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Introduction

Abstract

Aging is associated with alterations of autonomic nerve activity, and dietary
intake of omega-3 polyunsaturated fatty acids, such as eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) found in fish oil (FO), can modulate
autonomic nerve activity. However, the effect of omega-3 polyunsaturated
fatty acid consumption on age-related cardiovascular responses at the onset of
isometric handgrip exercise, a time of rapid autonomic adjustments, is
unknown. Accordingly, 14 young (25 £ 1 years; mean + SE) and 15 older
(64 £ 2 years) healthy subjects ingested 4 g FO daily for 12 weeks. On pre-
and postintervention visits, participants performed 15-sec bouts of isometric
handgrip at 10%, 30%, 50%, and 70% maximal voluntary contraction (MVC)
while beat-to-beat systolic, diastolic, and mean arterial blood pressure (SBP,
DBP, MAP; Finometer) and heart rate (HR; electrocardiogram) were recorded.
All baseline cardiovascular variables were similar between groups and visits,
except DBP was higher in older subjects (P < 0.05). FO increased erythrocyte
EPA and DHA content in both groups (P < 0.05). FO attenuated MAP and
DBP increases in response to handgrip in both age groups (change from base-
line during 70% MVC handgrip pre- and post-FO: young MAPA
14 + 2 mmHg versus 10 £ 2 mmHg, older MAPA 14 4+ 3 mmHg versus
11 £ 2 mmHg; young DBPA 12 + 1 mmHg versus 7 + 2 mmHg, older
DBPA 12 £+ 1 mmHg versus 7 £ 1 mmHg; P < 0.05). FO augmented the PP
(SBP-DBP) increase with 70% MVC handgrip in both groups (P < 0.05), but
did not alter SBP or HR increases with handgrip. These findings suggest that
FO supplementation attenuates MAP and DBP increases at the onset of iso-
metric handgrip exercise in healthy young and older humans.

cardiovascular responses to physiological stress that
acutely alters autonomic activity to better understand the

Aging is associated with alterations of the autonomic ner-
vous system, with a progressive increase in sympathetic
activity (Sundlof and Wallin 1978; Esler et al. 1995), and
a gradual decline in parasympathetic activity (Stratton
et al. 2003; Kaye and Esler 2008). Both heightened sym-
pathetic and reduced parasympathetic nerve activity have
been linked with increased mortality and development of
cardiovascular disease (Hasking et al. 1986; La Rovere
et al. 1988, 1998; Meredith et al. 1991). Consequently, it
is important to further elucidate the effect of aging on
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influence of advancing age on cardiovascular risk.

At the onset of exercise, a physiological stressor, the
cardiovascular system undergoes several rapid reflex
adjustments, which are mediated primarily by the sympa-
thetic nervous system, as well as the parasympathetic ner-
vous system. These reflex responses at the onset of
exercise are primarily a result of feedback due to muscle
mechanoreflex activation, and feedforward via central
command, with minimal contribution from muscle meta-
boreflex activation, and are regulated by the arterial
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baroreflex (Raven et al. 2006). Group III and IV muscle
afferent nerve fibers located in skeletal muscle deliver
mechanical and metabolic feedback to the medulla oblon-
gata via the dorsal horn of the spinal cord (Kaufman
et al. 1983), and this feedback is integrated in the nucleus
tractus solitarii (NTS) with afferent input from barore-
ceptors (Potts 2002). Consequent changes in autonomic
outflow from the brain result in reflexive increases in
heart rate (HR) and mean arterial blood pressure (MAP),
as well as other adjustments, at the onset of exercise, as
well as throughout the duration of the exercise (Potts
2002). Previous research has shown that the degree of the
HR increase in response to isometric handgrip exercise
varies based on age, with older people exhibiting a smaller
increase in HR during handgrip (Taylor et al. 1991; Ng
et al. 1994; Houssiere et al. 2006; Muller et al. 2012). At
the onset of isometric handgrip exercise at a moderate-to-
high intensity, HR and cardiac output increase less in
older compared to younger individuals (Momen et al.
2004; Lalande et al. 2014). In contrast, the MAP increase
in response to the onset of isometric handgrip exercise is
preserved in older individuals, possibly due to increased
arterial stiffness in this population (Momen et al. 2004;
Lalande et al. 2014). However, this functional rise in
MAP also increases cardiac work, due to greater afterload,
and may strain an aged heart that already exhibits blunted
responses to autonomic adjustments. As older people
have elevated cardiovascular risk, there is a need for iden-
tifying interventions that can reduce the cardiovascular
response to physiological stress in this population, partic-
ularly as brief physiological stress occurs frequently in the
activities of daily living.

Dietary intake of omega-3 polyunsaturated fatty acids,
such as eicosapentaenoic acid (EPA) and docosahex-
aenoic acid (DHA) found in fish oil (FO), has been
associated with a reduction in cardiovascular mortality
(1999; Sala-Vila et al. 2016). We have recently shown
that FO supplementation decreases central arterial stiff-
ness in older but not young healthy subjects (Monahan
et al. 2015). An age-related increase in arterial stiffness
is linked with elevated cardiovascular risk (Seals 2014),
so this finding suggests one of the possible mechanisms
involved in the cardioprotective effect of FO consump-
tion. Another potential mechanism by which intake
of omega-3 polyunsaturated fatty acids might confer car-
diovascular benefit is through modulating autonomic
nervous system activity. FO consumption has been
shown to reduce resting blood pressure, particularly in
older and hypertensive subjects (Geleijnse et al. 2002),
and resting HR, especially in individuals with a higher
resting HR (Hamazaki et al. 2005; Mozaffarian et al.
2005b; Carter et al. 2012). Consumption of baked or
broiled fish by older individuals can lower risk of
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developing congestive heart failure, a condition associ-
ated with increased sympathetic activation (Mozaffarian
et al. 2005a). However, the precise effects of omega-3
polyunsaturated fatty acid consumption on cardiovascu-
lar responses to physiological stress are currently unclear.
Studies have reported that FO consumption attenuates
the HR and total muscle sympathetic nerve activity
increases, but not the MAP increase, in response to
mental stress (Carter et al. 2013), yet muscle sympathetic
nerve activity responses to fatiguing ischemic handgrip
and a cold pressor test are augmented, but MAP and
HR responses are unchanged (Monahan et al. 2004).
Given these contrasting findings and the importance of
understanding the effects of omega-3 polyunsaturated
fatty acid consumption on cardiovascular responses to
acute physiological stress, further study in this area is
warranted.

Accordingly, we examined this concept by measuring
cardiovascular responses at the onset of isometric hand-
grip exercise, a time of rapid reflex neural adjustments, in
healthy young and older humans before and after
12 weeks of FO supplementation. As older individuals
exhibit a blunted HR but preserved MAP increase at the
onset of isometric handgrip exercise (Lalande et al. 2014),
and FO supplementation can reduce central arterial stiff-
ness in older people (Monahan et al. 2015), we hypothe-
sized that older subjects would exhibit an attenuated
MAP increase at the onset of isometric handgrip exercise
following 12 weeks of FO supplementation. Findings from
this investigation would provide new clinically relevant
insight into the effect of omega-3 polyunsaturated fatty
acid consumption on age-related cardiovascular responses
to acute physiological stress.

Methods

Ethical approval

The experimental protocol was approved by the Institu-
tional Review Board at the Penn State Milton S. Hershey
Medical Center and was in compliance with the Declara-
tion of Helsinki standards. The purpose of this study and
risks of involvement were explained to the subjects, and
signed informed consent was obtained.

Subjects

Fourteen young (6 men and 8 women; age 25.1 £+ 0.5
years; height 1.76 + 0.02 m; weight 77 £+ 3 kg) and 15
older (7 men and 8 women; age 63.5 £ 1.7 years; height
1.71 £ 0.03 m; weight 75 £+ 4 kg) healthy subjects partici-
pated in this study. Subjects were required to meet the fol-
lowing inclusion criteria: good health, normotensive,
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nonsmokers, no history of cardiovascular disease, and not
taking any medications that could affect autonomic or car-
diovascular function. Subjects were instructed to refrain
from strenuous exercise, caffeine, and alcohol for 24 h and
food for 8 h prior to their study visits.

Intervention

Subjects underwent pre- and postintervention visits in
relation to their FO treatment (Fig. 1). Following com-
pletion of the procedures and measurements in the
preintervention visit, subjects then began the intervention
of ingesting 4 g of highly purified and concentrated
FO supplements (omega-3 acid ethyl esters; Lovaza;
GlaxoSmithKline, London, UK) daily for 12 weeks. FO
supplementation consisted of 4 x 1 g capsules, each con-
taining at least 900 mg of EPA and DHA, the active
ingredients. Pill diaries, pill counts, and phone calls from
investigators were employed to assess compliance, and
erythrocyte EPA and DHA levels were quantified in a
subset of subjects (refer to EPA and DHA quantification).
Following this period of FO intake, subjects returned for
a postintervention visit during which they underwent
the same procedures and measurements as in the
preintervention visit.

Experimental protocol

On pre- and postintervention visits, a blood sample was
taken at the beginning of the visits for EPA and DHA
quantification. Subjects’ maximum voluntary contraction
(MVC) of the right arm was determined using a handgrip
dynamometer (Stoelting Company, Wood Dale, IL). The
subject’s MVC was used to calculate values for the graded
handgrip intensities (10%, 30%, 50%, and 70% MVC),
which were then displayed on a screen. During each visit,
MAP, systolic (SBP) and diastolic (DBP) blood pressures,
and HR were measured at rest during a 3-min baseline
and during 15-sec bouts of isometric handgrip at 10%,
30%, 50%, and 70% MVC. Subjects had a ~1-min period
of rest between bouts.

Pressor Response to Handgrip with Age and Fish Oil

Cardiovascular measurements

Heart rate was measured with a three-lead electrocardio-
gram (ECG, Cardiocap/5; GE Healthcare, Waukesha, WI).
Beat-to-beat MAP, SBP, and DBP were measured with a
photoplethysmographic finger cuff (Finometer; FMS, Arn-
hem, Netherlands). A semi-automated upper arm cuff
(Dinamap; GE Medical System, Milwaukee, WI) was used
to obtain three baseline blood pressure measurements,
which were used to calibrate the baseline finger cuff signal
in offline analysis. MAP, SBP, DBP, and HR were mea-
sured continuously at baseline and during handgrip.

EPA and DHA quantification

The amount of EPA and DHA present in erythrocytes
was quantified in a subset of young (n =9) and older
(n = 8) subjects before and after FO supplementation
according to established laboratory methodologies (Harris
et al. 2012).

Data and statistical analyses

An analog-to-digital converter sampled data at 400 Hz,
and data were displayed and recorded for offline analysis
(MacLab 8e; AD Instruments; Castle Hill, NSW). Raw
data files were analyzed to produce beat-to-beat values for
MAP, SBP, DBP, and HR. Pulse pressure (PP) was calcu-
lated as SBP minus DBP. Absolute and relative (change
from baseline) mean MAP, SBP, DBP, PP, and HR values
were calculated for the 3-min baseline and each of the
four 15-sec bouts of handgrip for the young and older
groups during both the pre- and postintervention visits.
The data are presented as mean = SEM.

A repeated measures analysis of variance (ANOVA)
involving a one within- (condition: pre- vs. postinterven-
tion) and one between- (age: young vs. old) factor was
used to assess baseline differences in subject characteris-
tics. A two within- (condition: pre- vs. postintervention,
and handgrip intensity: 10%, 30%, 50%, and 70% MVC)
and one between- (age: young vs. old) factor, repeated

12 weeks of
fish oil supplementation

Pre-intervention visit

15-sec — 15-sec
3-min HG 3-min HG
Baseline 70% Baseline |3 70%
MVC 3 MVC

Post-intervention visit

Figure 1. Schematic depiction of the experimental protocol and timeline of the intervention. Shaded area denotes ~1-min period of rest. HG,

handgrip; MVC, maximum voluntary contraction.
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measures ANOVA was used to assess differences in car-
diovascular responses to handgrip. Post hoc analysis,
entailing pairwise comparisons with a Holm-Bonferroni
correction, was conducted when significant interactions
between factors were identified. Statistical significance was
established as P < 0.05, and all statistical analyses were
performed using SPSS (IBM, Armonk, NY).

Results

Subject characteristics at rest

Baseline cardiovascular, and EPA and DHA content, val-
ues of the young and older groups are shown in Table 1.
Resting MAP, SBP, PP, and HR were similar in the two
groups, but resting DBP was higher in the older group
than the young group (P < 0.05). FO significantly
increased EPA and DHA levels in both age groups. This
increase was greater in the older compared to the young
group for EPA (P < 0.05), and tended to be greater in
the older compared to the young group for DHA
(P =10.078). Due to these effects, EPA was higher
(P < 0.05) and DHA tended to be higher (P = 0.056) in
the older compared to the young group. FO did not affect
baseline cardiovascular values between visits.

Handgrip exercise

Maximal voluntary contraction values were similar in the
two age groups (young pre-FO: 39.6 + 1.7 kg; older pre-
FO: 34.2 + 3.1 kg). Handgrip force was significantly
greater with increasing exercise intensity in both age groups

C. M. Clark et al.

(young pre-FO: 4.0 & 0.2 kg at 10%, 10.9 £ 0.5 kg at
30%, 18.9 + 0.9 kg at 50%, and 25.0 £ 1.1 kg at 70%
MVGC; older pre-FO: 3.7 £ 0.3 kg at 10%, 9.7 = 0.9 kg at
30%, 16.2 = 1.5 kg at 50%, and 22.8 £ 2.1 kg at 70%
MVC). FO did not affect MVC (young post-FO:
39.7 £ 2.2 kg; older post-FO: 34.8 & 3.2 kg) or handgrip
force values (young post-FO: 4.2 + 0.3 kg at 10%,
11.4 + 0.7 kg at 30%, 19.2 £ 1.0 kg at 50%, and
26.6 = 1.4 kg at 70% MVC; older post-FO: 3.6 £ 0.3 kg
at 10%, 10.0 £ 0.9 kg at 30%, 16.7 £ 1.5 kg at 50%, and
22.9 + 2.0 kg at 70% MVC) between visits.

Cardiovascular responses to handgrip pre-
and post-FO

Relative changes from baseline in MAP, SBP, DBP, PP,
and HR in response to the graded isometric handgrip tri-
als pre- and post-FO are shown in Figures 2-6. MAP,
SBP, DBP, PP, and HR all increased in response to iso-
metric handgrip exercise in both the young and older
groups, with progressively greater increases in response to
higher intensities of handgrip (P < 0.05). FO supplemen-
tation attenuated the increases in MAP (Fig. 2) and DBP
(Fig. 4) in response to handgrip in both age groups
(P < 0.05). Specifically, FO supplementation reduced the
increases in DBP in response to handgrip of higher inten-
sities (P < 0.05; Fig. 4). FO supplementation did not
affect SBP increases in response to handgrip in either age
group (Fig. 3). At the highest intensity of handgrip (70%
MVC), FO supplementation augmented the PP increase
in both age groups (P < 0.05). The older group had
greater HR increases in response to the lowest intensity of

Table 1. Baseline cardiovascular, and EPA and DHA content, values of the young and older groups.

Young Older

Pre-FO Post-FO Pre-FO Post-FO
MAP (mmHg) 86 + 1 86 =+ 1 89 + 2 88 + 3
SBP (mmHg) 117 £+ 3 117 + 3 120 + 3 121 + 3
DBP (mmHg) 67 + 1 67 £ 1 72 + 2% 72 + 2%
PP (mmHg) 50 + 2 50 + 3 48 + 2 48 + 3
HR (b.min~") 60 + 3 58 + 3 62 £ 2 60 =+ 2
Erythrocyte EPA 0.52 + 0.04 1.83 + 0.38" 0.71 + 0.09* 3.21 + 0.28* "4
content (%)
Erythrocyte DHA 417 +0.22 6.21 + 0.50" 4.44 + 0.45 7.74 £+ 0.30°

content (%)

Data are shown as means + SEM.

DBP, diastolic blood pressure; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FO, fish oil; HR, heart rate; MAP, mean arterial blood

pressure; PP, pulse pressure; SBP, systolic blood pressure.
“Significantly different from young (P < 0.05).
TSignificant effect of FO (P < 0.05).

iSignificantly different from young post-FO (P < 0.05).
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Figure 2. Relative changes from baseline in mean arterial blood pressure in response to 10%, 30%, 50%, and 70% maximum voluntary
contraction (MVC) handgrip exercise in the young and older groups pre- and post-fish oil (FO). fSignificant effect of handgrip (P < 0.05).

*Significant effect of FO (P < 0.05).

handgrip (10% MVC), and blunted HR increases at the
highest intensity of handgrip (70% MVC) compared to
the young group (P < 0.05). FO supplementation did not
affect HR increases in response to handgrip in either age

group.

Discussion

The main finding from this study is that daily FO supple-
mentation for 12 weeks attenuated increases in MAP and
DBP at the onset of isometric handgrip exercise in
healthy young and older subjects. This finding suggests
that dietary intake of omega-3 polyunsaturated fatty acids
reduces the cardiovascular response to acute physiological
stress, and this modulatory effect occurs irrespective of
age.

Previous studies have revealed that older individuals
exhibit smaller increases in HR and cardiac output, but
a similar MAP increase, at the onset of isometric hand-
grip exercise compared to young individuals (Momen
et al. 2004; Lalande et al. 2014). This attenuated HR
increase at the onset of exercise in older people has been
attributed to the overall reduction in parasympathetic
nerve activity, and therefore level of parasympathetic
withdrawal that occurs at this time of rapid reflex neural
adjustments (Stratton et al. 2003), and/or reduced car-
diac M, muscarinic receptor density and function (Poller
et al. 1997; Brodde et al. 1998), both of which manifest
with advancing age. The preserved MAP increase is likely
a consequence of increased arterial stiffness with age,
which offsets the reduced cardiac output increase at the
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onset of exercise (Momen et al. 2004; Lalande et al.
2014). Our results are concordant with these previous
findings, as we also observed that older subjects had a
smaller increase in HR at the onset of the highest inten-
sity of isometric handgrip exercise compared to the
young subjects. Additionally, both age groups exhibited
similar increases in MAP, SBP, DBP, and PP at exercise
onset across all intensities of isometric handgrip per-
formed.

We observed that daily intake of FO for 12 weeks
attenuated increases in both MAP and DBP at the onset
of isometric handgrip exercise in both age groups. The
smaller DBP increase with FO supplementation was
likely the driving factor for the reduced MAP increase
with FO supplementation that we observed, due to the
greater relative time in diastole than systole in the car-
diac cycle and the resulting larger influence of DBP on
MAP. Further, our finding that the PP increase at the
onset of the highest intensity of isometric handgrip exer-
cise was augmented in both age groups following FO
supplementation reflects the attenuated DBP increase yet
unaffected SBP increase, resulting in a widened PP, at
this time.

Although the objective of this study was not to identify
the specific mechanism(s) underlying the effect of FO
intake on the MAP response at the onset of isometric
handgrip exercise in young and older subjects, one possi-
ble explanation for our findings is related to nitric oxide
production. Previous studies in animals have demon-
strated that FO intake enhances the generation and
bioavailability of nitric oxide, an endogenous vasodilator,
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Figure 3. Relative changes from baseline in systolic blood pressure in response to 10%, 30%, 50%, and 70% maximum voluntary contraction
(MVC) handgrip exercise in the young and older groups pre- and post-fish oil (FO). TSignificant effect of handgrip (P < 0.05).

50%

70%

16 T
*
~
Young Pre-FO

12 4 Young Post-FO
E Q Older Pre-FO
2 B Older Post-FO
&
2 8
=]
2 %
2=
1
E= N\
ST 4 ] # § #
& T N\
<
5 N\ T

] 10% 30%
[
Handgrip intensity
4 J

Figure 4. Relative changes from baseline in diastolic blood pressure in
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response to 10%, 30%, 50%, and 70% maximum voluntary

contraction (MVC) handgrip in the young and older groups pre- and post-fish oil (FO). TSignificant effect of handgrip (P < 0.05). *Significant

effect of FO (P < 0.05). #Significantly different from pre-FO (P < 0.05).

and augments the production of endothelial nitric oxide
synthase, the enzyme responsible for the synthesis of
nitric oxide (Nishimura et al. 2000; Lopez et al. 2004).
Studies in humans have shown that FO intake increases
nitric oxide production or release, and results in greater
endothelium-dependent vasodilation in healthy subjects
(Walser et al. 2006), and patients with coronary artery
disease (Tagawa et al. 1999) and type 2 diabetes mellitus
(McVeigh et al. 1993), with both of these patient groups
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likely exhibiting endothelial dysfunction. Thus, it is possi-
ble that FO supplementation could have resulted in
greater nitric oxide production, thereby leading to the
attenuated DBP and therefore MAP increases in response
to handgrip exercise via vasodilatory effects on the
endothelium. Investigations specifically addressing this
concept are warranted, particularly due to the potential
cardiovascular benefit that FO supplementation may
provide.
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Figure 5. Relative changes from baseline in pulse pressure in response to 10%, 30%, 50%, and 70% maximum voluntary contraction (MVC)
handgrip in the young and older groups pre- and post-fish oil (FO). TSignificant effect of handgrip (P < 0.05). *Significantly different from pre-
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Figure 6. Relative changes from baseline in heart rate in response to 10%, 30%, 50%, and 70% maximum voluntary contraction (MVC)
handgrip in the young and older groups pre- and post-fish oil (FO). TSignificant effect of handgrip (P < 0.05). *Significantly different from

young (P < 0.05).

We hypothesized that older subjects would exhibit an
attenuated MAP increase at the onset of isometric hand-
grip exercise following 12 weeks of FO supplementation,
which our findings support, but we had not anticipated
that this modulatory effect of FO supplementation would
also occur in young subjects. As older individuals exhibit
a preserved increase in MAP at the onset of isometric
handgrip exercise, likely due to greater arterial stiffness

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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with advancing age offsetting the smaller cardiac output
increase at the onset of handgrip (Momen et al. 2004;
Lalande et al. 2014), our recent finding that FO supple-
mentation decreases central arterial stiffness in older but
not young subjects (Monahan et al. 2015) led us to
hypothesize that FO supplementation would attenuate the
MAP increase at the onset of isometric handgrip in older
subjects by decreasing their central arterial stiffness.
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However, as FO supplementation did not alter central
arterial stiffness in young individuals in our recent study
(Monahan et al. 2015), it is not clear whether FO-related
alterations in central arterial stiffness are responsible for
mediating the attenuated MAP and DBP increases in
response to isometric handgrip in this investigation.

This study has several limitations. First, a placebo
group was not included as part of the study design. Sec-
ond, EPA and DHA were quantified in only a subset of
subjects; however, the data included from nine young and
eight older subjects likely provide a good indication of
the effect of FO supplementation on these omega-3
polyunsaturated fatty acid levels. Third, we found that
EPA and DHA levels were greater in the older as com-
pared to the young group following FO supplementation.
Our previous study reported similar findings (Monahan
et al. 2015); however, we are unaware of existing litera-
ture that could explain the disparate responses to FO sup-
plementation in the two age groups in this study. Given
the potential health benefits associated with FO supple-
mentation, this could be an important area in which fur-
ther study is warranted.

Perspectives and significance

Our finding that 12 weeks of FO supplementation attenu-
ated the MAP and DBP increases at the onset of isometric
handgrip exercise in healthy young and older subjects
provides novel insight into the potential cardiovascular
health benefits of omega-3 polyunsaturated fatty acid con-
sumption. Lowering cardiovascular responses to acute
physiological stress in older people has clinical relevance,
as this population is at increased risk of suffering a car-
diac or cerebral event, as well as developing cardiovascu-
lar disease. The physiological stress of brief isometric
handgrip exercise used in this study mimics some actions
involved in daily living, such as holding or carrying items
with one or both hands for a short period of time, and
so these findings could have implications for everyday
activities. This possible cardioprotective effect of FO sup-
plementation at a time of acute physiological stress may
be another way in which omega-3 polyunsaturated fatty
acid consumption reduces cardiovascular risk, in addition
to the known beneficial effects of omega-3 polyunsatu-
rated fatty acid consumption. The effect of FO supple-
mentation of reducing the rise in MAP and DBP at the
onset of isometric handgrip exercise occurred in subjects
of good cardiovascular health, including healthy older
subjects, and so it is possible that this potentially benefi-
cial effect of FO supplementation could be of even further
benefit to people with poorer cardiovascular health or
cardiovascular disease. With the relative proportion of
older people in the population increasing, a greater
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number of people have elevated cardiovascular risk, and
therefore further investigations in this clinically significant
area of potential therapeutic benefit with FO supplemen-
tation are needed.

Acknowledgments

The authors thank Dr. Lawrence Sinoway and Dr. Gail
Thomas for helpful comments on the manuscript, Kris
Gray and Jen Stoner for providing administrative support,
and Bob Feehan and Amy Chabitnoy for technical assis-
tance.

Conflict of Interest

There are no conflicts of interest.

References

1999. Dietary supplementation with n-3 polyunsaturated fatty
acids and vitamin E after myocardial infarction: results of
the GISSI-Prevenzione trial. Gruppo Italiano per lo Studio
della Sopravvivenza nell’Infarto miocardico. Lancet 354:447—
455.

Brodde, O. E., U. Konschak, K. Becker, F. Ruter, U. Poller, J.
Jakubetz, et al. 1998. Cardiac muscarinic receptors decrease
with age. In vitro and in vivo studies. J. Clin. Invest.
101:471-478.

Carter, J. R, C. E. Schwartz, H. Yang, and M. J. Joyner. 2012.
Fish oil and neurovascular control in humans. Am. J.
Physiol. Heart Circ. Physiol. 303:H450-H456.

Carter, J. R, C. E. Schwartz, H. Yang, and M. J. Joyner. 2013.
Fish oil and neurovascular reactivity to mental stress in
humans. Am. J. Physiol. Regul. Integr. Comp. Physiol. 304:
R523-R530.

Esler, M. D., J. M. Thompson, D. M. Kaye, A. G. Turner, G.
L. Jennings, H. S. Cox, et al. 1995. Effects of aging on the
responsiveness of the human cardiac sympathetic nerves to
stressors. Circulation 91:351-358.

Geleijnse, J. M., E. ]. Giltay, D. E. Grobbee, A. R. Donders,
and F. J. Kok. 2002. Blood pressure response to fish oil
supplementation: metaregression analysis of randomized
trials. J. Hypertens. 20:1493—1499.

Hamazaki, K., M. Itomura, M. Huan, H. Nishizawa, S.
Sawazaki, M. Tanouchi, et al. 2005. Effect of omega-3 fatty
acid-containing phospholipids on blood catecholamine
concentrations in healthy volunteers: a randomized,
placebo-controlled, double-blind trial. Nutrition 21:705-710.

Harris, W. S., J. V. Pottala, R. S. Vasan, M. G. Larson, and S.
J. Robins. 2012. Changes in erythrocyte membrane trans
and marine fatty acids between 1999 and 2006 in older
Americans. J. Nutr. 142:1297-1303.

Hasking, G. J., M. D. Esler, G. L. Jennings, D. Burton, J. A.
Johns, and P. I. Korner. 1986. Norepinephrine spillover to

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



C. M. Clark et al.

plasma in patients with congestive heart failure: evidence of
increased overall and cardiorenal sympathetic nervous
activity. Circulation 73:615-621.

Houssiere, A., B. Najem, A. Pathak, O. Xhaet, R. Naeije, and
P. Van De Borne. 2006. Chemoreflex and metaboreflex
responses to static hypoxic exercise in aging humans. Med.
Sci. Sports Exerc. 38:305-312.

Kaufman, M. P., J. C. Longhurst, K. J. Rybicki, J. H. Wallach,
and J. H. Mitchell. 1983. Effects of static muscular
contraction on impulse activity of group III and IV afferents
in cats. J. Appl. Physiol. 55:105-112.

Kaye, D. M., and M. D. Esler. 2008. Autonomic control of the
aging heart. Neuromolecular Med. 10:179-186.

La Rovere, M. T., G. Specchia, A. Mortara, and P. J. Schwartz.
1988. Baroreflex sensitivity, clinical correlates, and
cardiovascular mortality among patients with a first
myocardial infarction. A prospective study. Circulation
78:816-824.

La Rovere, M. T., J. T. Jr Bigger, F. I. Marcus, A. Mortara, and
P. J. Schwartz. 1998. Baroreflex sensitivity and heart-rate
variability in prediction of total cardiac mortality after
myocardial infarction. ATRAMI (Autonomic Tone and
Reflexes After Myocardial Infarction) Investigators. Lancet
351:478-484.

Lalande, S., C. P. Sawicki, J. R. Baker, and J. K. Shoemaker.
2014. Effect of age on the hemodynamic and sympathetic
responses at the onset of isometric handgrip exercise. J.
Appl. Physiol. (1985) 116:222-227.

Lopez, D., X. Orta, K. Casos, M. P. Saiz, P. Puig-Parellada, M.
Farriol, et al. 2004. Upregulation of endothelial nitric oxide
synthase in rat aorta after ingestion of fish oil-rich diet. Am.
J. Physiol. Heart Circ. Physiol. 287:H567-H572.

McVeigh, G. E., G. M. Brennan, G. D. Johnston, B. J.
McDermott, L. T. McGrath, W. R. Henry, et al. 1993.
Dietary fish oil augments nitric oxide production or release
in patients with type 2 (non-insulin-dependent) diabetes
mellitus. Diabetologia 36:33-38.

Meredith, I. T., A. Broughton, G. L. Jennings, and M. D. Esler.
1991. Evidence of a selective increase in cardiac sympathetic
activity in patients with sustained ventricular arrhythmias.
N. Engl. J. Med. 325:618-624.

Momen, A., U. A. Leuenberger, B. Handly, and L. I. Sinoway.
2004. Effect of aging on renal blood flow velocity during
static exercise. Am. J. Physiol. Heart Circ. Physiol. 287:
H735-H740.

Monahan, K. D., T. E. Wilson, and C. A. Ray. 2004. Omega-3
fatty acid supplementation augments sympathetic nerve
activity responses to physiological stressors in humans.
Hypertension 44:732-738.

Monahan, K. D., R. P. Feehan, C. Blaha, and D. J.
McLaughlin. 2015. Effect of omega-3 polyunsaturated fatty
acid supplementation on central arterial stiffness and arterial
wave reflections in young and older healthy adults. Physiol.
Rep. 3:e12438.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Pressor Response to Handgrip with Age and Fish Oil

Mozaffarian, D., C. L. Bryson, R. N. Lemaitre, G. L. Burke,
and D. S. Siscovick. 2005a. Fish intake and risk of incident
heart failure. J. Am. Coll. Cardiol. 45:2015-2021.

Mozaffarian, D., A. Geelen, I. A. Brouwer, J. M. Geleijnse, P.
L. Zock, and M. B. Katan. 2005b. Effect of fish oil on heart
rate in humans: a meta-analysis of randomized controlled
trials. Circulation 112:1945-1952.

Muller, M. D., Z. Gao, J. L. Mast, C. A. Blaha, R. C. Drew, U.
A. Leuenberger, et al. 2012. Aging attenuates the coronary
blood flow response to cold air breathing and isometric
handgrip in healthy humans. Am. J. Physiol. Heart Circ.
Physiol. 302:H1737-H1746.

Ng, A. V., R. Callister, D. G. Johnson, and D. R. Seals. 1994.
Sympathetic neural reactivity to stress does not increase
with age in healthy humans. Am. J. Physiol. Heart Circ.
Physiol. 267:H344-H353.

Nishimura, M., A. Nanbu, T. Komori, K. Ohtsuka, H.
Takahashi, and M. Yoshimura. 2000. Eicosapentaenoic acid
stimulates nitric oxide production and decreases cardiac
noradrenaline in diabetic rats. Clin. Exp. Pharmacol.
Physiol. 27:618-624.

Poller, U., G. Nedelka, J. Radke, K. Ponicke, and O. E.
Brodde. 1997. Age-dependent changes in cardiac muscarinic
receptor function in healthy volunteers. J. Am. Coll.
Cardiol. 29:187-193.

Potts, J. T. 2002. Neural circuits controlling cardiorespiratory
responses: baroreceptor and somatic afferents in the nucleus
tractus solitarius. Clin. Exp. Pharmacol. Physiol. 29:103—111.

Raven, P. B,, P. J. Fadel, and S. Ogoh. 2006. Arterial baroreflex
resetting during exercise: a current perspective. Exp. Physiol.
91:37-49.

Sala-Vila, A., M. Guasch-Ferre, F. B. Hu, A. Sanchez-Tainta,
M. Bullo, M. Serra-Mir, et al. 2016. Dietary alpha-Linolenic
Acid, Marine omega-3 Fatty Acids, and Mortality in a
Population With High Fish Consumption: findings From
the PREvencion con DIeta MEDiterranea (PREDIMED)
Study. J. Am. Heart Assoc. 5:e002543.

Seals, D. R. 2014. Edward F. Adolph Distinguished Lecture:
the remarkable anti-aging effects of aerobic exercise on
systemic arteries. J. Appl. Physiol. (1985) 117:425-439.

Stratton, J. R., W. C. Levy, J. H. Caldwell, A. Jacobson, J. May,
D. Matsuoka, et al. 2003. Effects of aging on cardiovascular
responses to parasympathetic withdrawal. J. Am. Coll.
Cardiol. 41:2077-2083.

Sundlof, G., and B. G. Wallin. 1978. Human muscle nerve
sympathetic activity at rest: relationship to blood pressure
and age. J. Physiol. (Lond.) 274:621-637.

Tagawa, H., H. Shimokawa, T. Tagawa, M. Kuroiwa-
Matsumoto, Y. Hirooka, and A. Takeshita. 1999. Long-term
treatment with eicosapentaenoic acid augments both nitric
oxide-mediated and non-nitric oxide-mediated
endothelium-dependent forearm vasodilatation in patients
with coronary artery disease. J. Cardiovasc. Pharmacol.
33:633-640.

2016 | Vol. 4 | Iss. 14 | e12875
Page 9



Pressor Response to Handgrip with Age and Fish Oil C. M. Clark et al.

Taylor, J. A., G. A. Hand, D. G. Johnson, and D. R. Seals. Walser, B., R. M. Giordano, and C. L. Stebbins. 2006.
1991. Sympathoadrenal-circulatory regulation during Supplementation with omega-3 polyunsaturated fatty acids
sustained isometric exercise in young and older men. Am. J. augments brachial artery dilation and blood flow during
Physiol. Regul. Integr. Comp. Physiol. 261:R1061-R1069. forearm contraction. Eur. J. Appl. Physiol. 97:347-354.

2016 | Vol. 4 | Iss. 14 | 12875 © 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

Page 10 the American Physiological Society and The Physiological Society.



