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Carter JR, Schwartz CE, Yang H, Joyner MJ. Fish oil and
neurovascular reactivity to mental stress in humans. Am J Physiol
Regul Integr Comp Physiol 304: R523–R530, 2013. First published
February 13, 2013; doi:10.1152/ajpregu.00031.2013.—Omega-3 fatty
acids found in fish oil have been suggested to protect against cardio-
vascular disease, yet underlying mechanisms remain unclear. Despite
the well-documented link between mental stress and cardiovascular
risk, no study has examined neural cardiovascular reactivity to mental
stress after fish oil supplementation. We hypothesized that fish oil
would blunt the blood pressure, heart rate (HR), and muscle sympa-
thetic nerve activity (MSNA) responsiveness to mental stress and/or
augment limb vasodilation associated with mental stress. Blood pres-
sure, HR, MSNA, forearm vascular conductance (FVC), and calf
vascular conductance (CVC) responses were recorded during a 5-min
mental stress protocol in 67 nonhypertensive subjects before and after
8 wk of fish oil (n � 34) or placebo supplementation (n � 33). Fish
oil blunted HR reactivity to mental stress (group � condition � time
interactions, P � 0.012) but did not alter blood pressure reactivity to
mental stress (interactions, P � 0.05). Fish oil blunted total MSNA
reactivity to mental stress (interaction, P � 0.039) but did not alter
MSNA burst frequency and burst incidence reactivity (interactions,
P � 0.05). Finally, fish oil significantly blunted CVC reactivity to
mental stress (interaction, P � 0.013) but did not alter FVC reactivity
(interaction, P � 0.05). In conclusion, 8 wk of fish oil supplementa-
tion significantly attenuated both HR and total MSNA reactivity to
mental stress and elicited a paradoxical blunting of calf vascular
conductance. These findings support and extend the growing evidence
that fish oil may have positive health benefits regarding neural
cardiovascular control in humans.

omega-3 fatty acids; blood pressure; sympathetic nerve activity;
autonomic function; cardiovascular reactivity

A GROWING BODY OF EVIDENCE suggests that the omega-3 fatty acids
found in fish oil protect against cardiovascular disease. Fish oil
has been shown to improve vascular function through a variety of
factors including reduced triglyceride levels (20), decreased
growth rate of atherosclerotic plaques (13), and reduced blood
pressure (34). The antihypertensive effect of fish oil remains
controversial, but meta-analyses conclude that high intake of fish
oil appears to lower blood pressure, especially in hypertensive
subjects (2, 15, 34). Mechanisms responsible for fish oil-induced
reductions of blood pressure have not been completely elucidated,
but reduction in sympathetic nerve activity has been suggested as
a potential contributor. To date, only two studies have employed
microneurographic techniques to directly assess postganglionic
sympathetic neural traffic before and after fish oil supplementation
(8, 31). Monahan et al. (31) reported no change in resting muscle
sympathetic nerve activity (MSNA) after 1 mo of fish oil in

normotensive subjects. More recently, our laboratory (8) sup-
ported and extended the findings of Monahan et al. (31) by
demonstrating no change in resting MSNA after fish oil in both
normotensive or prehypertensive individuals. However, a more
detailed analysis revealed that fish oil was associated with modest
sympathoinhibition in individuals with higher resting heart rates
(HR) (8), a finding consistent with a recent meta-analysis sug-
gesting resting HR as an important variable regarding the effec-
tiveness of fish oil supplementation (35).

In addition to examining resting MSNA, Monahan et al. (31)
also examined sympathetic neural responsiveness to two classic
sympathoexcitatory maneuvers. Specifically, Monahan et al. (31)
reported an augmented MSNA response to cold pressor test (CPT)
and ischemic handgrip to fatigue (IHG). In contrast, Delarue et al.
(10) recently demonstrated that supplementation with fish oil
inhibited concentrations of circulating catecholamines during
mental stress in healthy men, but sympathetic neural and limb
vascular responses were not measured. The divergent sympathetic
responses to fish oil supplementation between Monahan et al. (31)
and Delarue et al. (10) suggest that the type of sympathetic
stressor (IHG/CPT vs. mental stress) and/or the sympathetic
assessment technique (MSNA vs. plasma catecholamines) may be
important. To date, the effects of fish oil on MSNA and limb
vascular reactivity to mental stress have not been investigated.

In addition to evoking altered neural control, mental stress
elicits a well-documented forearm vasodilation (3, 4). This vaso-
dilatory response has been implicated as an important vascular
adjustment relevant to hypertension (6, 39, 41). Omega-3 fatty
acids have been shown to enhance forearm vasodilation in re-
sponse to acetylcholine, an endothelium-dependent vasodilatory
agent (32, 33). Such pharmacodissection data are novel and
relevant, but what effect does fish oil have on the vasodilation
associated with the nonpharmacological mental stress interven-
tion? To date, no studies have investigated mental stress-induced
forearm vasodilation after fish oil supplementation. Such a study
could be of significance to cardiac heart failure (40) and hyper-
tensive (39) subjects, two populations that consistently demon-
strate blunted forearm vasodilation during mental stress.

Therefore, the purpose of the present study was to determine
MSNA and limb vascular reactivity to mental stress before and
after omega-3 fatty acid supplementation. We hypothesized that
fish oil would blunt the blood pressure, HR, and MSNA respon-
siveness to mental stress and/or augment vasodilatory responses to
mental stress. Identifying the mechanism(s) by which omega-3
fatty acids lower blood pressure remains a critical gap in the field
of hypertension research.

METHODS

Subjects. Sixty-seven nonhypertensive (resting blood pressure �
140 systolic/90 diastolic) subjects (fish oil: 24 men, 10 women;
placebo: 22 men, 11 women) age 24 � 1 yr participated in this study.
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Resting variables for these 67 subjects have been previously reported
(8). All subjects signed an informed consent and refrained from
caffeine, alcohol, and exercise for at least 12 h before testing.
Exclusion criteria for participants included smoking, diabetes, auto-
nomic dysfunction, and use of blood pressure medication. This study
was approved by the Michigan Technological University Institutional
Review Board.

Experimental protocol. All subjects were randomly assigned into
this double-blind, placebo-controlled investigation and were tested
before (pre) and after (post) 8 wk of fish oil or placebo (olive oil)
supplementation (parallel administration of fish oil and placebo).
Subjects reported to the Integrative Physiology Laboratory at Michi-
gan Technological University at the same time of day for 3 consec-
utive days to establish resting blood pressure during the pre- and
posttreatment sessions. After the seated blood pressure recordings on
day 3 of the pretreatment, subjects were instrumented for the mental
stress protocol, which consisted of a 10-min baseline and 5 min of
mental stress. Mental stress was elicited via serial subtraction (i.e.,
mental arithmetic). Briefly, subjects continuously subtracted the num-
ber 6 or 7 from a two- or three-digit number verbally and were
encouraged by an investigator to subtract as quickly as possible. The
subtraction number (i.e., 6 or 7) was randomized between the pre- and
posttrials. Immediately after the mental stress protocol, subjects were
asked to report rating of perceived stress using a standard 0–4
perceived stress scale (5).

Upon completion of the pretreatment testing, subjects were ran-
domly assigned into the fish oil or placebo (olive oil) group. Partic-
ipants ingested 9 g/day of fish oil pills (1.6 g eicosapentaenoic acid,
1.1 g docosahexaenoic acid) or 9 g/day of placebo pills for 8 wk. The
fish oil dosage and the selection of olive oil as the placebo were based
on a literature review of double-blinded, placebo-based studies exam-
ining the influence of fish oil on blood pressure in humans. A pill diary
and regular email and phone reminders were issued to the subjects to
track compliance according to the study terms. Subjects were asked to
maintain current diet and exercise habits during the 8-wk supplemen-
tation period. After treatment, subjects returned to the laboratory for
posttesting and completed the same protocol as pretesting. Two
subjects completed the complete pretesting but only were able to
complete for the seated resting measurements. Additionally, one
subject was unable to complete the postmental stress protocol. Ac-
cordingly, hemodynamic responses to mental stress are reported in 64
total subjects (n � 32 fish oil, n � 32 placebo).

Measurements. HR was measured using a three-lead electrocardio-
gram. Arterial blood pressure was measured utilizing two different
methods. Seated resting blood pressures were obtained using the
IntelliSense automated sphygmomanometer (model HEM-907XL,
Omron Healthcare, Bannockburn, IL). Seated resting recordings were

taken three consecutive times each day, separated by 1 min and
following 5 min of seated rest. Importantly, all pre- and posttreatment
blood pressure measurements were recorded at the same time of day
to limit diurnal blood pressure variations as a potential confounder
(38). Beat-to-beat arterial pressure was recorded using the Finometer
(Finapres Medical Systems, Amsterdam, The Netherlands) on the
middle finger throughout autonomic testing. The Finometer is an ideal
technique for measuring beat-to-beat changes in arterial pressure but
is not accurate and reproducible in measuring absolute values. There-
fore, we used the seated resting brachial arterial pressure as absolute
resting values and the Finometer for recording relative changes during
mental stress and recovery. Blood pressures are reported as systolic
(SAP), diastolic (DAP), and mean (MAP) arterial pressure.

Multifiber recordings of MSNA were recorded using the microneu-
rography technique. Briefly, a tungsten microelectrode was inserted
into the common peroneal nerve located in the popliteal region of the
knee or at the base of the fibular head of the lower leg. A reference
electrode was inserted subcutaneously 2–3 cm away from the record-
ing electrode. Both electrodes were connected to a preamplifier and
amplifier. The signal was amplified 80,000 times, band-pass filtered
(700–2,000 Hz) and integrated (time constant, 0.1 s) to obtain a mean
voltage display of nerve activity. MSNA was determined by observing
spontaneous multifiber bursts of activity and confirmed by having the
subject perform end-expiratory apnea with a resultant increase in
MSNA. The signal was distinguished from skin sympathetic nerve
activity by performing auditory stimulation with no subsequent neural
reaction. Complete MSNA responses to mental stress are available in
29 subjects (12 fish oil, 17 placebo). Because of shifts in neurogram,
measurements of total MSNA are available in 23 subjects (9 fish oil,
14 placebo).

Forearm (FBF) and calf (CBF) blood flow were measured using
venous occlusion plethysmography (D. E. Hokanson, Bellevue, WA).
Occlusion cuffs were placed around the left upper arm, wrist, thigh,
and ankle. The wrist and ankle cuffs were inflated to 220 mmHg to
temporarily prevent circulation to the hand and foot. The arm and
thigh cuffs were then inflated to 60 mmHg for 7 s and deflated for
8 s (i.e., 4 readings per min). Inflation of the collecting cuffs allows
arterial blood flow into the forearm and calf but prevents venous flow
return. Strain gauges were placed around the greatest circumference of
the forearm and calf allowing for direct measurements of changes in
arm and leg circumference. Technical issues and artifact during
mental stress prevented the analysis of forearm and calf blood flow in
several subjects. We were able to record forearm measurements in 29
fish oil subjects and 26 placebo subjects, while in the calf we recorded
measurements in 28 fish oil and 25 placebo subjects during mental
stress.

Table 1. Baseline values before (pre) and after (post) 8 wk of fish oil or placebo

Fish Oil Placebo

Interaction P ValuePre Post Pre Post

SAP, mmHg 117 � 2 115 � 2 115 � 2 114 � 2 0.46
DAP, mmHg 67 � 1 67 � 1 69 � 1 69 � 1 0.72
MAP, mmHg 84 � 1 83 � 1 84 � 1 84 � 2 0.59
HR, beats/min 72 � 2 72 � 2 75 � 2 75 � 2 0.61
MSNA, bursts/min 11 � 1 10 � 1 12 � 1 12 � 2 0.57
MSNA, bursts/100 hb 17 � 2 16 � 2 18 � 2 18 � 2 0.84
FBF, units 3.1 � 0.2 3.1 � 0.2 2.6 � 0.2 2.8 � 0.3 0.48
FVC, 100�U/mmHg 3.3 � 0.3 3.5 � 0.3 2.8 � 0.2 3.2 � 0.3 0.63
CBF, units 2.4 � 0.2 2.6 � 0.2 2.3 � 0.1 2.4 � 0.2 0.60
CVC, 100�U/mmHg 2.5 � 0.2 2.9 � 0.2 2.4 � 0.1 2.8 � 0.2 0.54

Values are means � SE (n � 34 for fish oil, and n � 33 for placebo unless noted). SAP, systolic arterial pressure; DAP, diastolic arterial pressure; MAP,
mean arterial blood pressure; HR, heart rate; MSNA, muscle sympathetic nerve activity (n � 27 for fish oil and n � 27 for placebo); hb, heartbeats; FBF, forearm
blood flow (n � 32 for fish oil and n � 31 for placebo); FVC, forearm vascular conductance; CBF, calf blood flow (n � 30 for fish oil and n � 27 for placebo);
CVC, calf vascular conductance.
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Data analysis. Data were recorded using WinDaq/Pro data acqui-
sition software (DATAQ Instruments, Akron, OH), and imported into
WinCPRS (Absolute Aliens, Turku, Finland) software package for
analysis. R-waves from the electrocardiogram were detected and
marked in the time series. Integrated bursts of MSNA were detected
as a 3:1 burst-noise ratio within a search window of 0.5 s based on an
average expected burst peak latency of 1.3 s following the previous
R-wave. Spontaneous bursts of MSNA were normalized to the aver-
age burst size during baseline and designated a value of 100 arbitrary
units. Sympathetic bursts of activity were expressed as burst fre-
quency (bursts/minute), burst incidence (bursts/100 heartbeats), and
total activity (arbitrary units). Total MSNA was determined as the
burst activity multiplied by the average normalized area under the
burst. This analysis accounts for the change in the size of the burst per
minute. Blood flow data were analyzed using the NIVP3 software
(D. E. Hokanson, Bellevue, WA). Percent changes in flow per time
were analyzed in both the forearm and calf. Vascular conductance was
calculated as blood flow divided by MAP in both the forearm (FVC)
and calf (CVC).

Statistical analysis. Data were analyzed using commercial software
SPSS 18.0 (SPSS Chicago, IL). Baseline values were compared using a
1-between (Group: fish oil vs. placebo) by 1-within (Condition: pre- vs.
posttreatment) repeated measures analysis of covariance (ANCOVA),
with resting MAP and resting HR as covariables. Responses to mental
stress were analyzed using a 1-between (Group: fish oil vs. placebo)
by 2-within (Condition: pre- vs. posttreatment; Time: baseline vs.
mental stress) repeated measures ANCOVA, with resting MAP and
resting HR as covariables. This statistical approach (i.e., consideration
of pretreatment blood pressure and HR) is consistent with our previ-
ous study investigating the effects of fish oil on resting neural and
cardiovascular control (8). Significant group � condition � time
interactions were probed further using post hoc least significant
difference pairwise comparisons. Mauchly’s test of sphericity was
performed for all ANCOVA analyses to test for differences between
variances. A significant finding (P � 0.05) led to the use the Huynh-
Feldt (sphericity values �0.75) or Greenhouse-Geisser (sphericity
values �0.75) correction factors.
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Fig. 1. Changes (�) in systolic (SAP), dia-
stolic (DAP), mean (MAP) arterial pressures
during mental stress fish oil or placebo sup-
plementation. Mental stress significantly in-
creased SAP, DAP, and MAP (P � 0.001),
but these increases were not altered by fish
oil (group � condition � time interactions;
P � 0.340).
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All data expressed as means � SE. Hemodynamic responses to
mental stress are presented as 5-min averages in results text and 1-min
averages in figures to provide more detail on differences between
groups and conditions. For both MSNA and limb vascular data, there
would occasionally be a missing data point during 1 min due to
random artifact (i.e., movement of hand/foot and/or tensing of lower
leg) that limited minute-by-minute analysis, thus 5-min averages are
presented to maximize statistical power. Importantly, if there was a
missing data point for 1 min in the pretreatment mental stress, we
deleted the subsequent data point in the posttreatment (and vice
versa); this ensured appropriate comparisons. This procedure was
performed before any statistical analysis to avoid bias. Finally, it is
important to note that two investigators independently confirmed there
were no visible shifts in the MSNA neurograms for the comparisons
of total MSNA.

RESULTS

Resting baseline. Table 1 depicts neural and cardiovascular
values during resting baseline. SAP, DAP, and MAP are
reported as the 3-day seated average (per methods description),
while remaining variables are reported as the 5-min supine rest.
Fish oil did not significantly alter any of the resting variables
measured (P � 0.05). The interactions of these main resting
variables with the covariables (i.e., pretreatment MAP and HR)
have been previously reported and discussed (8).

Hemodynamic reactivity to mental stress. Figure 1 demon-
strates that mental stress significantly increased SAP (fish oil,
�13 � 2 mmHg vs. �13 � 2 mmHg; placebo, �11 � 1 vs.
�11 � 2 mmHg; time, P � 0.001, pre- and posttreatment,
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Fig. 2. Changes (�) in heart rate (HR) during mental stress pre- and post-fish
oil or placebo supplementation. Mental stress significantly increased HR (P �
0.001), but these increases were blunted by fish oil (group � condition � time
interaction; P � 0.012). *P � 0.05 vs. corresponding post value.
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Fig. 3. Changes (�) in muscle sympathetic nerve activity (MSNA), expressed
as burst frequency (bursts/minute) and burst incidence (bursts per 100 heart-
beats), during mental stress pre- and post-fish oil or placebo supplementation.
Fish oil did not alter MSNA burst frequency or incidence reactivity to mental
stress. *Significant increase during mental stress, P � 0.05; N.S., no signifi-
cance between pre- and posttrials.
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Fig. 4. Changes (�) in muscle sympathetic nerve activity (MSNA), expressed
as total MSNA, during mental stress pre- and post-fish oil or placebo supple-
mentation. Fish oil significantly blunted total MSNA reactivity to mental
stress. *Significant increase during mental stress, P � 0.05; N.S., no signifi-
cance between pre- and posttrials.
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respectively), DAP (fish oil, �10 � 1 vs. �10 � 1 mmHg;
placebo, �9 � 1 vs. �9 � 1 mmHg; time, P � 0.001), and
MAP (fish oil, �13 � 1 vs. �13 � 1 mmHg; placebo, �11 �
1 vs. �11 � 1 mmHg; time, P � 0.001). These blood pressure
responses were not different between the fish oil and placebo
groups (group � condition � time interactions; P � 0.340). In
contrast, Fig. 2 shows that HR reactivity to mental stress was
attenuated after fish oil (�22 � 2 vs. �19 � 2 beats/min, P �
0.002) but not placebo (�15 � 2 vs. �16 � 2 beats/min, P �
0.801) supplementation (group � condition � time interaction;
P � 0.012).

Sympathetic neural reactivity to mental stress. As depicted in
Fig. 3, mental stress significantly increased MSNA burst fre-
quency (fish oil, �6 � 2 vs. �5 � 1 bursts/min; placebo, �6 � 1
vs. �6 � 1 bursts/min; time, P � 0.001, pre- and posttreatment,
respectively) and MSNA burst incidence (fish oil, �4 � 2 vs.
�3 � 3 bursts/100 heartbeats; placebo, �4 � 2 vs. �4 � 2
bursts/100 heartbeats; time, P � 0.001). However, there were no
differences between the fish oil and placebo groups (group �
condition � time interactions, P � 0.350). In contrast, Fig. 4
shows that total MSNA response to mental stress was reduced by
fish oil (�9,628 � 2,407 to �3,830 � 1,029 arbitrary units, P �
0.029) but not placebo (�6,860 � 1,463 to �6,302 � 2,042
arbitrary units, P � 0.756) treatment (group � condition � time
interaction, P � 0.05). Figure 5 depicts a representative neuro-
gram highlighting the blunted increase of total MSNA, but not
MSNA burst frequency.

Limb vascular reactivity to mental stress. Figure 6 shows
that mental stress increased FVC (fish oil, �69 � 10% vs.
�57 � 11%; placebo, �45 � 8% vs. �36 � 8%; time, P �
.001, pre- and posttreatment, respectively), but there were no
significant differences between groups (group � condition �
time interaction, P � 0.800). In contrast, the CVC reactivity to
mental stress was blunted by fish oil (�25 � 7% vs. �10 �
5%; P � 0.05,) but not placebo (�11 � 5% vs. �10 � 6%
post) treatment (group � condition � time interaction, P �

0.01). Perceived stress levels were not different pre- and
post-fish oil (2.8 � 0.1 vs. 2.8 � 0.1 arbitrary units) or placebo
(2.6 � 0.1 vs. 2.8 � 0.1 arbitrary units) (group � condition �
time interaction, P � .381).

DISCUSSION

The current investigation offers several novel and important
insights regarding the influence of omega-3 fatty acids on
neural and cardiovascular function. First, consistent with our
hypothesis we demonstrated that fish oil attenuated the HR
reactivity to mental stress. In contrast, fish oil did not attenuate
blood pressure reactivity to mental stress as predicted. We will
discuss the significance of these findings as it relates to the
cardiovascular reactivity hypothesis. Second, fish oil did not
alter MSNA reactivity quantified as burst frequency or inci-
dence. However, total MSNA reactivity to mental stress was
significantly blunted by fish oil. Thus our data suggest that fish
oil may influence MSNA recruitment strategies during mental
stress; this could be highly relevant to cardiovascular disease
models, particularly hypertension. Third, contrary to our initial
hypothesis, limb vasodilation to mental stress was not aug-
mented by fish oil. In fact, calf vasodilation during mental
stress was actually blunted by fish oil. We believe these
findings can be explained by the variety of factors that influ-
ence limb vascular reactivity to mental stress, particularly the
reported blunted epinephrine reactivity to mental stress after
fish oil (10). Overall, this study provides important mechanistic
insight regarding the effects of fish oil on neurovascular reac-
tivity.

The cardiovascular reactivity hypothesis postulates that he-
modynamic responses to acute stressors, such as mental stress,
provide predictive insight regarding future risk of cardiovas-
cular disease. In fact, large-scale longitudinal studies have
reported that heightened cardiovascular reactivity to mental
stress is linked to an increased risk of developing hypertension
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Fig. 5. Representative neurogram of one subject
pre- and post-fish oil. Mental stress increased
MSNA burst frequency, and these increases
were similar before and after supplementation
(consistent with Fig. 3). In contrast, increases in
the amplitude/area of sympathetic bursts, which
contribute to total MSNA, were blunted after
fish oil (consistent with Fig. 4).
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(9, 28, 30, 42, 44, 46). Moreover, smaller observation studies
report that both prehypertensive/hypertensive adults (21, 29,
39, 41), as well as subjects with a family history of hyperten-
sion (36, 45), demonstrate augmented cardiovascular reactivity
to mental stress. What remains controversial is whether this
augmented reactivity to mental stress has a causal relationship
with cardiovascular disease or is simply a marker of future risk
without any causal role. Regardless, investigations examining
cardiovascular reactivity to mental stress and potential phar-
macological and/or nonpharmacological therapies aimed at
reducing this reactivity are important to the fields of hyperten-
sion and other cardiovascular disease research.

The present study provides new evidence that fish oil reduces
HR reactivity to mental stress. Our laboratory has extensively
examined neural and cardiovascular reactivity to mental stress.
We have previously highlighted that although MSNA responsive-
ness can be variable (7), HR and blood pressure reactivity are
remarkably consistent; most of our studies consistently report
increases in HR of 15–20 beats/min and increases in blood
pressure of 10–15 mmHg. Other laboratories using mental arith-
metic to examine neural cardiovascular reactivity also report
similar reactivity (1, 5, 19, 24), and there are several test-retest
studies demonstrating strong within-subject cardiovascular repro-
ducibility (23, 43). This reproducibility was observed within our
placebo, lending credibility to the reported reduction of the HR
reactivity with fish oil. Moreover, the sample sizes for the HR and

blood pressure reactivity were robust to meet our goals for MSNA
reactivity recordings. Overall, we are confident in our findings that
fish oil attenuated HR reactivity to mental stress.

While we did not observe a similar attenuation of the blood
pressure reactivity, a recent study did observe blunted blood
pressure reactivity after fish oil (16). More specifically, Ginty and
Conklin (16) recently reported that MAP reactivity to mental
stress was attenuated after 21-day fish oil supplementation com-
pared with placebo. Interestingly, the authors did not report an
attenuated HR reactivity as observed in the present study, but
there was a trend (P � 0.28) for reduced HR reactivity after fish
oil (16). It is not entirely clear why our study demonstrated
blunted HR reactivity without changes to MAP reactivity, and
their study demonstrated the opposite. It is important to remember
that while HR reactivity contributes to MAP reactivity, the blood
pressure reactivity is also influenced by changes in stroke volume
and total peripheral resistance (TPR). We do not have definitive
measurements of either, and we explain shortly why we refrained
from ModelFlow estimates. Nevertheless, it is not obligatory to
see parallel changes in HR and MAP reactivity to mental stress
after interventions. Additionally, differences between Ginty and
Conklin (16) and the present study could relate to differences in
subject demographics (much different male-to-female ratios be-
tween studies), differences in placebo (olive oil vs. corn oil), or
differences in fish oil dosages and eicosapentaenoic acid/
docosahexaenoic acid ratios. Regardless, the important piece is
that both randomized, placebo-controlled studies independently
observed some attenuation of cardiovascular reactivity to mental
stress after fish oil. Collectively, they support the overarching
concept that fish oil has certain cardiovascular benefits and sug-
gest one potential mechanism for this benefit.

To date, only one study has examined the influence of omega-3
fatty acids on sympathetic reactivity to mental stress in humans.
This is relevant because sympathetic outflow and reactivity play a
key role in HR reactivity and limb vascular reactivity, both of
which contribute to the blood pressure responsiveness. Delarue et
al. (10) reported that the circulating plasma catecholamine re-
sponse was blunted during mental stress after 1 mo of fish oil
supplementation. More specifically, the attenuation was observed
with epinephrine but not norepinephrine. It is well documented
that mental stress elicits simultaneous increases of epinephrine
and norepinephrine (14), but evidence also exists to suggest that
increases in epinephrine during mental stress are more dramatic
than the increases in norepinephrine (11, 27). It is important to
note three things. First, plasma catecholamine responses do not
always reflect MSNA responsiveness (17). Moreover, there are
several factors that influence plasma catecholamine levels, includ-
ing rates of secretion, clearance, and reuptake (18). Second, in
contrast to the catecholamine responses, MSNA responses to
mental stress are a bit more variable. Specifically, mental stress
can elicit increases, decreases, or no change in MSNA (7), and it
has been suggested that this “responsiveness” may be important in
future development of cardiovascular disease (36). Much like the
cardiovascular reactivity hypothesis, it remains unclear if this
sympathetic neural reactivity is causal, predictive, or neither with
regards to the pathogenesis of cardiovascular disease. Third, the
study by Delarue et al. (10) did not include a placebo control.
Collectively, there was a strong rationale to examine the influence
of fish oil on MSNA reactivity to mental stress.

Consistent with our hypothesis, fish oil reduced total MSNA
reactivity to mental stress. Contrary to our hypothesis, fish oil did
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not alter MSNA burst frequency or burst incidence reactivity to
mental stress. Similar to the divergent impact of fish oil on HR
and MAP reactivity, it is not unheard of for burst frequency and
total MSNA to respond differently to various interventions. In
fact, this divergent sympathetic neural response may be an im-
portant distinction in understanding potential mechanisms under-
lying the effect of fish oil on the sympathetic nervous system
during stress. Specifically, it has been suggested that sympathetic
burst activity and total MSNA operate off of two separate central
nervous system (CNS) inputs (26). The generation of a burst is
suggested to be controlled through a gated (i.e., on/off) mecha-
nism, whereas the total MSNA appears to operate via graded
input. Whereas this gated mechanism may operate off of one CNS
input, the graded mechanism may respond to multiple CNS inputs
(25, 26). Keller et al. (25) demonstrated that whole body heating
increased burst activity (i.e., via the gating mechanism), but did
not affect the total MSNA response, supporting the theory pre-
sented by Kienbaum et al. (26) that these two mechanisms of
muscle sympathetic nerve activity operate on two separate CNS
inputs. Accordingly, one reasonable interpretation of the present
data (i.e., blunted total MSNA reactivity to mental stress without
a concomitant attenuation of burst frequency reactivity) is that fish
oil might influence sympathetic neural “recruitment” more so than
a sympathetic “gating.”

Finally, improved vascular function has been proposed as a
potential mechanism for the cardiovascular benefits associated
with fish oil. In the present study we examined limb vascular
responsiveness to mental stress. Because prehypertensive and
hypertensive adults demonstrate blunted forearm vasodilation
during mental stress compared with normotensive adults (6, 39,
41), we hypothesized that fish oil would augment forearm
vasodilatory responses to mental stress. Our data demonstrate
that fish oil did not alter the forearm vascular reactivity to
mental stress (i.e., similar vasodilation). Moreover, fish oil
actually appeared to blunt, not augment, calf vascular conduc-
tance during mental stress, a finding that was contrary to our
initial hypothesis. Although somewhat perplexing, we offer the
following potential explanation. The study by Delarue et al.
(10) demonstrated increases in epinephrine. Epinephrine has
been identified as a key contributor to the limb vasodilatory
response of mental stress and may play an important role in
nitric oxide-mediated vasodilation during mental stress (22).
Thus, if the epinephrine response is indeed blunted as reported
by Delarue et al. (10), perhaps this contributed to a blunted calf
vasodilation. On the other hand, why would this not have also
impacted the forearm vasodilatory response to mental stress?
We are not entirely clear why fish oil elicited different limb
vasodilatory responses to mental stress (i.e., forearm vs. calf),
and this may warrant future investigation. To our knowledge,
this is the first study to report limb vascular reactivity to mental
stress after fish oil supplementation.

We acknowledge several limitations of the present work. First,
this study was restricted to 8 wk of fish oil supplementation.
Longer duration (i.e., chronic) fish oil supplementation and/or fish
oil through natural diet may elicit more robust neural and cardio-
vascular changes. Second, the present study did not measure the
amount of omega-3 fatty acid incorporated into plasma or red
blood cells. It is possible that variable incorporation rates of
omega-3 fatty acid could have influenced the treatment response
in our study. Third, the present study was limited to younger
individuals. Future work might examine older subjects and/or

other populations with higher neural cardiovascular reactivity to
mental stress. Finally, we do not have any measurements of stroke
volume, thus limiting our interpretation regarding differences
between the HR and MAP reactivity. Dyson et al. (12) has
recently reported discrepancies of estimates of stroke volume
between finometer ModelFlow and pulsed Doppler ultrasound of
the ascending aorta during acute changes of TPR, and mental
stress has been reported to elicit acute changes in TPR. Impor-
tantly, validation studies with the ModelFlow have primarily
focused on changes during orthostasis; to our knowledge, there
are no validation studies during mental stress. Given the recent
findings of Dyson et al. (12) and the lack of direct ModelFlow
validation studies during mental stress, we are not comfortable
using the ModelFlow to estimate stroke volume reactivity in the
present study.

Perspectives and Significance

The present study provides new mechanistic insight regard-
ing the influence of fish oil supplementation on neural cardio-
vascular reactivity. Specifically, we report that that 8 wk of fish
oil supplementation significantly attenuates both HR and total
MSNA reactivity to mental stress. Overall, the data support and
extend the growing evidence that fish oil may have positive
health benefits regarding neural cardiovascular control in hu-
mans and suggest important physiological interactions between
fish oil and psychological stress that may contribute to disease
etiology. Future studies might examine the influence of longer
duration (i.e., chronic) fish oil supplementation on neural
cardiovascular reactivity to mental stress, with a particular
focus on aged and/or diseased populations.

ACKNOWLEDGMENTS

The authors thank John Durocher, Thomas Drummer, and Sarah Stream for
their assistance in data collection and analysis. We also thank all the subjects
for their participation.

GRANTS

This project was supported by the National Heart, Lung, and Blood Institute
Grant HL-088689.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

AUTHOR CONTRIBUTIONS

Author contributions: J.R.C. and M.J.J. conception and design of research;
J.R.C., C.E.S., and H.Y. performed experiments; J.R.C., C.E.S., and H.Y.
analyzed data; J.R.C., C.E.S., H.Y., and M.J.J. interpreted results of experi-
ments; J.R.C. and C.E.S. drafted manuscript; J.R.C., C.E.S., H.Y., and M.J.J.
edited and revised manuscript; J.R.C., C.E.S., H.Y., and M.J.J. approved final
version of manuscript; H.Y. prepared figures.

REFERENCES

1. Anderson EA, Wallin BG, Mark AL. Dissociation of sympathetic nerve
activity in arm and leg muscle during mental stress. Hypertension 9:
III114–III119, 1987.

2. Appel LJ, Miller ER, 3rd Seidler AJ, Whelton PK. Does supplemen-
tation of diet with “fish oil” reduce blood pressure? A meta-analysis of
controlled clinical trials. Arch Intern Med 153: 1429–1438, 1993.

3. Barcroft H, Brod J, Hejl Z, Hirsjarvi E, Kitchin A. The mechanism of
the vasodilation in the forearm muscle during stress (mental arithmetic).
Clin Sci 19: 577–586, 1960.

4. Blair DA, Glover WE, Greenfield ADM, Roddie IC. Excitation of
cholinergic vasodilator nerves to human skeletal muscles during emotional
stress. J Physiol 148: 633–647, 1959.

R529FISH OIL AND MENTAL STRESS IN HUMANS

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00031.2013 • www.ajpregu.org

 at M
ichigan T

ech U
niv on June 11, 2013

http://ajpregu.physiology.org/
D

ow
nloaded from

 

http://ajpregu.physiology.org/


5. Callister R, Suwarno NO, Seals DR. Sympathetic activity is influenced
by task difficulty and stress perception during mental challenge in humans.
J Physiol 454: 373–387, 1992.

6. Cardillo C, Kilcoyne CM, Quyyumi AA, Cannon RO, 3rd, Panza JA.
Role of nitric oxide in the vasodilator response to mental stress in normal
subjects. Am J Cardiol 80: 1070–1074, 1997.

7. Carter JR, Ray CA. Sympathetic neural responses to mental stress:
responders, nonresponders, and sex differences. Am J Physiol Heart Circ
Physiol 296: H847–H853, 2009.

8. Carter JR, Schwartz CE, Yang H, Joyner MJ. Fish oil and neurovas-
cular control in humans. Am J Physiol Heart Circ Physiol 303: H450–
H456, 2012.

9. Chida Y, Steptoe A. Greater cardiovascular responses to laboratory
mental stress are associated with poor subsequent cardiovascular risk
status: a meta-analysis of prospective evidence. Hypertension 55: 1026–
1032, 2010.

10. Delarue J, Matzinger O, Binnert C, Schneiter P, Chiolero R, Tappy L.
Fish oil prevents the adrenal activation elicited by mental stress in healthy
men. Diabetes Metab 29: 289–295, 2003.

11. Dimsdale JE, Moss J. Plasma catecholamines in stress and exercise.
JAMA 243: 340–342, 1980.

12. Dyson KS, Shoemaker JK, Arbeille P, Hughson RL. Modelflow esti-
mates of cardiac output compared with Doppler ultrasound during acute
changes in vascular resistance in women. Exp Physiol 95: 561–568, 2010.

13. Eritsland J, Arnesen H, Gronseth K, Fjeld NB, Abdelnoor M. Effect of
dietary supplementation with n-3 fatty acids on coronary artery bypass
graft patency. Am J Cardiol 77: 31–36, 1996.

14. Esler MD, Jennings GL, Johns J, Burke F, Little PJ, Leonard P.
Estimation of ‘total’ renal, cardiac and splanchnic sympathetic nervous
tone in essential hypertension from measurements of noradrenaline re-
lease. J Hypertens Suppl 2: S123–S125, 1984.

15. Geleijnse JM, Giltay EJ, Grobbee DE, Donders AR, Kok FJ. Blood
pressure response to fish oil supplementation: metaregression analysis of
randomized trials. J Hypertens 20: 1493–1499, 2002.

16. Ginty AT, Conklin SM. Preliminary evidence that acute long-chain
omega-3 supplementation reduces cardiovascular reactivity to mental
stress: a randomized and placebo controlled trial. Biol Psychol 89: 269–
272, 2012.

17. Grassi G, Bolla G, Seravalle G, Turri C, Lanfranchi A, Mancia G.
Comparison between reproducibility and sensitivity of muscle sympa-
thetic nerve traffic and plasma noradrenaline in man. Clin Sci (Lond) 92:
285–289, 1997.

18. Grassi G, Esler M. How to assess sympathetic activity in humans. J
Hypertens 17: 719–734, 1999.

19. Halliwill JR, Lawler LA, Eickhoff TJ, Dietz NM, Nauss LA, Joyner
MJ. Forearm sympathetic withdrawal and vasodilatation during mental
stress in humans. J Physiol 504: 211–220, 1997.

20. Harris WS. n-3 fatty acids and serum lipoproteins: human studies. Am J
Clin Nutr 65: 1645S–1654S, 1997.

21. Jern S, Bergbrant A, Hedner T, Hansson L. Enhanced pressor re-
sponses to experimental and daily-life stress in borderline hypertension. J
Hypertens 13: 69–79, 1995.

22. Joyner MJ, Dietz NM. Sympathetic vasodilation in human muscle. Acta
Physiologica Scandinavica 177: 329–336, 2003.

23. Kamarck TW, Lovallo WR. Cardiovascular reactivity to psychological
challenge: conceptual and measurement considerations. Psychosomatic
Med 65: 9–21, 2003.

24. Kamiya A, Iwase S, Michikami D, Fu Q, Mano T. Head-down bed rest
alters sympathetic and cardiovascular responses to mental stress. Am J
Physiol Regul Integr Comp Physiol 279: R440–R447, 2000.

25. Keller DM, Cui J, Davis SL, Low DA, Crandall CG. Heat stress
enhances arterial baroreflex control of muscle sympathetic nerve activity
via increased sensitivity of burst gating, not burst area, in humans. J
Physiol 573: 445–451, 2006.

26. Kienbaum P, Karlssonn T, Sverrisdottir YB, Elam M, Wallin BG.
Two sites for modulation of human sympathetic activity by arterial
baroreceptors? J Physiol 531: 861–869, 2001.

27. LeBlanc J, Côté J, Jobin M, Labrie A. Plasma catecholamines and
cardiovascular responses to cold and mental activity. J Appl Physiol 47:
1207–1211, 1979.

28. Light KC, Dolan CA, Davis MR, Sherwood A. Cardiovascular re-
sponses to an active coping challenge as predictors of blood pressure
patterns 10 to 15 years later. Psychosom Med 54: 217–230, 1992.

29. Matsukawa T, Gotoh E, Uneda S, Miyajima E, Shionoiri H, Tochi-
kubo O, Ishii M. Augmented sympathetic nerve activity in response to
stressors in young borderline hypertensive men. Acta Physiol Scand 141:
157–165, 1991.

30. Matthews KA, Katholi CR, McCreath H, Whooley MA, Williams DR,
Zhu S, Markovitz JH. Blood pressure reactivity to psychological stress
predicts hypertension in the CARDIA study. Circulation 110: 74–78,
2004.

31. Monahan KD, Wilson TE, Ray CA. Omega-3 fatty acid supplementation
augments sympathetic nerve activity responses to physiological stressors
in humans. Hypertension 44: 732–738, 2004.

32. Morgan DR, Dixon LJ, Hanratty CG, El-Sherbeeny N, Hamilton PB,
McGrath LT, Leahey WJ, Johnston GD, McVeigh GE. Effects of
dietary omega-3 fatty acid supplementation on endothelium-dependent
vasodilation in patients with chronic heart failure. Am J Cardiol 97:
547–551, 2006.

33. Mori TA, Watts GF, Burke V, Hilme E, Puddey IB, Beilin LJ.
Differential effects of eicosapentaenoic acid and docosahexaenoic acid on
vascular reactivity of the forearm microcirculation in hyperlipidemic,
overweight men. Circulation 102: 1264–1269, 2000.

34. Morris MC, Sacks F, Rosner B. Does fish oil lower blood pressure? A
meta-analysis of controlled trials. Circulation 88: 523–533, 1993.

35. Mozaffarian D, Geelen A, Brouwer IA, Geleijnse JM, Zock PL, Katan
MB. Effect of fish oil on heart rate in humans: a meta-analysis of
randomized controlled trials. Circulation 112: 1945–1952, 2005.

36. Noll G, Wenzel RR, Schneider M, Oesch V, Binggeli C, Shaw S,
Weidmann P, Luscher TF. Increased activation of sympathetic nervous
system and endothelin by mental stress in normotensive offspring of
hypertensive parents. Circulation 93: 866–869, 1996.

37. Reims HM, Fossum E, Høieggen A, Moan A, Eide I, Kjeldsen SE.
Adrenal medullary overactivity in lean, borderline hypertensive young
men. Am J Hypertens 17: 611–618, 2004.

38. Richards AM, Nicholls MG, Espiner EA, Ikram H, Cullens M, Hinton
D. Diurnal patterns of blood pressure, heart rate and vasoactive hormones
in normal man. Clin Exp Hypertens A 8: 153–166, 1986.

39. Santangelo K, Falkner B, Kushner H. Forearm hemodynamics at rest
and stress in borderline hypertensive adolescents. Am J Hypertens 2:
52–56, 1989.

40. Santos AC, Alves MJ, Rondon MU, Barretto AC, Middlekauff HR,
Negrao CE. Sympathetic activation restrains endothelium-mediated mus-
cle vasodilatation in heart failure patients. Am J Physiol Heart Circ
Physiol 289: H593–H599, 2005.

41. Schwartz CE, Durocher JJ, Carter JR. Neurovascular responses to
mental stress in prehypertensive humans. J Appl Physiol 110: 76–82,
2011.

42. Stewart JC, France CR. Cardiovascular recovery from stress predicts
longitudinal changes in blood pressure. Biol Psychol 58: 105–120, 2001.

43. Swain A, Suls J. Reproducibility of blood pressure and heart rate
reactivity: a meta-analysis. Psychophysiology 33: 162–174, 1996.

44. Treiber FA, Davis H, Musante L, Raunikar RA, Strong WB, McCaf-
frey F, Meeks MC, Vandernoord R. Ethnicity, gender, family history of
myocardial infarction, and hemodynamic responses to laboratory stressors
in children. Health Psychol 12: 6–15, 1993.

45. Widgren BR, Wikstrand J, Berglund G, Andersson OK. Increased
response to physical and mental stress in men with hypertensive parents.
Hypertension 20: 606–611, 1992.

46. Wood DL, Sheps SG, Elveback LR, Schirger A. Cold pressor test as a
predictor of hypertension. Hypertension 6: 301–306, 1984.

R530 FISH OIL AND MENTAL STRESS IN HUMANS

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00031.2013 • www.ajpregu.org

 at M
ichigan T

ech U
niv on June 11, 2013

http://ajpregu.physiology.org/
D

ow
nloaded from

 

http://ajpregu.physiology.org/

