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Abstract

Pre-clinical studies suggest that both omega-6 and omega-3 fatty acids have beneficial effects on
peripheral nerve function. Rats feed a diet rich in polyunsaturated fatty acids (PUFASs) showed
modification of phospholipid fatty acid composition in nerve membranes and improvement of sciatic
nerve conduction velocity (NCV). We tested the hypothesis that baseline plasma omega-6 and
omega-3 fatty acids levels predict accelerated decline of peripheral nerve function. Changes between
baseline and the 3-year follow-up in peripheral nerve function was assessed by standard surface ENG
of the right peroneal nerve in 384 male and 443 female participants of the INCHIANTI study (age
range: 24-97 years). Plasma concentrations of selected fatty acids assessed at baseline by gas
chromatography. Independent of confounders, plasma omega-6 fatty acids and linoleic acid were
significantly correlated with peroneal NCV at enrollment. Lower plasma PUFA, omega-6 fatty acids,
linoleic acid, ratio omega-6/omega-3, arachidonic acid and docosahexanoic acid levels were
significantly predicted a steeper decline in nerve function parameters over the 3-year follow-up. Low
plasma omega-6 and omega-3 fatty acids levels were associated with accelerated decline of peripheral
nerve function with aging.
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Introduction

In vitro and animal studies have clearly demonstrated that omega-3 fatty acids have
antiarrhythmic [1] as well as anticonvulsant properties [2]. Addition of polyunsaturated fatty
acid (PUFA), particularly omega-3 fatty acids, in the perfusion medium of human cardiac
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myocytes and neurons reduces the random fluctuation of their transmembrane potential;
therefore, stabilizing their electrical activity. Both in cardiac myocytes and in neurons, this
effect of omega-3 is mediated by a modulation of the voltage-dependent inactivation of sodium
and calcium currents [3-5]. In addition, there is an evidence that omega-3 fatty acids are
neuroprotective, perhaps because of their anti-inflammatory properties [6], and both omega-3
and omega-6 fatty acids have an important role in neurite outgrowth [7]. Alpha-linolenic acid
prevents neuronal death in animal models of transient global ischemia, even when administered
soon after the insult [8]. In the Rotterdam Study, high dietary intake of PUFA was associated
with reduced risk of developing Parkinson's disease [9].

Recently, evidence has emerged suggesting that both omega-6 and omega-3 fatty acids are also
important for peripheral nerve health and function. In diabetic rats, the administration of
linoleic acid, a n-6 fatty acid, improves nerve conduction velocity (NCV) of the sciatic nerve
[10]. Gamma-linolenic acid (GLA), a n-6 fatty acid, has shown promising results in the
treatment of diabetic complications in several human and animal studies [11]. Also
docosahexaenoic acid (DHA), n-3 fatty acids, has shown properties on myelinogenesis,
especially in patients with generalized peroxisomal disorders, a disorder of membrane
phospholipids [12]. Based on this evidence, researchers have suggested that the administration
of both omega-6 and omega-3 fatty acids may be beneficial in patients with polyneuropathy
[13]. However, whether circulating levels of omega-3, omega-6 fatty acids, or total PUFA,
correlate with peripheral nerve function is currently unknown. This information is an essential
pre-requisite to the design of clinical trials testing the therapeutic efficacy of omega-6 and
omega-3 fatty acids on peripheral nerve diseases.

Using longitudinal data from a population-based sample of men and women enrolled in the
INCHIANTI study, we tested the hypothesis that, independent of potential confounders, total
plasma PUFA levels and/or specific fatty acids are cross-sectionally correlated with peripheral
nerve function, and low compared with normal total PUFA levels and/or specific fatty acids
levels predict accelerated decline of peripheral nerve function over a 3-year follow-up.

Study population

Invecchiare in Chianti, aging in the Chianti area (INCHIANTI) is a longitudinal study of factors
affecting mobility in late life, conducted in the Tuscany Region of Italy [14]. Of the 1530
subjects originally sampled, 1453 (94%) agreed to participate in the study. Of the 1343
participants who provided a blood sample, 1260 (87%) underwent standard surface
electroneurography of the right peroneal nerve and had complete baseline data for the cross-
sectional analyzes shown in this report. Of these 1260 participants, 73 died, 13 moved away
from the area, and 98 refused to participate in the 3-year follow-up. Of the 1076 participants
who were reevaluated at the 3-year follow-up, 854 underwent a new electroneurographic study
and 827 (73.2%) had a new interview at the 3-year follow-up. Thus, a complete baseline and
follow-up data were available for 384 men and 443 women with an average age of 68.2 (range:
24-97).

The National Institute on Research and Care of the Elderly Institutional Review Board
approved the study protocol. Participants consented to participate and to have their blood
samples analyzed for scientific purposes. For those who unable to fully consent, surrogate
consents were obtained from close relatives.
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Nerve conduction studies

Standard surface electroneurographic (ENG) studies of the right peroneal nerve were
conducted within 3 weeks of the home interview by a trained geriatrician [14]. All studies were
performed on an ENG-neuro MYTO device (E.B. Neuro S.p.A, Florence, Italy) using standard
ENG-neuro disposable electrodes. A detailed description of the methods is reported elsewhere
[15]. Briefly, a flexible measuring tape was used for measuring distances between stimulating
and recording points. The recording electrode was placed on the skin above the extensor
digitorum brevis muscle. Stimulation was performed using standard supramaximal technique,
proximally at the fibular head and distally over the anterior ankle. The measurements were
obtained while dorsal foot skin temperature was between 30 and 34°C [15]. Parameters of
nerve conduction studies considered in the analysis were: (i) the amplitude of the distal
compound muscle action potential (CMAP) and (ii) the NCV [16].

Biological samples

Blood samples were collected from participants after a 12-h fast, and after a 15-min rest.
Aliquots of serum and plasma were stored at —80°C and not thawed until analyzed. Serum total
cholesterol and triglycerides were assessed by commercial enzymatic tests and a Roche-Hitachi
917 Autoanalyzer (Roche Diagnostics, GmbH, Mannheim, Germany). For total cholesterol the
analytical sensitivity (lower detection limit) was 3.0 mg/dl. The intra-assay coefficients of
variation (CV) was 0.8%, the inter-assay CV was 3.3%. For triglycerides the analytical
sensitivity (lower detection limit) was 4.0 mg/dl. The intra-assay CV was 1.8%, the inter-assay
CV was 3.1%. High-density lipid-cholesterol (HDL-C) level was determined by the liquid
homogeneous HDL-C assay (Alifax S.p.A, Padova, Italy). The intra-assay CV was 0.8%, the
inter-assay CV was 1.3%.

Polyunsaturated fatty acids

Serum and plasma were analyzed after 2 years from their collection. It has been demonstrated
that fatty acids are stable at this temperature for at least 4 years [17]. A detailed description of
the methods is reported elsewhere [6]. Briefly, the amount of plasma fatty acids (ranging from
C14:0 to C24:1) was quantified based on the amount of fatty acid methyl esters (FAME),
analyzed by using a HP-6890 gas chromatograph (Hewlett-Packard, Palo Alto, CA, USA) [7,
18,19], that was recovered and expressed as percentages of total fatty acids based on mg/I
values. The correlation coefficients for the calibration curves of 20 fatty acids were in all cases
higher than 0.998. The intra- and inter-assay CV were 1.6% and 3.3%, respectively. Plasma
saturated fatty acids, monounsaturated fatty acids (MUFA), PUFA were used in this study.
Furthermore, the following specific fatty acids were selected among the PUFA.: (i) omega-6
fatty acids (n-6), linoleic acid (18:2n-6), and arachidonic acid (20:4n-6); (ii) omega-3 fatty
acids (n-3), linolenic acid (18:3n-3), eicosapentaenoic acid (20:5n-3) and DHA (22:6n-3) and
the ratio n-6/n-3 was used in this study. The correlations among these selected fatty acids were
fromr=0.29tor=0.77, P < 0.0001.

Other measures

Weight and height were measured in standardized position and body mass index (BMI) was
calculated as weight (kg)/height (m?). Alcohol intake was assessed using the Food Frequency
Questionnaire originally developed for the European Prospective Investigation into Cancer and
Nutrition [20]. Diseases included in the current analysis were diabetes, defined as having
hyperglycemia >126 mg/dl and peripheral artery disease (PAD), defined as an ankle-arm index
of 0.9 or less [21,22].
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Statistical analysis

Results

Because of skewed distribution, log-transformed values of linolenic acid were used in all
analyzes. Continuous values were reported as means + SD. Age- and sex-adjusted partial
correlation coefficients and Spearman partial rank-order correlation coefficients were used to
study the correlation between baseline characteristics and baseline and follow-up NCV and
CMAP. Partial correlations coefficient with follow-up NCV and CMAP were also adjusted
for, respectively, baseline NCV and baseline CMAP. NCV and CMAP groups were coded
according to thresholds that are generally considered clinically significant (for NCV: <40 m/
S, 40-42 m/s, and >42 m/s; and for CMAP: <3 mV, 3-4 mV, and >4 mV) [15]. In previous
research, we demonstrated a strong association between these thresholds and neurologic signs
obtained during a medical visit [15]. Mean values of the main classes (saturated,
monounsaturated, polyunsaturated, n-3, and n-6) and specific (linoleic, linolenic, arachidonic,
eicosapentanoic and docosahexaenoic) fatty acids were compared across groups of NCV and
CMAP at enrollment. Multivariate regression analyzes were performed, where NCV (or
CMAP) was the dependent variable and fatty acids concentration were independent variables.

Longitudinal analyzes were rescricted to the participants who had complete baseline and 3-
year follow-up data (n = 827). We performed a repeated measures analysis by using the
‘REPEATED’ statement in the SAS GLM procedure. In this analysis, ‘age group’ is considered
between the subjects effect, while ‘time” and the time by age interaction are within subjects
effect.

The effect of baseline plasma PUFA levels on change over time in NCV was tested in stepwise
regression models where follow-up NCV was the dependent variable, baseline plasma PUFA
levels was the main independent variable and baseline NCV and other potential confounders
were considered as covariates. A similar analytical approach was used to analyze the effect of
baseline PUFA on changes in CMAP over 3 years follow-up. All analyzes were performed
using the SAS statistical package, version 8.2 (SAS Institute Inc., Cary, NC, USA).

Anthropometric characteristics, biological variables, and prevalence of diabetes and PAD and
their correlations with NCV and CMARP are reported in Table 1. At baseline, independent of
age and sex, BMI and triglycerides were positively correlated with NCV, total cholesterol was
positively and diabetes negatively correlated with both NCV and CMAP, while PADs was
negatively correlated with NCV (Table 1). Restricting the analyzes to the 827 participants with
complete baseline and follow-up data, and adjusting for age, sex and baseline NCV or baseline
CMAP, the correlations between baseline characteristics and follow-up NCV and CMAP
(Table 1) were very similar to those observed in the cross-sectional correlation analysis (Table
1).

At enrollment, independent of confounders, omega-6 fatty acids and linoleic acid were
positively associated with NCV (Table 2). We found that NCV was significantly different
between age groups (higher in the youngest) and overall, declined significantly over the 3-year
follow-up. The interaction ‘time*age-group’ was not statistically significant, indicating that
the rate of decline in NCV was similar across age groups (F =0.81; P < 0.52). For CMAP, we
found that CMAP was significantly different between age groups (higher in the youngest) and
overall, declined significantly over the 3-year follow-up (Table 3). However, for this variable,
the interaction ‘time*age-group’ was highly statistically significant (F = 9.89; P < 0.0001),
suggesting that the decline in CMAP over time is steeper in the younger participants, and
becomes progressively less steep in the older participants (Fig. 1).
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Total PUFA, omega-3 and omega-6 concentration declined with age as indicated by
progressively, higher prevalence of participants with PUFA below the median level across age
groups (Fig. 2). Adjusting for multiple confounders, saturated fatty acids were associated with
more decline of NCV and CMAP in participants between 65 and 84 years of age (Table 4).
Adjusting for multiple confounders, baseline total plasma PUFA predicted significantly less
decline of NCV in participants younger than 65 years of age and docosahexanoic acid predicted
significantly less decline of NCV in participants older than 85 years of age (Table 4). Higher
baseline total plasma PUFA and omega-6 fatty acids predicted significantly less decline of
CMAP in participants younger than 85 years of age, omega-3 fatty acids, arachidonic and
DHA s predicted significantly less decline in CMAP in participants between 65 and 84 years
old (Table 4). Linoleic acid predicted significantly less decline of CMAP in all participants
(Table 4).

Noteworthy, the ratio n-6/n-3 was associated with significantly less reduction of NCV after
the 3-year follow-up (Table 4). When the analysis was restricted to the 753 participants free
of diabetes, the results were substantially unchanged. We obtained similar results, when fatty
acids concentration were expressed as percentage (Yowt/wt), instead of absolute concentrations.

Discussion

Using longitudinal data from a population-based sample of older persons, we tested the
hypothesis that low plasma total PUFA, or omega-3 or omega-6 levels were associated with
impaired peripheral nerve function. We found that omega-6 fatty acids and marginally DHA
were significantly associated with nerve peripheral parameters, independently of potential
confounders. In particular, omega-6 fatty acids and linoleic acid was strongly and
independently correlated with NCV in the cross-sectional analyzes. In longitudinal analyzes
low total plasma PUFA levels, omega-6 fatty acids, arachidonic acid, docosahexanoic and the
ratio omega-6/omega-3 predicted accelerated decline of peripheral nerve function over the 3-
year follow-up.

Our findings are consistent with studies showing that high dietary intake of fatty acids prevents
the development and clinical progression of nerve conduction deficits in diabetic animals as
well as in the general human population [9,10]. Also, our findings are somewhat in agreement
with studies showing that omega-3 and omega-6 fatty acids have an important role in the growth
of neuritis [23]. In a double-blind, placebo-controlled trial of 111 patients with mild diabetic
neuropathy, patients who were treated with GLA, for 1 year, showed favorable improvement
in the vibration and touch sensitivity compared with controls [24], while in diabetic rats, the
administration of linoleic acid, a n-6 fatty acid, improved sciatic NCV [10]. In patients with
generalized peroxisomal disorders, a congenital diseases with impaired myelinogenesis, the
administration of the n-3 fatty acids, DHA, significantly improved myelin formation alleviating
the symptoms in these patients [12].

About 60% of the brain's structural material is lipids, almost all of it in the form of two long-
chain PUFAs, DHA and arachidonic acid [25]. Thus, PUFA are the major structural
components of the neuronal membrane phospholipids; and therefore, their structural and
chemical characteristics influence membrane functions, such as the activity of membrane
bound proteins, signal transduction and also neurotransmission [26,27]. In particular, the
electrophysiologic effect of the omega-3 fatty acids seem to be the result of specific modulation
of ion currents, particularly of the voltage-dependent sodium current and of the L-type calcium
currents across sarcolemmal phospholipids membranes [28]. Accordingly, supplementation
with sunflower oil, which contains high quantity of linoleic acid, restored NCV in diabetic rats,
and this effect was accompanied by a modification of phospholipid fatty acid composition in
nerve membranes [29].

Eur J Neurol. Author manuscript; available in PMC 2009 February 22.
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Finally, n-3 PUFAs and the GLA, a n-6 fatty acid, have been shown to have significant anti-
inflammatory properties [6,30]. PUFAs inhibit the production of proinflammatory cytokines,
i.e., 1I-14, IL6 and tumor necrosis factor-alpha by activating transcription factors, such as the
peroxisome proliferator-activated receptors and nuclear factor kB [31]. As inflammation is one
of the main pathophysiologic process involved in peripheral polyneuropathy [32], this activity
could be extremely relevant in preventing progression of axons damage.

Polyunsaturated fatty acid are present in high concentration not only in fish oil but also in
vegetable oils. For example, large quantities of omega-6 fatty acids are present in sunflowers
oil, soybean corn oil and safflower oil, while large quantities of omega-3 fatty acids are present
in flax oil, and hemp oil. The observation that omega-6 fatty acids appear to have a beneficial
effect on peripheral nerve function than omega-3 fatty acids, require consideration. In fact,
omega-6 PUFAs are generally more highly represented than omega-3 fatty acids and have
major adverse effects of excess than the n-3 fatty acids [33]. Then, an optimal omega-6/
omega-3 ratio is probably important for having beneficial effect of the PUFAs.

Our findings suggest that in patients affected by peripheral neuropathy, a supplementation with
sunflower oil, rich in omega-6 fatty acids and a DHA, may positively influence the axonal
degeneration of the nerve. Whether increasing intake of omega-6 fatty acids and DHA may be
beneficial on patients with slightly peripheral neuropaty is an appealing hyphotesis that needs
to be addressed in future studies.

An important limitation of this study is that n-3 and n-6 fatty acids were measured only at
baseline. In addition, the effect of omega-6 fatty acids and DHA on peripheral nerve function
was somewhat moderate, at least in part because of the difficulty of obtaining a precise
quantitation of circulating fatty acids, and because the decline in peripheral nerve function with
age is probably multifactorial. This could also explain the difference observed in the cross-
sectional analyzes compared with those at follow-up. In particular, we found longitudinally
that the CMAP, a markers of axonal degeneration, could be the earliest parameter affected by
a reduction of the plasma PUFAs levels, with a decline in NCV only in advanced axonal
peripheral neuropathy.

Furthermore, information on peripheral nerve function was limited to one motor nerve.
However, this measure was objective and collected longitudinally. This is the first large
population-based study of the relationship between plasma omega-3 and omega-6 fatty acids
levels and peripheral nerve function using circulating level of PUFA and a gold-standard
measure of peripheral nerve function.

The results of this study have important clinical and speculative implications. Based on our
findings, we suggest that low omega-6 fatty acids and DHA levels may be considered a
potential cause of peripheral nerve dysfunction in older persons, especially when no other
plausible cause can be clearly identified [34]. The findings of this study raise the possibility
that omega-6 fatty acids and DHA supplementation may be effective in treatment of peripheral
neuropathy. This possibility should be carefully considered and examined in future trials of
essential fatty acid supplementation.
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Figure 1.
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Changes in nerve conduction parameters (NCV and CMAP) over the 3-year follow-up stratified

by age.
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Percentage of participants with PUFA below the median level, according to age groups.
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