of
TNF-α. Moreover, a multivariate regression model demonstrated that decrease in TNF-α levels
after n-3 PUFA supplementation was a significant strong predictor, explaining about 30% of
the improvement in FMD. Subtle decreases in IL-6 and hs-CRP were also found. In addition,
we observed that n-3 PUFA treatment resulted in trends towards lowering of markers of
endothelial activation including V-CAM, I-CAM and E-selectin (although these did not reach
statistical significance). Thus, our results documenting beneficial effects of n-3 PUFA in our
study subjects are consistent with results recently reported in other populations with
immunological diseases including lupus that are also characterized by altered endothelial
function and increased levels of oxidative stress markers [22]. It is possible that with a larger
sample size, significant effects on these other markers may become evident as well.
Alternatively, decreased expression of endothelial adhesion molecules and dampening
production of inflammatory cytokines may not be the sole mechanism underlying improvement
in endothelial function with n-3 PUFA treatment. Indeed, additional mechanisms may be
involved in FMD improvement including changes in circulating free fatty acid (FFA) levels
[18]. Unfortunately, we were not able to directly assess FFA levels in our study because the
amount of blood obtained from our study subjects was insufficient. Other limitations of our
study include the relatively small sample size. In addition, the use of a single dose of n-3 PUFA
did not allow us to evaluate possible dose-dependent effects. It is important to consider that
our study cohort is composed of relatively young, and otherwise healthy people subjected to
a limited course of therapy. This may explain, in part, why large changes in many circulating
markers of inflammation were not detectable in our study. Consistent with this notion, effects
of n-3 PUFA were more evident in subjects with IGT who had greater BMI and TNF-α levels
at the baseline than subjects with NGT. Decreased TNF-α levels in response to n-3 PUFA
therapy were not accompanied by reduced insulin levels or improved insulin sensitivity. These
results are consistent with previous studies where reduction of TNF-α levels using infusion of
anti-TNF-α monoclonal antibodies (infliximab) failed to improve insulin sensitivity [27]. As
might be expected for young, clinically healthy individuals, none of our study participants were
using medications or supplements that are known to substantially affect endothelial function
or pro-inflammatory markers. In our study of OPDs, n-3 PUFA supplementation did not
determine any significant change in blood pressure. By contrast, Yosefy et al. describe a
significant reduction in systolic and diastolic blood pressure in patients with obesity DM2
treated with high doses of n-3 PUFA for 13 days [29]. These differences may be explained by
the facts that our study subjects are younger without frank DM2 and hypertension, and are only
mildly overweight.

Interestingly, effects of n-3 PUFA intake to decrease circulating TNF-α levels have been
described previously [19–20]. N-3 PUFA intake may mediate membrane stabilization [25]
through incorporation of n-3 PUFA into membranes that leads to increased eicosanoid
membrane concentration resulting in increased membrane fluidity that may modulate several
membrane protein complexes by influencing ion channel function or by negatively modulating
voltage-gated sodium channels [26]. Although our study does not directly address
pathophysiological mechanisms by which n-3 PUFA may decrease circulating TNF-α levels,
it is possible that n-3 PUFA oral supplementation, through altering lipid membrane
composition, acts as a modulator of TNF-α synthesis through targeting TACE activity.

One intriguing novel finding of the present study is the ability of n-3 PUFA supplementation
to simultaneously improve endothelial function and reduce TNF-α levels. These observations
are consistent with recent findings from our group that the TNF-α-neutralizing effect of
infliximab is associated with increased endothelial function evaluated by intra-arterial infusion
of acetylcholine in subjects with metabolic syndrome, and in particular those with increased
insulin resistance [28].
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It is well known that dietary supplementation with fish oil rich in n-3 PUFA positively impacts
vascular function [13]. In fact, dietary omega-3 fatty acids decrease the risk of CVD. Both
epidemiologic and interventional studies have demonstrated beneficial effects of n-3 PUFA
on many CVD end points, including all CVD defined as all coronary artery disease, fatal and
nonfatal myocardial infarction, sudden cardiac death, stroke and all-cause mortality. Much of
this evidence comes from studies with fish oil interventions [34]. The supplementation of n-3
PUFA also provides a small beneficial advantage in terms of mortality and admission to
hospital for cardiovascular reasons in patients with heart failure [35]. Supplementation with
n-3 PUFA also reduces the progression of increases in carotid intima–media thickness [36]
Therefore, findings from our present study may help to explain mechanisms underlying the
protective role of n-3 PUFA in the progression of CVD related to atherosclerosis.

In conclusion, our findings suggest that dietary supplementation with n-3 PUFA significantly
improves ED in OPDs and this may be mediated, in part, by lowering TNF-α levels.

These results may have important implications for identifying populations that can derive
substantial benefits from early lifestyle interventions including diet and exercise. In addition,
our results may lead to the development of novel therapeutic strategies in OPDs, particularly
in subjects with IGT who may be more predisposed to DM2 and its vascular complications.
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Fig. 1.
Change in flow mediated dilation (FMD) in OPDs after n-3 PUFA or placebo treatment. Panel
A: baseline FMD (hatched bars) and FMD after 12 weeks (dark grey bars) of n-3 PUFA or
placebo. Panel B: white bars represent baseline FMD; grey bars represents FMD after 12 weeks
of n-3 PUFA. Panel C: white bars represent baseline FMD; grey bars represents FMD after 12
weeks of placebo. NGT: normal glucose tolerance; IGT: impaired glucose tolerance. Bar
graphs show data as mean ± S.E.M.
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Fig. 2.
Correlations between changes in FMD and changes in triglyceride or TNF-α levels after 12
weeks of therapy with n-3 PUFA.
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