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Abstract

Objective—rFish oil is enriched in omega-3 polyunsaturated fatty acids primarily
eicosapentaenoic and docosahexaenoic fatty acids. Metabolites of these two polyunsaturated fatty
acids include the E and D series resolvins. Omega-3 polyunsaturated fatty acids and resolvins have
been reported to have anti-inflammatory and neuroprotective properties. The objective of this
study was to evaluate the efficacy of menhaden oil, a fish oil derived from the menhaden, resolvins
D1 and E1 and the methyl esters of resolvins D1 and D2 on diabetic peripheral neuropathy.
Hypothesis being examined was that the methyl esters of resolvins D1 and D2 would be move
efficacious than resolvins D1 or E1 due to an extended half-life.

Methods—A model of type 2 diabetes in C57BL/6J mice was created through a combination of a
high fat diet followed 8 weeks later with treatment of low dosage of streptozotocin. After 8 weeks
of untreated hyperglycemia type 2 diabetic mice were treated for 8 weeks with menhaden oil in the
diet or daily injections of 1 ng/g body weight resolvins D1, E1 or methyl esters of resolvins D1 or
D2. Afterwards, multiple neurological endpoints were examined.

Results—Menhaden oil or resolvins did not improve hyperglycemia. Untreated diabetic mice
were thermal hypoalgesic, had mechanical allodynia, reduced motor and sensory nerve conduction
velocities and decreased innervation of the cornea and skin. These endpoints were significantly
improved with menhaden oil or resolvin treatment. However, the methyl esters of resolvins D1 or
D2, contrary to our hypothesis, were generally less potent than menhaden oil or resolvins D1 or
El.

Conclusion—These studies further support omega-3 polyunsaturated fatty acids derived from
fish oil via in part due to their metabolites could be an effective treatment for diabetic neuropathy.
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Introduction

Peripheral neuropathy affects about 50% of the diabetic population and no effective
treatment is available. Our laboratory has shown that treating type 1 or type 2 diabetic
rodents with menhaden oil can delay progression and with late intervention reverse many
endpoints related to peripheral neuropathy [1-5]. Moreover, we have demonstrated in studies
using type 1 and type 2 diabetic mice that daily treatment with resolvin (resolution phase
interaction products) D1 improves peripheral neuropathy [6,7].

Resolvins and neuroprotectin D1, metabolites of eicosapentaenoic and docosahexaenoic
acids found in fish oil, have anti-oxidant, anti-inflammatory and neuroprotective properties
[8,9]. E-series resolvins are oxygenated metabolites of eicosapentaenoic acid and D series
resolvins are derived from docosahexaenoic acid. Neuroprotectin D1 is synthesized from
docosahexaenoic acid requiring the enzyme 15-lipoxygenase-1. Neuroprotectin D1 produced
following treatment with docosahexaenoic acid of corneas damaged by refractive surgery
has been shown to have nerve regenerating properties [10,11]. Treating primary cultures of
trigeminal ganglia neurons from Swiss Webster mice also increases neurite outgrowth [10].
We have reported that neurite outgrowth by dorsal root ganglia neuron from C57B16/J mice
was increased by resolvin D1 [6]. However, whether resolvin E1 promotes neurite outgrowth
or provides efficacy toward diabetic peripheral neuropathy is unknown. Both
eicosapentaenoic and docosahexaenoic acids are present in fish oil and other marine
products and determining if both provide similar protection toward diabetic peripheral
neuropathy is an important issue to address. Methyl esters of resolvins have a longer
biological half-life, thus it is also important to determine if these metabolites are more
efficacious in vivo for diabetic peripheral neuropathy [12]. Thus, in this study we
investigated whether resolvin E1 can attenuate diabetic peripheral neuropathy and if the
methyl esters of resolvins D1 or D2 have a greater efficacy than resolvin D1 on diabetic
peripheral neuropathy.

Identifying a modified metabolite of docosahexaenoic acid with a longer half-life that could
be administered daily could be a preferred approach for some human subjects compared to
the daily consumption of fish oil capsules due to the gastric side effects considered
unpleasant by some individuals such as belching.

Materials and Methods

Materials

Unless stated otherwise all chemicals used in these studies were obtained from Sigma-
Aldrich Co. (St. Louis, MO).
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Animals and diet fatty acid composition analysis

C57BL/6J mice were obtained from Jackson Laboratories. Mice were housed in a certified
animal care facility and water and standard diet were provided ad libitum. Measures were
taken to minimize pain or discomfort and all experiments were conducted in accordance
with the Public Health Service Policy on Humane Care and Use of Laboratory Animals and
were compliant with all institutional guidelines for use of animals (IACUC approval
5071451). Twelve week old C57BL/6J mice were divided into seven groups. After 1 week
on a standard diet (3.0 kcal/g, 13% kcal fat, 7001, Harlan Teklad, Madison, WI) six of the
groups were fed a high fat diet for eight weeks (5.2 kcal/g, 60% kcal fat, D12492; Research
Diets, New Brunswick, NJ). The group maintained on the standard diet served as the control
group (1) and was fed the standard diet for the duration of the study. To create a model for
type 2 diabetes, these mice were treated with 100 mg/kg streptozotocin, i.p. (EMD
Chemicals, San Diego, CA). Three days later, if the blood glucose was less than 13.8 mM
(250 mg/dL), a second dose of streptozotocin (50 mg/kg) was administered (Accu-Chek,
Roche Inc., Indianapolis, IN) [13]. Mice with a blood glucose = 13.8 mM (250 mg/dL) 1
week after the initial injection of streptozotocin were considered diabetic. Following 8
weeks of hyperglycemia, one group of mice was continued on the high fat diet (non-treated
diabetic group, (I1)). A second group (I11) was fed a high fat diet with % of the lard-derived
calories replaced with menhaden oil (Research Diets D10122003). The four other groups
remained on the high fat diet and were treated with resolvin D1 (7S, 8R, 17S-trihydroxy-4Z,
9E,11E,13Z,15E,19Z-docosahexaenoic acid, (1V)), resolvin E1 (5S, 12R, 18R-
trihydroxy-6Z,8E,10E,14Z,16E-eicosapentaenoic acid, (V)), 17(R)-resolvin D1 methyl ester
(7S,8R, 17R-trihydroxy-4Z,9E,11E,13Z,15E,19Z-docosahexaenoic acid, methyl ester, (V1))
or resolvin D2 methyl ester (7S,16R,17S-trihydroxy-4Z,8E, 10Z,12E,14E,19Z-
docosahexaenoic acid, methyl ester) VII)) (Cayman Chemical Company, Ann Arbor, MI).
All resolvin compounds were dissolved in 0.4% ethanol and the mice received daily i.p.
injections of 1 ng/g body weight. The selection of 1 ng/g as the dose for the resolvins used in
this study was based on 1 ng/g of resolvin D1 providing maximal effects in a previous study
[6]. The control and non-treated diabetic group also received daily injections of 0.4%
ethanol as a vehicle control. The treatment phase lasted for 8 weeks.

Diets and liver samples were used to determine the fatty acid composition by gas-liquid
chromatography. Following extraction of the lipids with a 2:1 (vol/vol) mixture of
chloroform and methanol, phase separation was induced with a solution of 154 mM NaCl
and 4 mM HCI. The chloroform/lipid fraction was trans esterified using 14% boron
trifluoride in methanol and the fatty acid methyl esters extracted into heptane before
separation by gas-liquid chromatography [14]. Individual fatty acids peaks as % of total fatty
acids present were identified by comparison to known fatty acid standards. The fatty acid
composition of the standard diet (Harlan Teklad 7001), high fat diet (Research Diets
D12492) and the custom prepared menhaden oil supplemented high fat diet (Research Diets
D10122003) is provided in Table 1. As expected the levels of eicosapentaenoic and
docosahexaenoic acids are increased in the diets containing menhaden oil.

Behavioral examinations: Thermal sensitivity was measured using the Hargreaves method
with instrumentation provided by IITC Life Science; Woodland Hills, CA (model 390G).
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This procedure was initiated by placing the mouse in the observation chamber. The mouse
was allowed to acclimate to the warmed glass surface (300C) and surroundings for a period
of 15 min. Afterwards, the heat source was maneuvered so that it was under the heel of the
hind paw, activated, a process that turns on a timer and locally warms the glass surface and
when the mouse withdrew its paw, the timer and the heat source was turned off [13].
Following an initial recording, which was discarded, four measurements were made for each
hind paw, with a rest period of 5 min between each examination. The mean of the
measurements, reported in seconds, was used as a measure of the thermal nociceptive
response latency. Mechanical allodynia was evaluated by quantifying the withdrawal
threshold of the hind paw in response to stimulation with flexible von Frey filaments as
previously described [15]. The data were reported in grams. The tactile response tests were
repeated at least three times with a rest period of 10 min between tests. The behavioral
examinations were performed in a masked fashion on different days and completed
immediately before the terminal procedures.

Motor and sensory nerve conduction velocity: Mice were anesthetized with Nembutal (75
mg/kg, i.p., Abbott Laboratories, North Chicago, IL). Motor and sensory nerve conduction
velocities were assessed as in previous experiments [16]. Body temperature was monitored
using a rectal probe and regulated between 36°C and 37°C using a heating pad and radiant
heat. This procedure maintained a normal temperature near the sciatic nerve [2]. Motor
nerve conduction velocity was calculated by using the stimulus artifact of the evoked
potential, subtracting the latency measurement (in milliseconds) from the sciatic notch from
the latency measurement of the Achilles tendon and dividing the difference by the distance
between the two stimulating electrodes (measured in millimeters). Sensory nerve conduction
velocity equaled the distance between stimulating and recording electrodes over the latency
to initial peak negative deflection. Both motor and sensory nerve conduction velocity was
reported in m/s.

Corneal nerve imaging: The Rostock cornea module for the Heidelberg Retina Tomograph
(Heidelberg Engineering, Vista, CA) was used for in vivo assessment of sub-epithelial
nerves in the mouse cornea as described previously [6,17]. Briefly, anesthetized mice were
fitted to a stereotaxic mouse head holder (model 921-E; David Kopf Instruments, Tujunga,
CA) and secured to a platform that allows for three-dimensional adjustments. GenTeal eye
lubricant gel (Alcon; Fort Worth, TX) was applied to the lens and advanced forward to make
contact with the mouse cornea epithelium. At least three non-overlapping images of the sub-
epithelial nerves were acquired per mouse and assessed for total nerve length per image.
Corneal nerve fiber length has proven to be the best morphological parameter in diagnosing
diabetic neuropathy showing the lowest coefficient of variation [18]. Corneal nerve fiber
length is represented as a mean value of the nerve lengths measured from the images and
expressed in mm/mm2.

Intraepidermal nerve fiber density in the hind paw: Skin was collected from the footpads for
determination of intraepidermal nerve fibers as in previous experiments [6,17]. Nerve
profiles were imaged using a Zeiss LSM710 confocal microscope with a 40x objective (EC
Plan-Neofluar 40x/0.75), counted by two independent investigators masked to the sample
condition and profiles were normalized to the length of the epidermis in millimeters.
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Analysis of biological markers: We used a glucometer (Accu-Chek, Roche Inc.,
Indianapolis, IN) to measure blood glucose in a non-fasting mouse. Steatosis was examined
by freezing liver samples in OCT compound (Sakura FineTek USA, Torrance, CA).
Afterwards, 5 pm thick sections were incubated with BODIPY (Molecular Probes, Carlshad,
CA, USA), at a 1:5000 dilution in 1.0% BSA for 1h at room temperature. The samples were
washed, mounted using ProLong® Gold antifade reagent (Molecular Probes, Carlsbad, CA,
USA) and covered with a glass coverslip. Images of each liver section were collected using
Zeiss 710 LSM confocal laser scanning microscope. These images were analyzed for % area
fraction of lipid droplets using Image J software. Chymotrypsin-like proteasome activity was
assayed in liver extracts using 96-well format as described by Otoda et al. [18,19]. The
reaction mixture contained 100 ug of liver extract protein, 100 uM of peptide substrate Suc-
Leu-Leu-Val-Tyr-AMC in an assay buffer consisting of 50 mM HEPES (pH 7.8), 10 mM
NaCl, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 250 mM sucrose, 5 mM dithiothreitol, 2
mM ATP. The proteasome inhibitor MG132 was added at 20 uM concentration for a
background control for each sample and purified murine 20S proteasome (Boston Biochem,
Cambridge, MA. USA) served as a positive control in each plate. Free AMC fluorescence
was measured using a 355/460 nm filter set in FLUOstar Optima microplate reader (BMG
Labtech, Cary, NC, USA). The proteasome activity was expressed in U/mg protein with 1 U
equal to 1 nmol of AMC released per 1 min. Protein concentration for each liver sample was
measured with the bicinchoninic acid protein assay (Thermo Fisher Scientific, Waltham,
MA). Blood was collected and serum obtained for determination of free fatty acid,
triglyceride, free cholesterol and resolvin D1 using commercial kits from Roche
Diagnostics, Mannheim, Germany; Sigma-Aldrich Co., St. Louis, MO; BioVision, Mountain
View, CA; and Cayman Chemical Co., Ann Arbor, Ml respectively. Serum thiobarbituric
acid reactive substances levels were also determined as a marker of oxidative stress as
previously described [20]. Briefly, 200 uL of serum was heated to boiling in 0.75 mL of
phosphoric acid (0.19 M), 0.25 ml thiobarbituric acid (0.42 mM) and 0.3 mL water for 60
min. Afterwards, methanol/NaOH was used to precipitate each sample, which was then
centrifuged for 5 min. Supernatant was obtained and fluorometric analysis performed at
excitation wavelength of 532 nm and emission wavelength of 553 nm. Standards were
prepared by the acid hydrolysis of 1,1,3,3-tetraethoxypropane. The data were reported as
mg/ml serum.

Data Analysis: Results are presented as mean + S.E.M. Comparison between control, non-
treated and treated diabetic mice were conducted using one-way ANOVA and Bonferroni
post-hoc test comparison (Prism software; GraphPad, San Diego, CA). A P value of less
than 0.05 was considered significant.

For these studies mice were made diabetic with a streptozotocin low dose treatment strategy
following 8 weeks on a high fat diet. After 8 weeks of hyperglycemia mice were treated
daily with menhaden oil or exogenously with resolvin D1, E1 or methyl esters of resolvins
D1 or D2 for 8 weeks and then analyzed as described below.
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Effect on weight, blood glucose, serum lipid and resolvin D1 levels, serum thiobarbituric
acid levels and liver proteasome activity and steatosis. Data in Table 2 demonstrate that all
mice at the beginning of the study weighed approximately the same. At the beginning of
treatments the diabetic mice generally weighed more than control mice although the
difference was not significant for all groups. Blood glucose levels were significantly
increased in all groups of diabetic mice at the beginning of treatment. During the treatment
phase all mice gained weight and generally all diabetic mice weighed more than the control
mice although the difference was not significant for all groups. At the end of the study the
blood glucose levels of all diabetic mice were significantly higher than control mice and
were similar to the blood glucose levels at the beginning of the treatment phase for all
groups of mice and were not impacted by treatments.

At the end of the study, serum triglycerides levels were increased in the non-treated diabetic
mice compared to control mice but the difference was not significant. Treating diabetic mice
with menhaden oil in the diet or exogenously with resolvins D1 and E1 or the methyl esters
of resolvins D1 and D2 reduced triglyceride levels to control values or lower. The level of
serum triglyceride in diabetic mice treated with menhaden oil or the methyl esters of
resolvins D1 or D2 were significantly lower than in non-treated diabetic mice. Serum free
fatty acid levels were significantly increased in non-treated diabetic mice compared to
control mice and was corrected with all treatments.

Serum free cholesterol levels were significantly increased in non-treated diabetic mice
compared to control mice, which was not corrected by treatment with menhaden oil in the
diet or resolvin D2 methyl ester and only partially corrected by exogenous treatment with
resolvins D1, E1 and D1 methyl ester. Serum levels of resolvin D1 were significantly
increased in diabetic mice treated with a diet enriched with menhaden oil compared to
control mice and untreated diabetic mice (Table 2). Serum resolvin levels were not
determined in diabetic mice treated with resolvin D1 because previous studies had shown
that treatment did not cause an increase in serum levels of resolvin likely due to the short
half-life of resolvins in circulation [6,7].

Serum thiobarbituric acid levels, a marker for oxidative stress, were significantly increased
in untreated diabetic mice (Table 2). Treating diabetic mice with dietary menhaden oil did
not improve serum thiobarbituric acid levels. However, exogenous treatment with resolvins
did lower serum thiobarbituric acid levels.

For a marker of endoplasmic reticulum stress we examined liver proteasome activity [19].
Liver proteasome activity was decreased in non-treated diabetic mice compared to control
mice and was partially improved by dietary enrichment with menhaden oil or treatment with
methyl ester of resolvin D2 (Table 2). Treating diabetic mice with resolvins D1, E1 or D1
methyl ester had minor to no impact on improving liver proteasome activity. Liver steatosis
(fatty liver) was significantly increased in non-treated diabetic mice (Table 2). Treating
diabetic mice with a diet enriched with menhaden oil or with daily injections of resolvins
significantly reduced liver steatosis. However, liver steatosis remained significantly
increased in all treated diabetic mice compared to control mice.
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Effect on liver fatty acid composition. Data in Table 3 provide the fatty acid composition of
liver from control, non-treated diabetic and diabetic mice treated with menhaden oil in the
diet. The fatty acid composition profile of liver from diabetic mice fed the high fat diet was
not noticeably different from the fatty acid composition of liver from control mice. However,
in diabetic mice treated with menhaden oil the content of arachidonic acid was significantly
decreased while the content of eicosapentaenoic and docosahexaenoic acid was significantly
increased. Treatment of diabetic mice with resolvin D1, E1 or methyl esters of resolvins D1
or D2 did not impact the fatty acid composition of the liver compared to untreated diabetic
mice (data not shown).

Effect on nerve conduction velocity, intraepidermal nerve fiber density, thermal nociception
and corneal nerve fiber length. Motor and sensory nerve conduction velocities is a common
endpoint for examining peripheral neuropathies and was found to be significantly decreased
in non-treated diabetic mice (Figure 1).

Treating diabetic mice with menhaden oil significantly improved motor and sensory nerve
conduction velocities compared to non-treated diabetic mice. Treating diabetic mice with
daily injections of resolvin D1 or E1 significantly improved both motor and sensory nerve
conduction velocity with resolvin D1 being more efficacious than resolvin E1. However,
motor nerve conduction velocity remained significantly impaired in diabetic mice treated
with resolvin D1 or E1 compared to control mice.

Treating diabetic mice with the methyl esters of resolvins D1 or D2 significantly improved
motor nerve conduction velocity compared to non-treated diabetic mice but both motor and
sensory nerve conduction velocities in these treated mice remained significantly impaired
compared to control mice.

The cornea is the most highly innervated part of the human body. The corneal nerves can be
visualized using corneal confocal microscopy. This microscope provides a means to perform
noninvasive in vivo imaging that allows assessment of the sub-epithelial corneal sensory
nerve structure [18,21,22]. It has been proposed that imaging of diabetes-induced changes of
these nerves as well as changes in the density of intraepidermal nerve fibers may be
surrogate markers for early damage and repair for diabetic peripheral neuropathy [21-25].
We have previously reported that diabetes in rodents causes a decrease in sensory nerve
density in the sub-epithelial layer of the cornea as well as a decrease in sensory nerves
penetrating the corneal epithelium and the changes caused in the structure and density of
corneal nerves by diabetes in rodents is consistent with the changes in these nerves in
humans with diabetes [2,17,26-28].

Data in Figure 2 demonstrate that intraepidermal nerve fiber density and sub-epithelial
corneal nerve fiber length are significantly decreased in non-treated diabetic mice compared
to control mice. Treating diabetic mice with dietary menhaden oil significantly improved
intraepidermal nerve fiber density and totally protected corneal nerve fiber density in the
sub-epithelial layer compared to non-treated diabetic mice. However, intraepidermal nerve
fiber density in diabetic mice treated with dietary menhaden oil remained significantly
decreased compared to control mice. Treating diabetic mice with resolvin D1 or E1 also
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significantly improved intraepidermal nerve fiber density with efficacy that was similar to
menhaden oil treatment. Treating diabetic mice with resolvin D1 was more efficacious than
resolvin E1 in protecting sub-epithelial corneal nerve fibers. Treating diabetic mice with the
methyl esters of resolvins D1 or D2 were about equally effective in protecting
intraepidermal nerve fiber density. Methyl esters of resolvin D1 or D2 were also effective in
protecting sub-epithelial corneal fiber density but they were generally less efficacious than
dietary menhaden oil or exogenous resolvins D1 or E1.

Data in Figure 3 demonstrate that latency to a thermal stimulus was significantly increased
in non-treated diabetic mice compared to control mice. Dietary enrichment of menhaden oil
or exogenous treatment with resolvin D1 or E1 reduced the increase in latency to thermal
stimulus to a similar degree as compared to non-treated diabetic mice. However, there
remained a significant impairment compared to control mice. Treating diabetic mice with the
methyl ester of resolvins D1 or D2 was less efficacious toward improving thermal
nociception.

Mechanical allodynia was significantly decreased in non-treated diabetic mice compared to
control mice, indicating an increase in sensitivity to a mechanical challenge (Figure 3).

Treating diabetic mice with a diet enriched with menhaden oil or with daily injections of
resolvin D1, E1 or the methyl ester of resolvin D2 was efficacious in improving mechanical
allodynia in diabetic mice. However, mechanical allodynia remained significantly decreased
in these treated diabetic mice compared to control mice. We also found that treating diabetic
mice with exogenous resolvin D1 methyl ester was the least effective on this endpoint.

Discussion

The first main finding resulting from these studies was that resolvin E1 was as beneficial as
resolvin D1 as an exogenous treatment for diabetic peripheral neuropathy. This indicates that
metabolites of either eicosapentaenoic acid (source of E class resolvins) or docosahexaenoic
acid (source of D class resolvins) will provide protection from diabetic peripheral
neuropathy. The implication is that increased consumption of either or both
eicosapentaenoic acid and docosahexaenoic acids, which can be derived from natural
sources or through dietary supplementation, i.e., capsules containing fish oil, will be
neuroprotective and there is no need to selectively enrich the diet with a sole source of either
of these omega-3 polyunsaturated fatty acids. Some studies have found that either
eicosapentaenoic acid or docosahexaenoic acid provide a better outcome. It has been
reported that eicosapentaenoic acid but not docosahexaenoic acid was associated with
significant effects on gene expression involving the interferon pathway as well as down
regulation of cAMP responsive element protein 1 and hypoxia inducible factor 1a in human
peripheral blood mononuclear cells [29]. The authors concluded that this may relate to the
beneficial effects of eicosapentaenoic acid on cardiovascular disease [29]. In contrast, a
study performed with dogs showed that docosahexaenoic acid was more effective than
eicosapentaenoic acid in attenuating atrial fibrillation vulnerability and atrial remodeling in
an experimental model of structural remodeling-induced atrial fibrillation [30]. Both
eicosapentaenoic acid and docosahexaenoic acid have been shown to reduce serum

J Neurol Neurophysiol. Author manuscript; available in PMC 2018 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Obrosov et al.

Page 9

triglycerides, but in direct comparison studies docosahexaenoic acid was found to cause a
greater reduction than eicosapentaenoic acid and docosahexaenoic acid also raised high-
density lipoprotein levels compared to placebo, whereas eicosapentaenoic acid did not [31].
Eicosapentaenoic acid was found to have a greater efficacy compared to docosahexaenoic
acid or placebo (coconut oil) as an adjunctive treatment for mild-to-moderate depression
[32,33]. However, in our studies exogenous treatment with resolvins D1 or E1 as well as
menhaden oil via the diet were efficacious toward multiple endpoints for diabetic neuropathy
suggesting a lack of a preferential effect of either eicosapentaenoic acid or docosahexaenoic
acid.

The second main finding was that the methyl esters of resolvins D1 or D2 as an exogenous
treatment were found not to be more efficacious for diabetic peripheral neuropathy
compared to exogenous resolvin D1 even though it has been reported that the half-life of the
methyl ester derivatives of resolvins D1 or D2 is longer than the native resolvins [12]. Even
if the resolvin methyl esters have a longer half-life in serum they may not be able to reach
the target tissues for improving diabetic neuropathy endpoints as effectively as the native
compounds. However, this explanation is not true for all tissues since our studies
demonstrated that the methyl ester of resolvin D1 and to a lesser extent resolvin D2 methyl
ester significantly improved hepatic steatosis.

Anti-inflammatory therapies represent a potential approach for treatment of diabetes
complications including neuropathy [34-36]. Sharma and colleagues have shown that
inhibiting nuclear factor-xB (NF-xB) using the IxB inhibitor SC-514 or resveratrol provided
neuroprotection in diabetic rodents [37-39]. They found that either agent reduced the
elevated levels of pro-inflammatory cytokines, inducible nitric oxide synthase and
cyclooxygenase-2 (COX-2). Li et al. found that treating diabetic rats with fish oil inhibited
mechanical allodynia and thermal hyperalgesia by blocking NF-xB and increasing
phosphorylation of protein kinase B (AKT) in dorsal root ganglia [40]. Kellogg et al. has
also reported that inhibition of COX-2 provides protection against various diabetic
peripheral neuropathy deficits [41]. This study demonstrated that treating type 2 diabetic
mice with menhaden oil via the diet or with daily injections of resolvins D1 or E1 provided a
similar neuroprotection. Resolvins are potent anti-inflammatory and pro-resolving mediators
that are endogenously generated from omega-3 polyunsaturated fatty acids found in fish oils
and other marine products and may be a good candidate for the treatment of diabetic
neuropathy [42]. Studies in both animals and humans have demonstrated that circulating
levels of the resolvins can be increased by dietary supplementation with omega-3
polyunsaturated fatty acids derived from fish oil and resolvin levels can be further enhanced
by aspirin [43—46]. In this study we found serum levels of resolvin D1 were increased by
nearly 2-fold in diabetic mice treated with a menhaden oil enriched diet compared to serum
collected from control mice or untreated diabetic mice. A deficit in the production of
resolvins has been demonstrated in obese adipose tissue and restoration of their levels by
either exogenous administration or by feeding omega-3 polyunsaturated enriched diets has
been shown to improve inflammatory status, insulin sensitivity and ameliorate metabolic
dysfunction [42,47-50]. Resolvins have also been shown to be a potential treatment for other
inflammatory conditions such as rheumatoid arthritis, inflammatory bowel disease and
allergic responses [51-55]. Thus, treatment of diabetic mice with menhaden oil lead to an
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increase in resolvin production in vivo which would be expected to reduce inflammatory
stress and provide a mechanism for improving or protecting from peripheral neuropathy.

In a recent study of subjects with type 1 diabetes it was found that nonalcoholic fatty liver
disease, diagnosed by ultrasonography, was strongly associated with an increased risk of
distal symmetric polyneuropathy [56]. Therefore, it is reasonable to postulate that a
successful treatment for diabetic peripheral neuropathy should also improve nonalcoholic
fatty liver disease. Enriching the diet of rodents with menhaden oil increases the
eicosapentaenoic acid and docosahexaenoic acid content of the serum and increases the
unsaturation index from about 1.5 to 1.9 [2]. In this study enriching the diet of type 2
diabetic mice significantly increased the eicosapentaenoic acid and docosahexaenoic acid
content of the liver compared to untreated diabetic mice and decreased the omega-6 to
omega-3 fatty acid ratio from 3.1 + 0.4 in untreated diabetic mice to 0.9 £ 0.2 in treated
diabetic mice. Decreasing the omega-6 to omega-3 fatty acid ratio is an indicator of reduced
inflammatory stress and has been shown to significantly reduce steatohepatitis [57]. Hepatic
steatosis was significantly increased in untreated diabetic mice compared to control mice
and was significantly improved with dietary enrichment with menhaden oil or by exogenous
treatment with resolvins D1, E1 and the methyl esters of resolvins D1 or D2. Exogenous
treatment of diabetic mice with resolvin D1 was the least efficacious but there were no
significant differences between the outcomes from any of the treatments. Serum triglyceride
and free fatty acid levels were fully corrected with dietary enrichment with menhaden oil or
by exogenous treatment with resolvins D1, E1 and the methyl esters of resolvins D1 or D2.
In contrast, serum cholesterol levels were not improved with dietary enrichment with
menhaden oil or resolvin D2 methyl ester treatment and only partially improved by
exogenous treatment of the diabetic mice with resolvins D1, E1 and the methyl ester of
resolvin D1. Hepatic insulin resistance is considered to be a central player in the
development of metabolic syndrome and nonalcoholic fatty liver disease [58]. Current
therapies focus on lifestyle changes and weight loss, but the outcome has been disappointing
[58]. Results from our studies suggest that enriching the diet with a source of omega-3
polyunsaturated fatty acids or supplementation with fish oil capsules may improve
nonalcoholic fatty liver disease. This is supported by a recent meta-analysis of randomized
controlled trials that concluded that supplementation with w-3 polyunsaturated fatty acids is
a practical and effective treatment for nonalcoholic fatty liver disease [59].

Conclusion

In summary, these studies further demonstrate that dietary supplement with fish oil may
provide a safe and efficacious approach to treat diabetic peripheral neuropathy as well as
nonalcoholic fatty liver disease and the mechanism responsible for the beneficial effects of
fish oil may be associated with the production of resolvins E1 and D1 from eicosapentaenoic
and docosahexaenoic acids, respectively.

Acknowledgments

This material is based upon work supported in part by the Department of Veterans Affairs, Veterans Health
Administration, Office of Research and Development, Rehabilitation Research and Development (RX000889-01),
lowa City VA Center of Excellence for the Prevention and Treatment of Visual Loss: (C9251-C) and by National

J Neurol Neurophysiol. Author manuscript; available in PMC 2018 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Obrosov et al.

Page 11

Institute of Diabetes and Digestive and Kidney Diseases Grant DK107339 from NIH. The content of this
manuscript are new and solely the responsibility of the authors and do not necessarily represent the official views of
the granting agencies.

References
1.

10

11.

12.

Coppey LJ, Holmes A, Davidson EP, Yorek MA. Partial replacement with menhaden oil improves
peripheral neuropathy in high-fat-fed low-dose streptozotocin type 2 diabetic rat. J Nutr Metab.
2012; 2012:950-517.

. Coppey LJ, Davidson EP, Obrosov A, Yorek MA. Enriching the diet with menhaden oil improves

peripheral neuropathy in streptozotocin-induced type 1 diabetic rats. J Neurophysiol. 2015;
113:701-708. [PubMed: 25376787]

. Davidson EP, Holmes A, Coppey LJ, Yorek MA. Effect of combination therapy consisting of

enalapril, a-lipoic acid and menhaden oil on diabetic neuropathy in a high fat/low dose
streptozotocin treated rat. Eur J Pharmacol. 2015; 765:258-267. [PubMed: 26291662]

. Yorek MS, Obrosov A, Shevalye H, Coppey LJ, Kardon RH, et al. Early vs. late intervention of high

fat/low dose streptozotocin treated C57BL/6J mice with enalapril, a-lipoic acid, menhaden oil or
their combination: Effect on diabetic neuropathy related endpoints. Neuropharmacology. 2017;
116:122-131. [PubMed: 28025096]

. Davidson EP, Coppey LJ, Shevalye H, Obrosov A, Kardon RH, et al. Impaired corneal sensation and

nerve loss in a type 2 rat model of chronic diabetes is reversible with combination therapy of
menhaden oil, a-lipoic acid and enalapril. Cornea. 2017; 36:725-731. [PubMed: 28476051]

. Yorek MS, Coppey LJ, Shevalye H, Obrosov A, Kardon RH, et al. Effect of treatment with salsalate,

menhaden oil, combination of salsalate and menhaden oil or resolvin d1 of c57bl/6j type 1 diabetic
mouse on neuropathic endpoints. J Nutr Metab. 2016; 59:58-91.

. Shevalye H, Yorek MS, Coppey LJ, Holmes A, Harper MM, et al. Effect of enriching the diet with

menhaden oil or daily treatment with resolvin D1 on neuropathy in a mouse model of type 2
diabetes. J Neurophysiol. 2015; 114:199-208. [PubMed: 25925322]

. Ariel A, Serhan CN. Resolvins and protectins in the termination program of acute inflammation.

Trends Immunol. 2007; 28:176-183. [PubMed: 17337246]

. Kohli P, Levy BD. Resolvins and protectins: Mediating solutions to inflammation. Br J Pharmacol.

2009; 158:960-971. [PubMed: 19594757]

. Cortina MS, He J, Li N, Bazan NG, Bazan HEP. Neuroprotectin D1 synthesis and corneal nerve
regeneration after experimental surgery and treatment with PEDF plus DHA. Invest Ophthalmol
Vis Sci. 2010; 51:804-810. [PubMed: 19797230]

Gordon WC, Bazan NG. Mediator lipidomics in ophthalmology: Targets for modulation in
inflammation, neuroprotection and nerve regeneration. Curr Eye Res. 2013; 38:995-1005.
[PubMed: 23981028]

Orr SK, Colas RA, Dalli J, Chiang N, Serhan CN. Proresolving actions of a new resolvin D1
analog mimetic qualifies as an immunoresolvent. Am J Physiol Lung Cell Mol Physiol. 2015;
308:L904-L911. [PubMed: 25770181]

13. Yorek MS, Obrosov A, Shevalye H, Holmes A, Harper MM, et al. Effect of diet-induced obesity or

type 1 or type 2 diabetes on corneal nerves and peripheral neuropathy in C57BL/6J mice. J
Peripher Nerv Syst. 2015; 20:24-31. [PubMed: 25858759]

14. Yorek MA, Bohnker RR, Dudley DT, Spector AA. Comparative utilization of n-3 polyunsaturated

fatty acids by cultured human Y-79 retinoblastoma cells. Biochim Biophys Acta. 1984; 795:277—
285. [PubMed: 6089899]

15. Stavniichuk R, Shevalye H, Lupachyk S, Obrosov A, Groves JT, et al. Peroxynitrite and protein

nitration in the pathogenesis of diabetic peripheral neuropathy. Diabetes Metab Res Rev. 2014;
30:669-678. [PubMed: 24687457]

16. Coppey L, Davidson E, Lu B, Gerard C, Yorek M. Vasopeptidase inhibitor ilepatril (AVE7688)

prevents obesity- and diabetes-induced neuropathy in C57BL/6J mice. Neuropharmacology. 2011;
60:259-266. [PubMed: 20849865]

J Neurol Neurophysiol. Author manuscript; available in PMC 2018 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Obrosov et al.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Page 12

Yorek MS, Obrosov A, Shevalye H, Lupachyk S, Harper MM, et al. Effect of glycemic control on
corneal nerves and peripheral neuropathy in streptozotocin-induced diabetic C57BL/6J mice. J
Peripher Nerv Syst. 2014; 19:205-217. [PubMed: 25403729]

Malik RA, Kallinikos P, Abbott CA, van Schie CH, Morgan P, et al. Corneal confocal microscopy:
A non-invasive surrogate of nerve fibre damage and repair in diabetic patients. Diabetologia. 2003;
46:683-688. [PubMed: 12739016]

Otoda T, Takamura T, Misu H, Ota T, Murata S, et al. Proteasome dysfunction mediates obesity-
induced endoplasmic reticulum stress and insulin resistance in liver. Diabetes. 2013; 62:811-824.
[PubMed: 23209186]

Oltman CL, Coppey LJ, Gellett JS, Davidson EP, Lund DD, et al. Progression of vascular and
neural dysfunction in sciatic nerves of zucker diabetic fatty and zucker rats. Am J Physiol
Endocrinol Metab. 2005; 289:E113-122. [PubMed: 15727946]

Quattrini C, Tavakoli M, Jeziorska M, Kallinikos P, Tesfaye S, et al. Surrogate markers of small
fiber damage in human diabetic neuropathy. Diabetes. 2007; 56:2148-2154. [PubMed: 17513704]
Malik RA. Early detection of nerve damage and repair in diabetic neuropathy. Nat Clin Pract
Neurol. 2008; 4:646-647. [PubMed: 19015659]

Mehra S, Tavakoli M, Kallinikos PA, Efron N, Boulton AJ, et al. Corneal confocal microscopy
detects early nerve regeneration after pancreas transplantation in patients with type 1 diabetes.
Diabetes Care. 2007; 30:2608-2612. [PubMed: 17623821]

Tavakoli M, Kallinikos P, Igbal A, Herbert A, Fadavi H. Corneal confocal microscopy detects
improvement in corneal nerve morphology with an improvement in risk factors for diabetic
neuropathy. Diabet Med. 2011; 28:1261-1267. [PubMed: 21699561]

Tavakoli M, Quattrini C, Abbott C, Kallinikos P, Marshall A, et al. Corneal confocal microscopy:
A novel noninvasive test to diagnose and stratify the severity of human diabetic neuropathy.
Diabetes Care. 2010; 33:1792-1797. [PubMed: 20435796]

Davidson E, Coppey L, Holmes A, Yorek M. Changes in corneal innervation and sensitivity and
acetylcholine-mediated vascular relaxation of the posterior ciliary artery in a type 2 diabetic rat.
Invest Ophthalmol Vis Sci. 2012; 53:1182-1187. [PubMed: 22273725]

Davidson EP, Coppey LJ, Yorek MA. Early loss of innervation of cornea epithelium in
streptozotocin-induced type 1 diabetic rats: Improvement with ilepatril treatment. Invest
Ophthalmol Vis Sci. 2012; 53:8067-8074. [PubMed: 23169880]

Davidson EP, Coppey LJ, Kardon RH, Yorek MA. Differences and similarities in development of
corneal nerve damage and peripheral neuropathy and in diet-induced obesity and type 2 diabetic
rats. Invest Ophthalmol Vis Sci. 2014; 55:1222-1230. [PubMed: 24519423]

Tsunoda F, Lamon-Fava S, Asztalos BF, lyer LK, Richardson K, et al. Effects of oral
eicosapentaenoic acid versus docosahexaenoic acid on human peripheral blood mononuclear cell
gene expression. Atherosclerosis. 2015; 241:400-408. [PubMed: 26074314]

Ramadeen A, Connelly KA, Leong-Poi H, Hu X, Fujii H, et al. Docosahexaenoic acid, but not
eicosapentaenoic acid, supplementation reduces vulnerability to atrial fibrillation. Circ Arrhythm
Electrophysiol. 2012; 5:978-983. [PubMed: 22923273]

Wei MY, Jacobson TA. Effects of eicosapentaenoic acid versus docosahexaenoic acid on serum
lipids: A systematic review and meta-analysis. Curr Atheroscler Rep. 2011; 13:474-483.
[PubMed: 21975919]

Mozaffari-Khosravi H, Yassini-Ardakani M, Karamati M, Shariati-Bafghi SE. Eicosapentaenoic
acid versus docosahexaenoic acid in mild-to-moderate depression: A randomized, double-blind,
placebo-controlled trial. Eur Neuropsychopharmacol. 2013; 23:636—644. [PubMed: 22910528]

Martins JG. EPA but not DHA appears to be responsible for the efficacy of omega-3 long chain
polyunsaturated fatty acid supplementation in depression: Evidence from a meta-analysis of
randomized controlled trials. J Am Coll Nutr. 2009; 28:525-542. [PubMed: 20439549]
Agrawal NK, Kant S. Targeting inflammation in diabetes: Newer therapeutic options. World J
Diabetes. 2014; 5:697-710. [PubMed: 25317247]

Sandireddy R, Yerra VG, Areti A, Komirishetty P, Kumar A. Neuroinflammation and oxidative
stress in diabetic neuropathy: Futuristic strategies based on these targets. Int J Endocrinol. 2014;
2014:674-987.

J Neurol Neurophysiol. Author manuscript; available in PMC 2018 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Obrosov et al.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 13

Zhou J, Zhou S. Inflammation: Therapeutic targets for diabetic neuropathy. Mol Neurobiol. 2014;
49:536-546. [PubMed: 23990376]

Negi G, Sharma SS. Inhibition of I1xB (IKK) Protects against peripheral nerve dysfunction of
experimental diabetes. Mol Neurobiol. 2015; 51:591-598. [PubMed: 24946751]

Kumar A, Negi G, Sharma SS. Neuroprotection by resveratrol in diabetic neuropathy: Concepts
and mechanisms. Curr Med Chem. 2013; 20:4640-4645. [PubMed: 24206125]

Kumar A, Sharma SS. NF-kappaB inhibitory action of resveratrol: A probable mechanism of
neuroprotection in experimental diabetic neuropathy. Biochem Biophys Res Commun. 2010;
394:360-365. [PubMed: 20211601]

Li MY, Wang YY, Cao R, Hou XH, Zhang L, et al. Dietary fish oil inhibits mechanical allodynia
and thermal hyperalgesia in diabetic rats by blocking nuclear factor-xB-mediated inflammatory
pathways. J Nutr Biochem. 2015; 26:1147-1155. [PubMed: 26118694]

Kellogg AP, Cheng HT, Pop-Busui R. Cyclooxygenase-2 pathway as a potential therapeutic target
in diabetic peripheral neuropathy. Curr Drug Targets. 2008; 9:68-76. [PubMed: 18220714]

Titos E, Claria J. Omega-3-derived mediators counteract obesity-induced adipose tissue
inflammation. Prostaglandins Other Lipid Mediat. 2013; 107:77-84. [PubMed: 23707933]

Serhan CN, Hong S, Gronert K, Colgan SP, Devchand PR, et al. Resolvins: A family of bioactive
products of omega-3 fatty acid transformation circuits initiated by aspirin treatment that counter
proinflammation signals. J Exp Med. 2002; 196:1025-1037. [PubMed: 12391014]

Mas E, Croft KD, Zahra P, Barden A, Mori TA. Resolvins D1, D2 and other mediators of self-
limited resolution of inflammation in human blood following n-3 fatty acid supplementation. Clin
Chem. 2012; 58:1476-1484. [PubMed: 22912397]

Chen J, Shetty S, Zhang P, Gao R, Hu Y, et al. Aspirin-triggered resolvin D1 down-regulates
inflammatory responses and protects against endotoxin-induced acute kidney injury. Toxicol Appl
Pharmacol. 2012; 277:118-123.

Katakura M, Hashimoto M, Inoue T, Al Mamun A, Tanabe Y, et al. Omega-3 fatty acids protect
renal functions by increasing docosahexaenoic acid-derived metabolite levels in SHR.Cg-Lepr(cp)/
NDmocr rats, a metabolic syndrome model. Molecules. 2014; 19:3247-3263. [PubMed: 24642910]

Figueras M, Olivan M, Busquets S, Lopez-Soriano FJ. Effects of eicosapentaenoic acid (EPA)
treatment on insulin sensitivity in an animal model of diabetes: Improvement of the inflammatory
status. Obesity. 2011; 19:362-369. [PubMed: 20885391]

Hellmann J, Tang Y, Kosuri M, Bhatnagar A, Spite M. Resolvin D1 decreases adipose tissue
macrophage accumulation and improves insulin sensitivity in obese-diabetic mice. FASEB J.
2011, 25:2399-2407. [PubMed: 21478260]

Claria J, Dalli J, Yacoubian S, Gao F, Serhan CN. Resolvin D1 and resolvin D2 govern local
inflammatory tone in obese fat. J Immunol. 2012; 189:2597-2605. [PubMed: 22844113]

Spite M, Claria J, Serhan CN. Resolvins, specialized proresolving lipid mediators and their
potential roles in metabolic diseases. Cell Metab. 2014; 19:21-36. [PubMed: 24239568]

Arita M, Yoshida M, Hong S, Tjonahen E, Glickman JN, et al. Resolvin E1, an endogenous lipid
mediator derived from omega-3 eicosapentaenoic acid, protects against 2,4,6-trinitrobenzene
sulfonic acid-induced colitis. Proc Natl Acad Sci USA. 2005; 102:7671-7676. [PubMed:
15890784]

Bento AF, Claudino RF, Dutra RC, Marcon R, Calixto JB. Omega-3 fatty acid-derived mediators
17(R)-hydroxy docosahexaenoic acid, aspirin-triggered resolvin D1 and resolvin D2 prevent
experimental colitis in mice. J Immunol. 2011; 187:1957-1969. [PubMed: 21724996]

Rogerio AP, Haworth O, Croze R, Oh SF, Uddin M, et al. Resolvin D1 and aspirin-triggered
resolvin D1 promote resolution of allergic airways responses. J Immunol. 2012; 189:1983-1991.
[PubMed: 22802419]

Lee CH. Resolvins as new fascinating drug candidates for inflammatory diseases. Arch Pharm Res.
2012; 35:3-7. [PubMed: 22297737]

Norling LV, Perretti M. The role of omega-3 derived resolvins in arthritis. Curr Opin Pharmacol.
2013; 13:476-481. [PubMed: 23434193]

J Neurol Neurophysiol. Author manuscript; available in PMC 2018 February 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Obrosov et al. Page 14

56. Mantovani A, Rigolon R, Mingolla L, Pichiri I, Cavalieri V, et al. Nonalcoholic fatty liver disease
is associated with an increased prevalence of distal symmetric polyneuropathy in adult patients
with type 1 diabetes. J Diabetes Complications. 2017; 31:1021-1026. [PubMed: 28254449]

57. Lazic M, Inzaugarat ME, Povero D, Zhao IC, Chen M, et al. Reduced dietary omega-6 to omega-3
fatty acid ratio and 12/15-lipoxygenase deficiency are protective against chronic high fat diet-
induced steatohepatitis. PLoS One. 2014; 9:¢107658. [PubMed: 25251155]

58. Asrih M, Jornayvaz FR. Metabolic syndrome and nonalcoholic fatty liver disease: Is insulin
resistance the link? Mol Cell Endocrinol. 2015; 418:55-65. [PubMed: 25724480]

59. He XX, Wu XL, Chen RP, Chen C, Liu XG, et al. Effectiveness of omega-3 polyunsaturated fatty
acids in non-alcoholic fatty liver disease: A meta-analysis of randomized controlled trials. PLoS
One. 2016; 11:e0162368. [PubMed: 27711128]

J Neurol Neurophysiol. Author manuscript; available in PMC 2018 February 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Obrosov et al.

45 -

40 A L

30 A

25 A

20 7

3 MNCV (m/s)

*%

*%

- 45

r 40

F35

r 30

F25

F 20

Control

Figure 1.

Diabetic

Diabetic
+MO

Diabetic
+Res D1

Diabetic
+ResE1

Diabetic

+ Res DIME + Res D2ME

Diabetic

<9 SNCV (m/s)

Page 15

Effect of Menhaden oil dietary enrichment or daily treatment with resolvin D1, E1, D1
methyl ester or D2 methyl ester of diabetic mice on motor and sensory nerve conduction
velocity. Motor and sensory nerve conduction velocities were determined as described in the
Materials and Methods section. Data are presented as the mean + S.E.M. in m/s. The number
of mice in each group was the same as shown in Table 2. * p<0.05 compared to control mice;
™ p<0.01 compared to control mice; * p<0.05 compared to non-treated diabetic mice; **
p<0.01 compared to non-treated diabetic mice.
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Effect of Menhaden oil dietary enrichment or daily treatment with resolvin D1, E1, D1

methyl ester or D2 methyl ester of diabetic mice on intraepidermal nerve fiber (IENF)

density and sub-epithelial cornea nerve fiber length. Intraepidermal nerve fiber density and
sub-epithelial cornea nerve fiber length were determined as described in the materials and
methods section. Data are presented as the mean + S.E.M. in profiles/mm and mm/mm?2,
respectively. The number of mice in each group was the same as shown in Table 2. ** p<0.01

compared to control mice; * p<0.05 compared to non-treated diabetic mice; ** p<0.01

compared to non-treated diabetic mice.
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methyl ester or D2 methyl ester of diabetic mice on thermal nociception and mechanical

allodynia. Thermal nociception and mechanical allodynia were determined as described in
materials and methods section. Data are presented as the mean + S.E.M. in seconds (s) and
grams (g), respectively. The number of mice in each group was the same as shown in Table
2. "'p<0.05 compared to control mice; “"p<0.01 compared to control mice; * p<0.05
compared to non-treated diabetic mice; ** p<0.01 compared to non-treated diabetic mice.

J Neurol Neurophysiol. Author manuscript; available in PMC 2018 February 06.



Page 18

Obrosov et al.

T¥6 | 1%6 | zF9T | v¥ez | T%9 | T#. | ¢¥81 | (€)€00ceTOTA Y3 UBIY PaYDLILB |10 UBPERYUS N
7> 1> | sF1e | v¥ee | 2F6 | TF¢ | 28T (€) zeveTa 103 UBIH
T>| t¥1 | €¥8y | €¥2z | 1¥9 | T¥¢ | 2¥GT (€) T0O0L 1043U0D

90:2¢ | 0:0z | 20:8T | TO:8T | 00:8T | TO:9T | 00:9T =llel

*(suoneuIWILIEP [eIUSWILIadXD

JO Jagquuinu ay} a1eda1pul Sasayluaied ‘pIde J10UsLXaYes0d0p ‘9:Zz ‘P1oe d10useluadesodls ‘G:Qg ‘p1oe d1sjoul] ‘Z:8T ‘PI1Je J19]0 ‘T:8T ‘pIJe J1ieals ‘0:8T pIoe
J19j01wped ‘T:9T ‘pioe oliwed ‘0:9T "N'I'S F ueaw ayl se pajuasald aie eleq) Aydeiborewosyo pinbij-seb Aq painseaw s1aip Jo uonisodwod 9 ploe Ajje

Author Manuscript

Author Manuscript

T alqeL

Author Manuscript

Author Manuscript

J Neurol Neurophysiol. Author manuscript; available in PMC 2018 February 06.



Page 19

Obrosov et al.

‘(leyuswiiadxa 40 JaquINU 8YeaIpUl SaSsaYIUBIEd "pauIWlIaled 10N :aN

*301WU 9113RIP 0} Pasedwod G0'0>d

q
{301l 101U02 0] pasedwiod 50'0>d,

gV TFG9E qe0TFT8T qw9T FTOE g8 TFEOY qeVTFTE pCTFOLS JOF L9 (ease ) sisONERIS
20100 ¥ €20 2600°0 F GTZ'0 p€T0°0 ¥ STZ0 2600°0 F 9220 q®9000F #9720 | »8000F66T0 | eoo0T8sz0 | Buyn) Anance wsoams_ﬁ _wm_a_
£0°0 ¥ 66°0 0T'0F 760 100 7880 LO0FE80 p600*8TT [ p8O0FL0T SO0F VL0 (w/Buw) pioe ounGIegOIY L
an an an an qpCl ¥ €8S G2 ¥ 96 9y T €9 (w/6d) 1@ uIAjosay
pECOF19'C TT0F1ET V2076072 £20722C pCTOF80E | pTCOFT6C | 6007 09T (w/Bu) jose1s810UD
gS00F 20 gLO0F 710 g90'0F LEO ge00F GE0 g€00FO0E0 [ pPTOFOLO [ eog3pp0 (7/10ww) spioe Aney 814
g7 ¥95 q9 ¥ 05 v 785 8F19 q8% 95 STF00T 6F29 (p/Buw) saprizoA|BL
29 T EPY oV T 1GE 2TV 7 08E oSV T GLE 28E T S0P oV T 9TV I 112 (p/Bu) 8s09n|B poojg [euld
22 T 16€ ST T 26€ pl€ T 8EE 282 T 16¢ pEE T 26E IR AE: 14> 1T F 68T JuaLEal | 1 mmoos_m_w%ﬁ_mw
VEFZOP vETOSY EEFTOV p6CFEDY 8T STy p0EFEBY 90T GEe (6) 1bram feurd
6TFLLE g0 ¥ 0V TZFZLE p€CF 8Ty TZFV8e p8T¥ L0V vOFZIE (6) Juawuyeal] 1e 1yB1apn
GOFT'SC GOFTLC Y0¥ 6T Y0F6'9C G0F592 Y0¥ 992 0¥ L'GC (6) yBram 1re1s

T1- T1- TT- zZ1- Z1- zZ1- zZ1-
(NET (IN 3N | (A) Iseg+omeaela | (A1) Tasey+omeaela | (111) 110 uspeyue N+o1BgeId (1 onegelq (1) lo13u0d uolreuiw BRA

¢asay+dlegeld

Tasey+dieaeld

Author Manuscript

Author Manuscript

¢ dlqeL

‘IN'T'S F ueaw ay} se pajussald ale eleq) SISOILals pue
AlIAI19R BWosea]o.d JaAI| pue S|9A3| P19k J1INMIGJeqOIY) pue T UIAJOSa) ‘|0J3]1S8|0yd ‘sp1oe Alre) aa4) ‘sapliadA|bLi wnias pue as0an|B poojq ‘ybiam Apoq
ul abueyd uo 321w J1130RIP JO J181S8 |AYIaW ZQ 40 19158 |Ay1aw TQ ‘T3 ‘TA UIAJ0Sa] YlIM Judwileal] Ajiep 10 Juswiydliua Aeialp |10 uspeyus|Al 4o 19813

Author Manuscript

Author Manuscript

J Neurol Neurophysiol. Author manuscript; available in PMC 2018 February 06.



Page 20

Obrosov et al.

‘(801w 2n13geIp 03 pasedwiod .mo.ovaQ

‘921w 0J3u0d 0} paJedwod .mo.ovam

"SUOITRUILLIBISP [BIUBWILIAAXS JO Jaquinu ay3 81edlpul sasayiualed

gel*ST | gl ¥9 | gwl¥9 [ 13er | 2721 [ 2791 | T17e | 1712 | (©) 110 Uepeyle W+dtIRGRIA

T%6 > TFYT | 2F4T | €¥GT | T*GT | T¥2 | TF0C (9) o1eCRIq
T+8 > TF.T | TFeT | T+2T | 2%9T | T¥e | T1%¥2 (9) 1013u0D
90:22 50:02 v0:0z | ¢0:8T | TO:8T | 00:8T | TO:9T | 00:9T uonipuod

'7%80°0 F ¢6'T :8dIW |10 UsPeyUaIN+d8geld :90°0 F 69'T :@d1W dnd8qelq -#0°0 F 89'T :8d1W [0U0D 40} X8pul

uoleanesun "p1oe Ane) pajeinjesunAjod g-ebawo ue pIoe 910USBXaYLRS00P ‘9:ZZ p1oe Aley pareinresunAjod g-ebswo ue ploe olouseluadesodls ‘G:0z ‘ploe
Axre} paredniesunAjod 9-efawio ue pioe J1uopiydeIe ‘4:0z ‘pioe Aley parelnesunAjod 9-efiswio ue pioe J19joul| ‘g:8T ‘pl1oe 3190 ‘T:8T ‘pl1oe JLea)s ‘0:8T
‘p1oe a1gjonwied ‘T:97 ‘proe aniwied ‘0:9T "W'I’'S F ueaw syl se pajuasald ate eleq) Aydeiborewolyd seb Aq painseaw oAl Jo uonisodwod o, pioe Ae4

€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Neurol Neurophysiol. Author manuscript; available in PMC 2018 February 06.



	Abstract
	Introduction
	Materials and Methods
	Materials
	Animals and diet fatty acid composition analysis

	Results
	Discussion
	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3

