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ABSTRACT: Fish oil, rich in the very-long chain omega (w)-3 polyunsaturated fatty acids (PUFAs), has been found to have immunomodulatory
effects in different groups of critically ill patients. In addition, its parenteral administration seems to attenuate the inflammatory response within
2 to 3days. The activation of the cholinergic anti-inflammatory pathway has been suggested to mediate such immunoregulatory effects. As
different experimental studies have convincingly illustrated that enhanced vagal tone can decrease pro-inflammatory cytokine secretion, novel
monitoring tools of its activity at the bedside could be developed, to evaluate nutritional manipulation of immune response in the critically ill. Heart
rate variability (HRV) is the variability of R-R series in the electrocardiogram and could be a promising surrogate marker of immune response and
its modulation during fish oil feeding, rich in w-3 PUFAs. Heart rate variability is an indirect measure of autonomic nervous system (ANS) output,
reflecting mainly fluctuations in ANS activity. Through HRV analysis, different “physiomarkers” can be estimated that could be used as early and
more accurate “smart alarms” because they are based on high-frequency measurements and are much more easy to get at the bedside. On the
contrary, various “biomarkers” such as cytokines exhibit marked interdependence, pleiotropy, and their plasma concentrations fluctuate from
day to day in patients with sepsis. In this respect, an inverse relation between different HRV components and inflammatory biomarkers has been
observed in patients with severe sepsis and septic shock, whereas a beneficial effect of w-3 PUFAs on HRV has been demonstrated in patients
with cardiovascular diseases. Consequently, in this article, we suggest that a beneficial effect of -3 PUFAs on HRV and clinical outcome in
patients with sepsis merits further investigation and could be tested in future clinical trials as a real-time monitoring tool of nutritional manipulation

of the inflammatory response in the critically ill.
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Introduction

Acute inflammation is a normal systemic response to different
insults, such as severe infection and trauma, and is initiated by
the secretion of different cytokines with both pro-inflammatory
and anti-inflammatory properties, such as tumor necrosis factor
alpha (TNF-a), interleukin-1 (IL-1), or IL-10, respectively.!?
These inflammatory mediators may also induce activation of
different brain-derived neuroendocrine immunomodulatory
responses, such as the hypothalamo-pituitary-adrenal (HPA)
axis and both the sympathetic and parasympathetic divisions of
the autonomic nervous system (ANS), which are considered
powerful modulators of inflammation.!

In addition, the parasympathetic part of the ANS has been
found to exhibit different immunoregulatory properties
through the activation of the cholinergic anti-inflammatory
pathway or immunoreflex. Thus, inflammatory mediators seem
to activate visceral vagus afferent fibers which terminate within
the dorsal vagal complex (DVC) of the medulla oblongata.?
The DVC consists of the nucleus tractus solitarius (NT'S), the
dorsal motor nucleus of the vagus (DMN), and the area pos-
trema (AP). Subsequently, projections from NTS are connected
to the DMN, which is the major site of origin of preganglionic
vagus efferent fibers. The vagus nerve cholinergic signaling

decreases TNF-o production from endotoxin-stimulated
human macrophage. This effect is mediated through the inter-
action between acetylcholine and the a7-subunit of the nico-
tinic acetylcholine receptor.?3

However, in case of dysregulated immune response, a new
continuum of disease can occur including sepsis, septic shock,
and multiple organ dysfunction syndrome (MODS). In this
respect, patients commonly develop nutrient deficiencies, which
are associated with an increased risk of developing infections,
organ failure, and death.* Consequently, artificial nutrition route
is considered as an integral part of standard care. Recently, the
concept of pharmaconutrition has emerged as an alternative
approach, considering nutrition an active therapy rather than an
adjunctive care.” Thus, specific nutrients have been designed to
modulate the host immune response and suppress systemic
inflammation. In this respect, lipid components of artificial
nutrition have been found to provide powerful bioactive mole-
cules that may act to reduce inflammatory responses.®

Background: Fish Oil Feeding in the Critically I11

In Europe, there are currently 3 available lipid emulsions con-
taining omega (w)-3 fish oil for IV administration: (1)
Omegaven (Fresenius Kabi, Germany) that is a 10% fish oil
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emulsion supplement; (2) Lipoplus/Lipidem (B Braun,
Germany) that contains a mixture of 50% medium-chain tri-
glycerides (MCT), 40% soybean oil (SO) that is rich in w-6
polyunsaturated fatty acid (PUFA), and 10% fish oil; and (3)
Smoflipid (Fresenius Kabi, Germany) that is a 4-oil mixture of
30% SO, 30% MCT, 25% olive oil, and 15% fish oil.

Ditferent clinical trials have shown that fatty acids from fish
oil can be considered as powerful disease-modifying nutrients
in patients with acute lung injury and sepsis.”® Particularly,
feeding with the very-long chain, w-3 PUFAs eicosapentae-
noic acid (EPA) and docosahexaenoic acid (DHA) has been
found to inhibit the activity of the pro-inflammatory transcrip-
tion factor nuclear factor kB (NF-kB) and subsequently to
attenuate the production of different cytokines, chemokines,
and other effectors of innate immune response.” In addition,
the recent discovery of resolvins generated by EPA and DHA
has shed more light on resolution of inflammation, as a possi-
ble mechanism of the anti-inflammatory actions of w-3 PUFAs
during systemic inflammation.’® However, oral administration
of these compounds is required for several weeks to affect met-
abolic and inflammatory pathways in humans.

Recently, it has been demonstrated that intravenous admin-
istration of fat emulsions rich in ®w-3 PUFAs (6-6.5 g/d that is
equivalent with 2.3 g EPA plus DHA/day) in patients with sep-
sis for 5days from admission to the intensive care unit (ICU)
can lead to their rapid incorporation into phospholipids of dif-
ferent cells, such as platelets, or monocytes, within the first
2days of feeding, reducing serum pro-inflammatory cytokines
over the next 7 to 8days.!’"13 In addition, as Mayer and col-
leagues have suggested in patients with sepsis,! average doses
of fish oil more than 35 g/d (approximately 10 g EPA plus
DHA/d) for 5days can activate endothelial lipoprotein lipases,
resulting in rapid hydrolysis of EPA and DHA containing tri-
glycerides with subsequent increase in their plasma levels. Such
changes may induce a switch in the predominance of w-6 over
-3 to an w-3 over w-6 PUFAs predominance, leading to an
-3 incorporation into the membranes of mononuclear leuko-
cytes. Consequently, potential alterations of membrane fluidity,
ion channel opening, and subsequent activation of different sig-
nal pathways may lead to decreased production of TNF-o and
IL-6.1 The bypass of the intestinal process of absorption that
is significantly delayed during critical illness could be another
reason for such immediate effects (Table 1).

In 2014, Manzanares and colleagues after aggregating 6
randomized controlled trials (RCTs), evaluating the effects of
parenteral fish oil on relevant clinical outcomes in a heteroge-
neous group of critically ill patients, were able to demonstrate a
significant reduction in mortality and duration of mechanical
ventilation.* In 2015, the same group of researchers, after ana-
lyzing data from 10 RCTs, was not able to find any survival
benefit from parenteral fish oil feeding in patients with sep-
sis.!> Nevertheless, a reduction in the incidence of infections
and a trend toward reduced duration of mechanical ventilation

and length of stay in the ICU were reported. Furthermore,
intravenous fish oil feeding exhibited a non-significant trend
toward reduced mortality. In most trials, parenteral doses
between 0.1 and 0.2 g/kg/d were used, starting within the first
24 to 48 hours after admission to the ICU. Hall et al'® in a
recent RCT suggested that provision of high dose of parenteral
fish 0il (=0.1 g/kg/d) in patients with sepsis resulted in a rapid
and significant increase in EPA and DHA, whereas the reduced
ratio of arachidonic acid (AA) to both EPA and DHA was
associated with improved survival. As conflicting data have
been originated from other systematic reviews and meta-anal-
yses,1718 “low sample size and heterogeneity of the cohorts
included do not permit a final recommendation on the use of
»-3 PUFAs as a pharmaconutrient strategy in septic ICU
patients.”? In addition, in the largest meta-analysis conducted
so far that included a total of 17 RCTs with 1239 patients with
sepsis, Lu et al’” found that both enteral and parenteral fish oil
nutritional supplementation may reduce ICU length of stay
and duration of mechanical ventilation without significantly
affecting mortality. However, as they concluded “the very low
quality of evidence is insufficient to justify the routine use of
omega-3 fatty acids in the management of sepsis”™ (Table 1).
According to the European Society for Clinical Nutrition
and Metabolism (ESPEN) Guidelines on Parenteral Nutrition
in Intensive Care, the addition of EPA and DHA to lipid
emulsions has demonstrable effects on cell membranes and
inflammatory processes and fish oil-enriched lipid emulsions
likely decrease the length of hospital stay in critically ill
patients.?’ Canadian recommendations also endorse the use of
fish oil-enriched lipid emulsions when parenteral nutrition is
indicated.?! Finally, the American Society for Parenteral and
Enteral Nutrition (ASPEN) in its recently published guide-
lines cannot recommend fish oil parenteral feeding in critically
ill patients at this time, due to lack of availability on the market
of these products in the United States, despite approval by the
Food and Drug Administration (FDA) in 2013.22 Nevertheless,

it considers as appropriate its future administration either in
patients with septic shock who are candidates for parenteral nutri-
tion due to hemodynamic compromise, such as hypotensive (mean
arterial blood pressure <50 mm Hg), patients for whom catecho-
lamine agents (eg, norepinephrine, epinephrine) are being initiated
and patients for whom escalating doses are required to maintain
hemodynamic stability, or surgical post-operative patients who are
not eligible for enteral nutrition (eg, short bowel).?2

A novel anti-inflammatory mechanism of lipid-diet immune-
suppressive effects has been described by Luyer et al®® They
demonstrated that high-fat enteral nutrition was able to lead to
attenuation of systemic inflammation in rats subjected to hem-
orrhagic shock, through stimulation of cholecystokinin (CCK)
receptors and subsequent activation of the cholinergic anti-
inflammatory pathway. In this respect, Tracey has suggested that
for the development of new therapies and monitoring tools of
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Table 1. A summary of major studies investigating different effects of fish oil feeding rich in w-3 PUFAs in critically ill patients with sepsis or septic

shock.
REFERENCES STUDY POPULATION INTERVENTION
Mayer et al'! 21 patients with sepsis

mL 10%) for 5days

Barbosa et al'? 25 patients with SIRS

or sepsis

PN with w-6 versus -3 PUFAs (350

PN for 5days with a 50:50 mixture of
medium chain FA and soybean oil or a

OUTCOME

Increased w-3/w-6 ratio within 2days and rapid
incorporation of -3 into mononuclear leukocyte
membranes

Significant decrease in plasma IL-6 levels.
Significant increase in Pao,/Fio, ratio at day 6

50:40:10 mixture of medium chain FA,

soybean oil, and fish oil

medium chain FA and soybean oil or a

Significantly decreased plasma levels of IL-1 and
IL-8 on fourth post-operative day

50:40:10 mixture of medium chain FA,

Han et al'® 38 post-surgical PN for 7days with a 50:50 mixture of
patients
soybean oil, and fish oil
Hall et al'® 41 patients with sepsis

Manzanares et al'* 390 ICU patients

Manzanares et al'® 733 ICU patients

Pradelli et al'” 1502 patients (762 ICU

patients)

Palmer et al'® 391 ICU patients

Lu et al'® 1239 patients with

sepsis

PN with Omegaven 0.5 mL/kg/h daily
for 14 days versus standard care

Meta-analysis of 6 RCTs

Meta-analysis of 10 RCTs

Meta-analysis of 23 studies

Meta-analysis of 5 RCTs

Meta-analysis of 17 RCTs

Increased EPA + DHA/AA ratio associated with
non-significant increase in survival

FO containing emulsions were associated with a
nonsignificant tendency toward reduced mortality
and duration of mechanical ventilation

Significantly reduced incidence of infection rate
and hospital length of stay

Significantly reduced incidence of infection rate
and hospital length of stay, both in the ICU and in
hospital overall

Significantly reduced length of stay

Significantly reduced length of stay and duration
of mechanical ventilation

Abbreviations: AA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acids; FO, fish oil; ICU, intensive care unit; IL, interleukin; PN,
parenteral nutrition; PUFA, polyunsaturated fatty acids; RCT, randomized controlled trial; SIRS, systemic inflammatory response syndrome.

the activity of the cholinergic pathway in the clinic, new surro-
gate markers are needed,?* such as heart rate variability analysis
(HRV) that is the variability of R-R series in the electrocardio-
gram (ECG).

Measurement of HRV

In the healthy state, there is some degree of stochastic variability
in physiologic variables, such as heart rate (HRV). This variabil-
ity is a measure of complexity that accompanies healthy systems
and has been suggested to be responsible for their greater adapt-
ability and functionality related to pathologic systems.?
Recognition that physiologic time series contain hidden infor-
mation related to an extraordinary complexity that characterizes
physiologic systems has fueled growing interest in applying
techniques from statistical physics, for the study of living organ-
isms. Through those techniques different “physiomarkers” can be
estimated that fulfill the requirements of contemporary critical
care medicine for better and more accurate early warning signs
for patients, because they are based on high-frequency measure-
ments and are much more easy to get at the bedside.

In this respect, the development of novel online processing
systems supporting real-time processing of multiple high-rate
physiological data streams and extraction of different features,
such as HRV parameters, has already found correlations between

HRYV drop and sepsis development even prior to clinical diagno-
$is.2627 On the contrary, it has been demonstrated that various
“biomarkers” such as cytokines exhibit marked interdependence,
pleiotropy (multiple effects), and redundancy (multiple cytokines
with the same effect). At the same time, their plasma concentra-
tions fluctuate from day to day and correlate poorly with classic
physiologic variables in patients with sepsis.?’?8
The RR variations may be evaluated by several methods.

Time domain methods

Time domain methods determine heart rate or RR intervals in
continuous ECG records. Each QRS complex is detected and
the normal-to-normal (NN) intervals (all intervals between
adjacent QRS complexes) are calculated. Other time domain
variables include the mean NN interval, the mean heart rate, or
the difference between the longest and the shortest NN interval,
as well. The simplest of these metrics is the standard deviation of
the NN intervals (SDNN), which is the square root of the vari-
ance. However, it should be emphasized that SDNN becomes
less accurate with shorter monitoring periods. The most com-
monly used time domain methods are the square root of the
mean squared differences of successive NN intervals (RMSSD),
the number of interval differences of successive NN intervals
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greater than 50ms (NN50), and the proportion derived from
dividing NN50 by the total NN intervals (pINN50).%

Frequency domain methods

Heart rate variability can also be estimated via frequency domain
methods that calculate the different frequency components of a
heart rate signal through a fast Fourier transformation (FFT) of
an R-R time series. The method displays in a plot the relative
contribution of each frequency,? whereas the area under a par-
ticular band is a measure of its variability (power). This plot
includes at least 3 peaks. Fast periodicities in the range of 0.15 to
0.4Hz (high frequency [HF]) are largely due to the influence of
vagal tone. Recently, it has been found that central muscarinic
cholinergic stimulation (usually in the context of balancing
cytokine production) is also accompanied by activation of the
HF component of HRV and an instantaneous increase in total
variability.*® Low-frequency periodicities (LF), in the region of
0.04 to 0.15Hz, are produced by baroreflex feedback loops,
affected by both sympathetic and parasympathetic modulation
of the heart and very low frequency periodicities (VLE less than
0.04Hz) have been variously ascribed to modulation by the
influence of vasomotor activity. The LE/HF ratio has been sug-
gested to reflect sympathovagal balance.??31

ECG signals must satisfy several technical requirements to
obtain reliable information. The optimal sampling frequency
range should be between 250 and 500Hz. Ectopic beats,
arrhythmic events, missing data, and noise effects should be
properly filtered and omitted. Frequency domain methods
must be preferred in cases of short-term investigations. The
recordings should last for at least 10 times the wavelength of
the lower frequency bound, thus recordings of approximately
1 minute can assess the HF component of HRV while 2 min-
utes are needed for the LF component. In conclusion, 5-min-
ute recordings are preferred, unless the aim of the study dictates
a different design.?

Figure 1 depicts the different mechanisms contributing to
HRYV, at the cellular (beating rate variability—BRV), tissue,
and whole organ level, as well as the impact of ANS on heart
rate dynamics.

Linking HRYV, Fish Oil Feeding, and Systemic

Inflammation
HRYV and inflammatory response

Alterations in HRV during septic shock and MODS have been
reported from different research groups.?’32-34 In this respect,
Goldstein found that both increased total variability and LF
power were associated with recovery and survival, whereas a
decrease in total power, LF/HEF, and LF power correlated with
severity of illness and mortality in patients with sepsis, 48 hours
after being admitted to the ICU.32 This loss of variability of
heart rate signals has been attributed to a “decomplexification,”
which is associated with a defective communication between

different organs due to ANS dysfunction and parallels severity of
disease.

In an animal study of experimental endotoxemia, induced
by administration of lipopolysacchraride (LPS, endotoxin
derived from the cell wall of Gram-negative bacteria), Fairchild
and colleagues demonstrated a strong inverse correlation
between SDNN and total power of RR time series and peak
concentrations of different cytokines, 3 to 9 hours post-LPS.%
The same results were found after administration of recombi-
nant TNF-a. It was suggested that mechanisms responsible for
decrease in HRV could be related to effects of LPS and/or
cytokines on various ion channels.’® Tateishi et al’® investi-
gated the relationships between HRV and IL-6 upon admis-
sion in a cohort of 45 patients with sepsis and they found that
IL-6 exhibited significant negative correlations with both LF
and HF power values. These findings indicate a possible asso-
ciation between low HRV indices and hypercytokinemia in
patients with sepsis.3” Moreover, clinical data from different
studies involving patients with coronary artery disease,3® heart
failure,’” and healthy subjects with increased risk factors for
heart diseases*® suggest that there is an inverse association
between different inflaimmatory biomarkers, such as white
blood cell count, IL-6 and C-reactive protein (CRP), and ANS
activity, estimated through HRV analysis.3”

A potential link between HRV alterations during sepsis and
different plasma lipid profiles has been suggested by Nogueira
and colleagues.*! In this respect, an inverse relation between
HRYV, cardiac histological damage, and increased plasma levels
of w-6 free fatty acids has been found in nonsurvivor patients
with sepsis. As a predominance of w-3 over w-6 to w-6 over
-3 PUFAs upon fish oil feeding has been suggested in differ-
ent studies, "3 someone could postulate that HRV alterations
might also be influenced by changes in plasma free fatty acid
levels. Such changes have also been found to correlate signifi-
cantly with alterations in LF/HF ratio in noninsulin-depend-
ent diabetic patients.*?

In conclusion, the reduction in instantaneous HRV has
been associated with an overproduction of cytokines, whereas
pharmacological stimulation of the efferent vagus nerve has
been found to increase the HF component of HRV and inhibit
at the same time TNF-a secretion in septic animals.®3

Nevertheless, as no relationship was found between HRV
and inflammatory markers in one study with endotoxin admin-
istration in healthy volunteers,* it was suggested that vagus
nerve innervation of the heart does not reflect outflow to other
organs, such as the spleen, one of the major cytokine-produc-
ing organs.>?* In addition, other experimental studies indicate
that the threshold of vagal activity that stimulates the choliner-
gic anti-inflammatory pathway is significantly lower than that
required to activate a change in instantaneous HRV.# As basal
vagal input to the spleen may be different from vagal input to
the heart, it has been postulated that HRV might not be an
appropriate method to assess activation of the cholinergic
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Figure 1. Heart rate variability (HRV) at different levels of organization. HRV or beating rate variability (BRV) of single pacemaker cells is much more
increased compared to the whole sinus atrial node (SAN), because electrical coupling of different cells attenuates pacemaker discharge variability in toto.
Furthermore, HRV in ex vivo denervated whole heart preparations seems to be lower than that of sinus node, whereas autonomic nervous system (ANS)
activity increases significantly HRV, mainly through the para-sympathetic branch. Upon inflammation, different experimental studies suggest low HRV
either due to reduced responsiveness of pacemaker cells to ANS input and reduced cell-to-cell coupling or attenuation of ANS effects upon the heart,

related to hypercytokinemia.

anti-inflammatory pathway.* These findings strengthen the
notion that autonomic outflow cannot be regarded as a general
response, but appears to be organ-specific.?*

Moreover, results from human and animal experimental
studies indicate that apart from autonomic dysfunction, intra-
cardiac mechanisms might also be responsible for reduced
HRYV during sepsis.*~* These studies have demonstrated that
different membrane channel proteins and especially the so-
called funny current, an inward hyperpolarization current that
drives diastolic depolarization and spontaneous pacemaker
activity, are altered upon LPS administration. Furthermore,
membrane channel kinetics seems to have significant impact
on HRV, whose early decrease might reflect a cellular meta-
bolic stress. In this respect, during severe sepsis, an unfavorable
metabolic milieu could affect ionic current gating or membrane
receptor densities, with significant impact on level and variabil-
ity of pacemaking discharge.* In addition, a possible reduced
responsiveness of sinus atrial node cells to external stimuli
could also negatively affect HRV.4849

In conclusion, because there are no human data confirming
association between HRV and activation of the cholinergic
anti-inflammatory pathway at the bedside, it has been pro-
posed that such potential relationships should be investigated
in the context of clinical trials of dietary fat supplementation in
patients with inflammatory diseases.?* Moreover, implementa-
tion of novel signal processing techniques developed by com-
plexity scientists, such wavelet transformation (WT) of heart
rate signals, has been proposed as more accurate estimate of

ANS output.”01

Figure 2 illustrates the basic concepts of our hypothesis
regarding fish oil effects on HRV and subsequent attenuation
of the inflammatory response during acute critical illness.

HRYV and fish oil feeding in patients with

cardiovascular diseases

Several years ago, the US Physicians’ Health Study that
included a total of 20551 physicians 40 to 84years old and
without a history of cardiovascular diseases showed that con-
sumption of fish at least once per week might reduce the risk of
sudden cardiac death.5?

The investigators of the GISSI-Prevenzione Trial studied
11324 patients with known cardiovascular diseases who were
randomized to receive 300mg of vitamin E, 850 mg of w-3
PUFA, both, or neither. After 3.5years, the group receiving
w-3 PUFA alone had a 45% reduction in sudden death and a
20% reduction in all-cause mortality.>3

Christensen et al>* to evaluate the association between HRV
and fish oil feeding randomized for the first time patients with
ischemic heart diseases to 5.2 g of -3 PUFA daily (8 capsules)
for 12weeks or a comparable amount of olive oil. The HRV
parameter SDNN increased significantly from 115 to 124 ms
in the w-3 PUFA group. Moreover, in a subsequent study, the
same investigators® demonstrated that daily supplement of 6.6
g 0-3 PUFAs, 2 g w-3 PUFAs, or placebo (olive oil) for
12 weeks in healthy individuals can induce an incorporation of
DHA into the membranes of granulocytes. Such effects were
also found to be associated with a dose-response increase in
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Figure 2. The basic concepts of our hypothesis. Briefly, fish oil feeding through down regulation of cytokine production and subsequent vagus nerve
activation and release of acetylcholine at the level of the spleen might further attenuate the release of different cytokines, such as tumor necrosis factor
alpha (TNF-a), which is mainly produced from activated macrophages in the spleen. Moreover, an increase in the high-frequency (HF) component of
heart rate variability (HRV) could be continuously monitored through HRV analysis of heart rate signals using HF measurements, by adopting novel online
processing systems. Consequently, a reduced inflammatory response could be easily detected at the bedside, through autonomic nervous system (ANS)

output monitoring.

HRYV, something that might protect against serious ventricular
arrhythmias (Table 2).

It has been suggested that such effects of fish oil reflect an
enhanced efferent vagal activity via a central-acting mecha-
nism, due to a possible suppression of pro-inflammatory
cytokines that have been found to inhibit central vagal neu-
rons.” In this respect, parasympathetic predominance due to
fish oil supplementation during acute inflammation has been
proposed by Pluess et al*®; they found that the intravenous
administration of fish oil with w-3 PUFAs (twice 0.5 g/kg 10%
emulsion/Omegaven), 48 and 24 hours before endotoxin injec-
tion (2ng/kg) in healthy volunteers, was able to blunt fever
response and sympathetic stimulation, estimated with HRV
analysis and LF/HF ratio. This reduction was associated with a
significant decrease in plasma norepinephrine and adreno-cor-
ticotropin hormone (ACTH) levels.

Abuissa and colleagues have suggested that oral supplemen-
tation of w-3 PUFAs increases instantaneous HRV, reduces LF/
HF ratio, and confers protection against ischemia-induced ven-
tricular tachycardia and sudden cardiac death with nutritional
doses (=<1 g/d), whereas pharmacological doses of 3 to 5 g/d
might protect against sudden cardiac death by inhibiting the
production of thromboxane A2 and inflammatory cytokines.*”

Thus, Nodari et al*® investigated the effects of w-3 PUFA on
HRYV in 44 patients with idiopathic dilated cardiomyopathy who
were randomized to either 1 g capsules of w-3 PUFA or olive oil
capsules, for 6 months. Compliance was monitored by measur-
ing the plasma levels of w-3 PUFA before and after intervention.
The LF/HF ratio showed a 55% decrease in the treatment group
versus a 54% increase in the placebo group, indicating a favorable
shift in the cardiac autonomic balance (Table 2).

In a large study including more than 5000 subjects aged
more than 65years old, Mozaffarian found that individuals
with the highest fish consumption (=5 meals/week) exhibited
1.5ms greater HRV compared to those with the lowest fish
consumption.”® In addition, high w-3 PUFA intake was associ-
ated with enhanced vagal activity and increased plasma phos-
pholipid levels of both EPA and DHA, indicating a favorable
impact on autonomic function (Table 2).

Based on the results from previous studies, Lee and col-
leagues have suggested that patients with known coronary heart
disease should consume at least 1 g daily of w-3 PUFAs from
fish or fish oil supplements whereas subjects without heart dis-
eases should consume 200 to 250 mg daily, respectively.®®

However, a recently published Cochrane meta-analysis of
79 trials that involved more than 112000 patients found that
increasing EPA and DHA had little or no effect on all-cause
deaths and cardiovascular events.®! Furthermore, taking w-3
PUFAs capsules did not reduce incidence of heart disease,
stroke, or death significantly.

Furthermore, different interventional studies on w-3 PUFAs
and HRV in patients with heart disease have found inconsistent
results, with only 8 out of the 20 trials published so far, supporting
a beneficial effect on HRV.3762 Reasons for such inconsistency
might include heterogeneous populations, limited sample sizes,
or different study protocols with variable administered doses of
-3 PUFA (1.5-6.6 g/d) andlength of intervention (4-23 weeks).%2
Another potential limitation of such measures could be associ-
ated with the fact that a reduction in pacemaker funny current
rather than an alteration in autonomic neural output was found
to be responsible for heart rate reduction and increase in HRV in
an animal study with administration of w-3 PUFAs.6263
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Table 2. A summary of major studies investigating the influence of fish oil feeding rich in -3 PUFAs on heart rate variability in different groups of

patients.

REFERENCES STUDY POPULATION

Christensen et al®4 49 patients with CAD
12weeks
Christensen et al®® 40 healthy individuals
12weeks

Pluess et al¢ 8 healthy individuals

Nodari et al58 44 patients with idiopathic

dilated cardiomyopathy 24 weeks
Mozaffarian et al® 4.263 ECGs
questionnaire
Xin et alt4 692 patients due to
multiple causes

INTERVENTION

4.3 g EPA/DHA daily versus placebo for

1.68 g EPA/5.9 g DHA daily versus placebo for

0.5 g/kg 10% Omegaven 48 and 72 hours before
LPS administration (2ng/kg) versus placebo

1.44 g EPA/DHA daily versus placebo for

Fish consumption using food frequency

Meta-analysis of 15 RCTs with median dose of
FO ranging between 640 and 5900 mg/d and

OUTCOME
Significant increase in SDNN
Dose-dependent increase in HRV.

Positive correlation between SDNN
and DHA levels in the cell

Significantly reduced TNF-q,
norepinephrine, and ACTH levels

Significantly increased LF/HF ratio
during mental stress

Significantly increased RMSSD and
HF, lower LF

Significantly increased HF

median duration of 12weeks

Christensen et al®® 43 patients with DM type

1 and 38 with DM type 2 questionnaire

Ninio et al®” 46 overweight patients

12weeks
Christensen et al”2 17 patients with renal
failure 12weeks

Fish consumption using food frequency

0.8 g EPA/DHA daily versus placebo for

4.7 g EPA/DHA daily versus placebo for

Increased w-3 PUFA content in
platelets with a positive correlation
with HRV in patients with DM type 1

Significantly increased HF and
decreased resting HR

Significantly increased SDNN
associated with the amount of »-3
PUFA in granulocytes

Abbreviations: ACTH, adreno-corticotropin hormone; CAD, coronary artery disease; DHA, docosahexaenoic acid; DM, diabetes mellitus; ECG, electrocardiogram;
EPA, eicosapentaenoic acid; HF, high-frequency; HRV, Heart rate variability; LF, Low-frequency; LPS: lipopolysaccharide; PUFA, polyunsaturated fatty acids; RCT,
randomized controlled trial; RMSSD, root of the mean squared differences of successive NN intervals; SDNN, standard deviation of the NN intervals; TNF-«, tumor

necrosis factor alpha.

Nevertheless, in a recent meta-analysis of 15 randomized
controlled trials investigating the short-term (median 12 weeks)
effects of oral fish oil supplementation (1-4 g/d) on HRV in
humans,®* Xin and colleagues were able to show that w-3
PUFA intake had a favorable impact on frequency components
of HRV, as indicated by an increase in HF and decrease in LEF/
HEF ratio. Such findings suggest that parasympathetic predom-
inance could be responsible for the antiarrhythmic and other
beneficial effects of fish oil feeding.6%64

HRYV and fish oil feeding in patients with diabetes

mellitus and chronic renal failure

Administration of w-3 PUFA has been found to inhibit
HMG-CoA reductase and reduce plasma triglyceride concen-
tration similarly with statins. In addition, they seem to modu-
late renin formation, enhance endothelial nitric oxide
generation, increase insulin sensitivity, and inhibit angiotensin-
converting enzyme activity.6>%> As a result, it has been sug-

gested that fish oil feeding could be considered as a “polypill,”

incorporating diuretic, anti-inflammatory, and anti-hyperten-
sive properties.®® Such beneficial effects might be partially
attributed to ANS balance restoration, which could be moni-

tored through HRV analysis.

In this respect, Christensen et al®® evaluated HRV in 43
patients with type 1 and 38 patients with type 2 diabetes mel-
litus and related different frequency components with w-3
PUFA content in platelet membranes. It was shown that in
type 1 patients, HRV increased with increasing levels of DHA
whereas a positive correlation between HRV and platelet DHA
was found in patients receiving insulin therapy. In addition,
overweight subjects with an increased risk of type 2 diabetes
mellitus seem to exhibit reduced HRV.%2 Ninio et al,*’ in a
study including 65 overweight subjects, showed that supple-
mentation of DHA 1.56g/d and EPA 0.36g/d for 12 weeks
improved HRV by increasing HF power and reduced heart rate
at rest and during submaximal exercise (Table 2).

Different studies have shown that w-3 PUFA supplementa-
tion less than 4 g/d might reduce proteinuria in patients with
chronic kidney diseases®®® and slow immunoglobulin A
nephropathy.”? In addition, in a recent study,”! a 6 month intake
of fish oil was found to decrease urinary excretion of monocyte
chemotactic protein-1 (MCP-1), which increases production
of IL-6 in patients suffering from chronic kidney disease, indi-
cating inhibition of its production by tubular epithelial cells.
However, no study so far has evaluated a potential link between
such anti-inflammatory effects of w-3 PUFA and HRV indices
in patients with kidney diseases. Never-the-less, in patients
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with chronic kidney disease with or without dialysis treatment
Christensen et al’?> have shown that supplementation of more
than 5 g/d of w-3 PUFA for 12weeks led to a significant cor-
relation between w-3 PUFA in granulocytes and the HRV
parameter SDNN. However, HRV was not increased upon fish
oil feeding, probably because of very low HRV indices and low
levels of w-3 PUFA at baseline (Table 2).

In conclusion, it seems that patients with sympathetic over-
activity or dysfunction of the ANS, such as patients with sepsis,
cardiovascular diseases, renal failure, and diabetes mellitus,
have reduced HRV that might be favorably influenced by fish
oil feeding supplementation. However, more than 10 to
12weeks of oral intake is needed for such beneficial effects
whereas no study has confirmed so far if dietary or pharmaco-
logical doses are necessary for restoring autonomic balance
through parasympathetic predominance. Finally, a potential
association between HRV indices and immunoregulatory
effects of w-3 PUFA remains to be evaluated in future clinical
studies in patients with sepsis.

Suggestions for Future Clinical Testing and Potential
Implications

An association has been suggested between increased HRV and
fish oil administration in different groups of patients with car-
diovascular diseases.>»*70264 However, the possible relationship
between HRV changes and inflammatory markers during fish
oil feeding has not been studied yet, in patients with sepsis. Thus,
we think that a promising approach could be the assessment of
the relationship between vagal activity estimated with HRV and
inflammatory markers in such patients, during parenteral fish oil
feeding. In this case, we assume a beneficial effect of w-3 PUFAs
on HRV and cytokine response, early in the course of dis-
ease.1713°6 Consequently and as the current evidence is still too
weak and sparse to make recommendations about the role of fish
oil in the treatment of the critically ill,"*1%%* HRV could be
adopted as end point for monitoring nutritional manipulation of
inflammatory response at the bedside, helping translation of
basic science results into successful randomized controlled trials.
In this case, we assume that w-3 PUFAs upon parenteral admin-
istration will be rapidly incorporated into the phospholipid
membranes of different immune cell types, reducing the inflam-
matory response and increasing HRV.

In this respect and similar to the study by Han,'3 24 h record-
ings and longitudinal changes of HRV could be measured in 2
groups of patients with sepsis with similar severity of disease.
Patients with Acute Physiology and Chronic Health Evaluation
II score (APACHE II) > 25, immunosuppressive therapy, myo-
cardial infarction (within last 3months), arrhythmia, stroke,
severe hematological diseases, creatinine >2.5mg/dL, plasma
triglyceride levels >500mg/dL, bilirubin>2.5mg/dL, and
known allergy to eggs should be excluded from such study.!>13
Parenteral nutrition should be administered for at least 7 days,
with the same volume of glucose, nitrogen, and fat but different
lipid composition.!3 In addition, different doses of w-3 PUFAs

could be tested, starting from doses higher than 0.1 g/kg/d,
which have been found to be clinically favorable.!® According to
the ASPEN guidelines for artificial nutrition in the critically
ill,22 we suggest that such an investigation should be undertaken
either in patients with septic shock who are candidates for par-
enteral nutrition due to hemodynamic compromise or surgical
post-operative patients who are not eligible for enteral nutri-
tion. As an inverse relation between HRV, plasma free fatty acid
levels, and inflammatory response has been found in the most
severely ill patients with septic shock and the highest level of
inflammatory indices,?$4! we think that such a cohort would be
the most appropriate candidate for assessing fish oil immu-
nomodulatory effects and its impact on HRV during the acute
phase of critical illness. In case that HRV metrics predict out-
comes of interest, such as lower infection rate and/or attenuated
organ dysfunction, such a study might identify a unique value of
HRYV analysis as a monitoring tool of inflammatory modulation
by omega-3 PUFAs in patients with sepsis. Finally, a positive
correlation between HRV metrics and plasma lipid changes
during fish oil feeding might reveal a new link between ANS
activity and lipid metabolism in patients with sepsis.

Another potential use of HRV in artificial nutrition of
patients with sepsis as has been suggested by Tracey”® could be
its adoption as a physiomarker to early identify patients with
reduced vagal tone. In this case, a susceptibility to increased
inflammation can be assumed whereas HRV metrics might
serve as an early alarm to identify patients who might benefit
from pharmacological stimulation of the cholinergic anti-
inflammatory pathway, by administration of w-3 PUFAs.

In case that the immunoreflex does not involve cardiac
inhibitory fibers, as has been suggested from one experimental
study investigating electrical stimulation of the vagus nerve in
septic animals, HRV might lack accuracy for evaluating
immunomodulatory effects of fish oil feeding. Nevertheless,
clinical data are still lacking, whereas in such case, HRV moni-
tors could continuously provide salient information on whether
different doses of w-3 PUFAs can selectively activate the lower
threshold signaling fibers of the cholinergic anti-inflammatory
pathway without stimulating cardiac fibers, which require
higher stimulation intensity to fire.?473

Conclusions

Different clinical and experimental studies have established an
interrelation between ANS output and inflammatory regula-
tion, whereas the discovery of the “cholinergic anti-inflamma-
tory pathway” has expanded our understanding of how the
nervous system modulates the inflammatory response through
an immunoreflex.

Fish oil feeding has been found to have anti-inflammatory
effects in different groups of patients, whereas a potential
impact of -3 PUFAs on HRV has been suggested in patients
with cardiovascular and renal diseases. In this respect, it has
been recently proposed that HRV could be considered a bio-
marker to study the potential health benefits of different eat
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items and evaluate the influence of nutrition on both mental
and physical health.” However, no study so far has investigated
the relation between ANS output and immune response in
patients with sepsis during fish oil nutrition. As early and more
accurate monitoring of critically ill patients through continu-
ous automated detection of abnormal variability of heart rate
signals can alert clinicians to impending clinical deterioration
and allow earlier intervention, such an analysis could also be
tested as a novel surrogate marker of w-3 PUFAs’ immu-
nomodulatory effects. In case of positive results, HRV could be
adopted as a monitoring tool at the bedside, linking pharmaco-
nutrition to different outcomes of interest.
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