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Abstract
Introduction: N-3 polyunsaturated fatty acids (PUFAs) supplementation has 
been reported to have an impact on flow-mediated dilatation (FMD), a conven-
tionally used clinical technique for estimating endothelial dysfunction. However, 
its proven effects on endothelial function are unclear. This systematic review and 
meta-analysis were conducted to evaluate the effects of n-3 PUFAs supplementa-
tion on FMD of the brachial artery.
Method: This study was performed following the PRISMA guidelines. To iden-
tify eligible RCTs, a systematic search was completed in PubMed/Medline, 
Scopus and Web of Science using relevant keywords. A fixed- or random-effects 
model was utilized to estimate the weighted mean difference (WMD) and 95% 
confidence interval (95% CI).
Results: Thirty-two studies (with 35 arms) were included in this meta-analysis, 
involving 2385 subjects with intervention duration ranging from 4 to 48 weeks. 
The pooled meta-analysis demonstrated a significant effect of omega-3 on FMD 
(WMD = 0.8%, 95% CI = 0.3–1.3, p = .001) and heterogeneity was significant 
(I2 = 82.5%, p < .001).
Conclusion: We found that n-3 PUFA supplementation improves endothelial 
function as estimated by flow-mediated dilatation of the brachial artery.
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1  |  INTRODUCTION

There is an increasing rate of cardiovascular diseases 
(CVDs) and associated mortality worldwide, which 
makes them the leading cause of death.1,2 CVD initia-
tion is affected by endothelial dysfunction, which is one 
of the premature steps in the pathological development 
of atherosclerotic diseases.2 Endothelial dysfunction 
is associated with raised expression of inflammatory 
cytokines and adhesion molecules, factors that play 
a role in plaque formation and eventually plaque rup-
ture.3,4 Flow-mediated dilation (FMD) is a conventional, 
non-invasive gold standard for estimating endothelial 
dysfunction. FMD is defined as the percentage enlarge-
ment in artery diameter relative to baseline diameter.5 
For assessment of FMD, the baseline brachial artery di-
ameter is documented via ultrasound, and a blood pres-
sure cuff is set around the forearm and inflated for 5 min, 
impeding blood flow.5 The cuff is deflated, inducing re-
active hyperemia, and the vessel diameter is constantly 
recorded for 2 min post-cuff deflation. The production 
of endothelium-derived vasodilators, particularly nitric 
oxide (NO), is induced by shear stress, which dilates the 
brachial artery.

In addition, endothelium-derived hyperpolarizing 
factor (EDHF) and endothelium-independent vasodila-
tion are also involved in the vasodilatory response of the 
brachial artery.6 Previous studies have indicated that not 
only FMD but also nitroglycerine-induced vasodilation 
(NID), an index of endothelium-independent vasodila-
tion, is affected in patients with cardiovascular risk factors 
or CVD.7,8 Some studies have shown that brachial FMD 
can significantly predict cardiovascular events, but more 
studies are needed in this area.9,10

Numerous experimental and clinical studies have 
provided evidence that n-3 PUFAs can partly reduce 
the risk of CVD by enhancing vascular function. Alpha-
linolenic acid (ALA, 18:3n-3), enriched in particular 
plants as well as eicosapentaenoic acid (EPA, 20:5n-3) 
and docosahexaenoic acid (DHA, 22:6n-3), enriched in 
fish oil, are three n-3 PUFAs that have vasoprotective 
effects. Decreased arterial plaque formation,11 increased 
anti-inflammatory effects,12 and improved endotheli-
al-dependent vasodilation measured by FMD13,14 are 
among the vasoprotective benefits. Moreover, it is un-
clear whether formulations containing only ALA, EPA, 
or DHA have similar benefits as a combination of EPA 
and DHA. Thus far, the evidence from large outcome tri-
als has favoured the reduction of cardiovascular events 
by the preparations that only contained EPA.15

Therefore, we aimed to run a systematic review and 
meta-analysis of randomized controlled trials (RCTs) 
to evaluate the effect of n-3 PUFA supplementation 
on FMD.

2  |  METHODS

This systematic review and meta-analysis were conducted 
according to the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) statement.16

2.1 | Search strategy

At first, a systematic search was done in the following 
databases without any restriction in time and language: 
MEDLINE, SciVerse, Scopus and Clarivate Analytics Web 
of Science databases. We used the following keywords and 
Medical Subject Heading (MeSH) to recover potentially 
pertinent articles1: omega-3 fatty acid (FA)2; endothelial 
function3 randomized controlled trial (Table S1). We also 
searched the reference lists of included trials and relevant 
reviews for further qualified studies that were ignored by 
our electronic search.

2.2 | Study selection

First, we removed duplicates operating reference manager 
software. The remaining citations were then checked by 
two authors independently based on their titles and ab-
stracts for relevance. In the next step, Full-text articles 
from potentially relevant publications were considered for 
inclusion in the review after initial screening. Inclusion 
criteria were human RCTs that measured the effects of 
omega-3 FA supplementation on flow-mediated dila-
tion. Exclusion criteria included combined interventions 
(omega-3 plus other active ingredients), duplications, 
studies without outcomes of interest, and follow-up dura-
tions of less than 2 weeks. Two researchers (M. Ch and H. 
B) made study selection and screening separately. All con-
troversies in the study selection procedure were resolved
by agreement through discussion (SM. A).

2.3 | Data extraction

Information including the first author's name, year of 
publication, study location, study design, participant 
characteristics, sample size, intervention details includ-
ing dose, duration, and type of omega-3 supplementa-
tion, and mean ± standard deviation (SD) and changes of 
outcomes including FMD levels before and after omega-3 
intervention in both treatment and control groups were 
obtained from all studies by two independent authors 
(SM. A and H. B). If any studies supplied insufficient data 
for meta-analysis, the manuscript authors were contacted 
by E-mail. Disagreements were resolved by discussion 
between the authors or by a senior reviewer (A. S).
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2.4 | Quality assessment

Two researchers (M. Ch and LS. B) evaluated the qual-
ity of each included study independently. Disparities were 
consulted, and if consensus was not achieved, a third re-
searcher was conferred (A.S). Quality was explicitly eval-
uated using the Cochrane Collaboration tool 1 (ROB 1), 
based on the following seven fields: random sequence gen-
eration (selection bias), allocation concealment (selection 
bias), blinding of participants and personnel (performance 
bias), blinding of the outcome assessment (detection bias), 
incomplete outcome data (attrition bias), selective report-
ing (reporting bias) and other bias. We ranked each part of 
the trials as low risk, unclear, or high risk.

2.5 | Statistical analysis

STATA 17 software (StataCorp, College Station) was 
used for statistical analysis. Differences were expressed as 
weighted mean difference (WMD) with a 95% confidence 
interval (CI). Mean and mean scores and their standard de-
viation (SD) were used to calculate WMDs. When SDs for 
baseline and final values are provided, SDs for net changes 
are imputed according to the Follmann method.17 Because 
of the inherent variation between study characteristics, 
a random-effects meta-analysis was operated across all 

studies. Subgroup analysis and meta-regression were per-
formed to find the possible source of heterogeneity based 
on the following indicators: baseline mean age, genders, 
study design, blinding, adjustment, omega-3 supplement 
type, dosage, study duration, participants' health condition 
and study quality. Heterogeneity across studies was calcu-
lated by using the I2 statistic. I2 > 50% demonstrated signifi-
cant heterogeneity. In addition, the dose–response effects 
of n-3 PUFAs and FMD were examined. An influence anal-
ysis was used to check the impact of a single study on the 
overall effect size. Publication bias was estimated graphi-
cally via funnel plot asymmetry and statistically by Egger's 
regression test. p < .05 was assumed statistically significant.

3  |  RESULTS

3.1 | Search results

In our primary search, we identified a total of 2107 stud-
ies. After excluding 552 duplicates and 1427 irrelevant 
studies based on title and abstract 128 studies remained 
for full-text reviewing by detail. Overall, 32 articles 
(with 35 arms) provided sufficient information and were 
considered eligible to be included in this dose–response 
meta-analysis (Figure 1). Characteristics of the 32 stud-
ies are listed in Table  1. The sample size of included 

F I G U R E  1  PRISMA flow diagram.
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RCTs varied from 18 to 274 participants, resulting in a 
total sample size of 2385 individuals. Twenty-five trials 
were designed as a parallel group and seven as cross-
over studies. Table  1 presents the main characteristics 
and baseline parameters of the included trials. These 
RCTs were performed in Korea,18,19 UK,20–23 Iran,24 
USA,25–30 Greece,31–33 Norway,34 Poland,35–38 Turkey,39 
Italy,40,41 China,42 German,43,44 Denmark,45 Australia46 
and Austria47 between 2003 and 2022. Nine studies were 
crossover and others had a parallel design. The mean 
age of participants was between 12.9 and 69. The dos-
age of omega-3 varied from 600 to 18,000 mg/day and 
the duration of intervention ranged from less than 1 day 
to 48 weeks across selected RCTs.

3.2 | Quantitative data synthesis

Combining 35 effect sizes from 32 RCTs, including a 
total sample size of 2385 individuals, we found a signifi-
cant effect of omega-3 FAs on FMD (WMD = 0.8%, 95% 
CI = 0.3–1.3, p = .001) and heterogeneity was signifi-
cant (I2 = 82.5%, p < .001) (Figure 2). Subgroup analysis 
showed that study design, blinding type, age category, 
supplement type and quality of studies explained this 
heterogeneity (Table 2).

3.3 | Publication bias and influence
analysis

The overall effect size of n-3 PUFA intervention on FMD 
levels was robust, and the result was not influenced by 
any single study omission. In the analysis of publication 
bias, the funnel plot and Egger's tests did not show any 
significant publication bias (p = .4) (Figure 3). Influence 
analysis was done to assess the potential impact of each 
trial on the pooled effect size. The effect size was not 
affected by any study and the results were not sensitive 
(Table S2).

3.4 | Meta-regression and dose–
response analysis

Meta-regression analysis did not indicate a linear relation-
ship between dosage (p = .1) and duration of the interven-
tion (p = 0.1) with the changes in FMD level (Figure  4). 
Dose-dependent effect of omega-3 FAs supplementation 
on FMD is revealed in Figure 5. FMD level improved lin-
early and significantly (Pnon-linearity = .01, Pdose–response = .01) 
up to n-3 PUFAs administration of 3 g/day (MD3g/day: 0.6, 
95% CI: 0.1, 1.2) (Table S3).Fi
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3.5 | Risk of bias

Based on Cochrane Cooperation's tool 10 stud-
ies were good,22,24,27,28,34,35,42,44,47,48 16 studies were 
fair20,21,23,26,30–33,35,37,41,45,46,49–52 and other studies poor 
quality.19,25,36,38,47,53 All studies had a low source of bias 
in random sequence generation and selective report-
ing. Regarding allocation concealment, 15 studies were 
highly biased18,19,25,28,30,32,33,36–38,41,47,50–53 and 16 of them 
had other sources of bias.18,19,21,25–27,29,31–33,36,38,44,45,51,53 
Four studies had a high risk of bias for blinding partici-
pants and personnel,36,38,52,53 and nine studies for incom-
plete outcome data.18–21,23,25,30,45,46 The findings of the 
Cochrane Cooperation's tool quality assessment of the 
included studies were indicated in Table 3.

3.6 | Grading the evidence

Based on the grading analysis, the certainty of studies 
was evaluated and due to the high-quality of studies, the 
certainty of studies was determined high because the 

inconsistency, indirectness and publication bias were 
highly graded and just imprecision was downgraded 
(Table 4).

4  |  DISCUSSION

In the present study, the result of 32 trials demonstrated 
that n-3 PUFAs supplementation significantly improved 
endothelial function by FMD, at a dose ranging from 0.6 
to 4.9 g/day, and between 3 and 48 weeks. Also, n-3 PUFAs 
administration significantly increased FMD for partici-
pants who had diseases with mean age ≤55 years. old and 
those who received omega-3 FAs supplements with a dose 
of more than 1 g/day for ≤12 weeks in subgroup analysis. 
Moreover, our finding based on GRADE evaluation is of 
high importance and it was robust in an influence analysis.

Flow-mediated dilation is a non-invasive measure-
ment of endothelial function that reflects the ability of 
blood vessels to dilate in response to increased blood 
flow. Endothelial dysfunction, as indicated by impaired 
FMD, is an early sign of atherosclerosis and is related 

F I G U R E  2  Forest plot representing 
weighted mean difference and 95% 
confidence intervals (CIs) for the effect of 
n-3 PUFAs supplementation on the FMD 
levels.
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| 7 of 14ARABI et al.

to an increased risk of cardiovascular disease (CVD) 
events.9 Some studies have indicated that small improve-
ments in FMD levels were associated with a decreased 
risk of cardiac events.9,54 Based on a study conducted 

by Green et al., each 1% improvement in FMD level was 
related to a 17% reduction in cardiovascular events.54 
FMD and glyceryl trinitrate-mediated dilation (GTNMD) 
are two methods to assess endothelial-dependent and 

T A B L E  2  Subgroup analyses of n-3 PUFAs supplementation in adults.

Number of studies WMD (95% CI) p-value

Heterogeneity

pheterogeneity I2 (%)

Subgroup analyses of omega-3 supplementation on FMD

Overall effect 35 0.9 (0.4, 1.4) <.001 <.001 82.8

Study design

Parallel 29 0.5 (0.05, 1.1) .03 <.001 84.1

Cross-over 6 2.4 (1.2, 3.6) <.001 .342 34.3

Blinding

D 29 0.6 (0.1, 1.2) .01 <.001 76.8

S 4 1.6 (1.2, 2.1) <.001 .1 47

Health status

Healthy 8 0.1 (−0.5, 0.9) .6 .009 62.7

Non-healthy 27 1.04 (0.4, 1.6) .001 <.001 83.8

Gender

B 29 1.05 (0.4, 1.6) <.001 <.001 83.8

M 5 −0.4 (−2.2, 1.2) .5 .005 73.1

Trial duration (weeks)

>12 11 −0.1 (−0.8, 0.5) .6 <.001 85.6

≤12 24 1.4 (0.8, 2.1) <.001 <.001 69.8

Mean age (years)

>55 14 0.2 (−0.8, 1.2) .7 <.001 75.0

≤55 21 1.1 (0.5, 1.7) <.001 <.001 85.3

Age category

Adolescents 2 3.3 (1.7, 4.9) <.001 <.001 82.6

Adults 33 0.7 (0.2, 1.2) .006 .6 0

Adjustment

Yes 19 0.6 (−0.02, 1.3) .05 <.001 81.9

No 16 0.9 (0.08, 1.7) .03 <.001 81.2

Risk of bias

Some concerns 17 0.5 (−0.2,1.2) .1 <.001 86.1

Low risk of bias 11 0.8 (0.2,1.4) .006 .205 25.1

High risk of bias 7 1.6 (0.8,2.4) <.001 .003 70.1

Supplement type

EPA 2 0.7 (−1.4, 2.9) .4 .03 78.7

DHA 3 −0.1 (−2.8, 2.5) .9 .004 82.0

Fish oil 3 0.5 (−0.1, 1.3) .1 .535 0

n-3 PUFA 27 1.01 (0.4, 1.6) .001 <.001 83.1

Omega dosage (mg)

≥1000 27 0.8 (0.2, 1.3) .002 .005 83.9

≤1000 8 1.01 (−0.2, 2.2) .05 .1 78.6

Abbreviations: B, both; CI, confidence interval; D, double blind; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; M, male; S, single blind; WMD, 
weighted mean differences.
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endothelial-independent functions, respectively. But there 
was no study to investigate the effects of n-3 PUFAs on 
GTNMD and a study by Freestone showed that as the num-
ber of cardiovascular risk factors increase, there is a rise 

in smooth muscle dysfunction which leads to decreasing 
responsiveness to GTN.55 This decrease in GTN response 
happens separately from any endothelial dysfunction and 
may have contributed to the conditions of both the studied 
cases and controls. Hence, we studied FMD as a more spe-
cific factor in endothelial function. Studies have indicated 
that omega-3 may contribute to improving endothelial 
function by modifying or improving several parameters.56 
It is possible that by receiving n-3 PUFAs, the ratio of 
omega-6 to omega-3 in cellular phospholipids will change 
and increase the fluidity of the membrane of endothelial 
cells.57 Linoleic acid by converting to arachidonic acid in 
the phospholipids of the cell membrane can lead to an 
increase in inflammatory mediators. Omega-3 FAs exert 
their anti-inflammatory effects by reducing arachidonic 
acid contents and increasing resolvins.58–60 Exclusively, 
both EPA and DHA diminished TAG and inflammatory 
markers, but only DHA diminished HR, BP, and several 
small thick LDL particles, and EPA impacts on FMD are 
endothelial cell-dependent, whereas those of DHA appear 
to be endothelial cell-independent.61

The relationship between increased CRP levels and 
vascular dysfunction was observed in some studies. 
Supplementing with omega-3 FAs can be effective in 
reducing inflammation by reducing the C-reactive pro-
tein concentrations, which shows the positive effects of 
omega-3 FA on vascular function.62,63 Moreover, markers 
of inflammation related to endothelial functions such as 
E-selection and hs-CRP concentrations considerably de-
clined following high fatty fish intake in overweight and
obese participants.64

Clinical and experimental studies have shown that 
n-3 PUFAs, through the induction of nitric oxide (NO)
in the endothelial cells and by reducing adhesive mole-
cules such as vascular cell adhesion molecule-1 (VCAM-
1) and inter-cellular adhesion molecule-1 (ICAM-1) in the

F I G U R E  4  Random-effects meta-regression plots of the 
association between WMD of FMD following n-3 PUFAs 
administration on FMD (A. Follow-up duration, and B. n-3 PUFA 
dosage).

F I G U R E  5  Dose-dependent effect of n-3 PUFAs 
supplementation treatment on FMD.

F I G U R E  3  Funnel plot of the effects of n-3 PUFAs 
supplementation on FMD levels.
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endothelium cells, reduce inflammation and platelets ag-
gregations and inhibit the growth of vascular wall smooth 
muscle, which ultimately increases endothelial func-
tion65,66 that NO does this by through activating AMP-
activated protein kinase. Also, omega-3 FAs increase the 
responsiveness of the endothelial cells to NO by reducing 
reactive oxygen species (ROS).67,68 Another mechanism 
by which omega-3 FAs may lead to an improvement of 
endothelial function is its triglyceride-lowering effects 
due to the reduction in chylomicron and VLDL rem-
nants. Several studies have shown that omega-3 can in-
crease the oxidation of triglycerides in liver cells through 
the activation of peroxisome activator alpha receptors. In 
addition, omega-3 FAs can effectively reduce the produc-
tion of triglycerides by inhibiting acyl-CoA transferase 
and acyl-CoA 1 enzymes. Also, omega-3 FAs reduce the 
level of triglycerides by stimulating liver receptors such 
as hepatic nuclear factor alpha 4, farnesol X receptor, and 
hepatic X receptor.69–72 Corresponding to these findings, 
Goodfellow's study indicated that omega-3 FAs treatment 
significantly improved endothelial function in hypercho-
lesterolemia subjects.14

According to the investigated mechanisms, the ef-
fects of omega-3 FAs on improving endothelial function 
through FMD were justified in our study in line with our 
results omega-3 FA can improve endothelial function 
through postprandial FMD. Also, a subsequent subgroup 
analysis revealed that n-3 PUFA FAs supplementation in 
patients compared to healthy subjects has significant ef-
fects on endothelial function, which had been observed 
in previous studies.73 Patients with inflammatory con-
ditions, dyslipidemia, or related risk factors may show 
more significant effects than healthy participants with no 
added cardiovascular risk factors after being treated with 
omega-3 FAs and improving these conditions.20,74 The re-
sults obtained in our study were confirmed by the study of 
Wang et al.73

Subgroup analysis demonstrated that participants with 
≥1 g/day omega-3 FAs had a more favourable effect on 
FMD. Furthermore, we detected a dose–response effect of 
omega-3 treatment on FMD. We observed that the great-
est effect of treatment with omega-3 FAs was produced at 
a dose of 2 g/day (MD: 1.2%; CI 0.4–2.06). Dose–response 
analysis showed that by increasing the dose of n-3 PUFA 
FAs to 3 g/day, positive clinical effects are produced, but 
the changes made in doses of 4–6 g/day were not signifi-
cant. In general, low to moderate omega-3 FA doses have 
been shown to be beneficial for endothelial function, and 
high doses of omega-3 may act as a pro-inflammatory 
agent and not be beneficial.75,76 On the other hand, the ef-
fects of omega-3 FAs treatment may change with age. We 
detected this treatment was a significant effect on FMD 
in participants with ≤55 years old. Because endothelial T
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function decreases with aging and may show less effec-
tiveness following n-3 PUFAs intervention.77 Although 
positive results were observed in subgroups, high hetero-
geneity is still an important limitation that should be con-
sidered. Based on the results of the subgroup analysis, the 
study design and the type of omega-3 supplement inter-
vention were identified as sources of heterogeneity.

We identified a significant effect following supplemen-
tation with omega-3 FAs and improving endothelial func-
tion by FMD index, but this effect size is lower compared 
to the minimum clinically important difference (MCID) 
changes, which should be considered by clinicians in 
practice. In the subgroup analysis, we found that the effect 
size in participants with a mean age ≤55 years, especially 
in the adolescent group, in trials with duration ≤12 weeks, 
cross-over design, and in high risk of bias trials were 
higher than MCID.55

Finally, one of the primary limitations of our study was 
the presence of significant heterogeneity, which must be 
interpreted with caution. To address this issue, we con-
ducted a subgroup and meta-regression analysis in order 
to strengthen the reliability of our findings. The strengths 
of our study were the non-change of the results after per-
forming the sensitivity analysis, high validity following 
GRADE evaluation, examination of the dose–response 
relationship, and lack of publication bias, which can give 
acceptable validity to these results, and evidence for clin-
ical efficacy is strong enough to make recommendations 
concerning to a specific dose or the durations of intakes 
for different populations.

5  |  CONCLUSION

The implications of the present study for primary and 
secondary prevention of CVD are significant. The study 
suggests that n-3 PUFA supplementation may have a ben-
eficial effect on FMD, which is a key predictor of future 
cardiovascular events. Thus, incorporating interventions 
that improve endothelial function, such as lifestyle modi-
fications or pharmacological therapy, may be an impor-
tant component of CVD prevention strategies. The current 
findings add to the growing body of evidence supporting 
the use of n-3 PUFAs in cardiovascular health and confirm 
their potential benefits in reducing the risk of CVD events. 
Improvement in FMD could be a plausible explanation for 
the observed benefit in cardiovascular outcomes following 
n-3 PUFA supplementation.
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