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Purpose: To determine whether dietary supplementation with omega-3 polyunsaturated fatty
acids (PUFAs) reduces neuropathic pain symptoms in Mexican-Americans with type 2 diabetes.
Methods: Forty volunteers with type 2 diabetes enrolled in the “En Balance-PLUS” program,
which provided weekly nutrition—diabetes education and daily supplementation with 1,000 mg
docosahexaenoic acid (DHA)-200 mg eicosapentaenoic acid over 3 months. The study assessed
self-reported neuropathic pain symptoms pre/postintervention using the short-form McGill Pain
Questionnaire (SF-MPQ), monitored clinical laboratory values at baseline and 3 months, and
performed baseline and 3-month metabolomic analysis of plasma samples.

Results: A total of 26 participants self-reported neuropathic pain symptoms at baseline. After
3 months of omega-3 PUFA supplementation, participants reported significant improvement in
SF-MPQ scores (sensory, affective, and visual analogue scale; P<0.001, P=0.012, and P<0.001,
respectively). Untargeted metabolomic analysis revealed that participants in the moderate—high
SF-MPQ group had the highest relative plasma sphingosine levels at baseline compared to the
low SF-MPQ group (P=0.0127) and the nonpain group (P=0.0444). Omega-3 PUFA supplemen-
tation increased plasma DHA and reduced plasma sphingosine levels in participants reporting
neuropathic pain symptoms (P<0.001 and P<0.001, respectively). Increased plasma DHA levels
significantly correlated with improved SF-MPQ sensory scores (#=0.425, P=0.030). Improved
SF-MPQ scores, however, did not correlate with clinical/laboratory parameters.

Conclusion: The data suggest that omega-3 PUFAs dietary supplementation may reduce
neuropathic pain symptoms in individuals with type 2 diabetes and correlates with sphingosine
levels in the plasma.

Keywords: lipotoxicity, painful diabetic neuropathy, health disparities, community intervention,
neuroprotection, Latinos

Introduction

Diabetic neuropathy (DN), also known as distal symmetrical polyneuropathy, affects
up to 50% of patients with type 2 diabetes and is a major cause of morbidity and
increased mortality.! Of those patients experiencing DN symptoms, about half report
neuropathic pain.? Glycemic control is known to prevent or delay the progression
of neuropathy in patients with type 1 diabetes.> However, tight glycemic control
in patients with type 2 diabetes exhibiting neuropathy shows mixed outcomes,
and intense glycemic control treatment can cause higher mortality.*> Successful
implementation of interventions and treatments targeting dyslipidemia (hypercho-
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lesterolemia and/or hypertriglyceridemia), nutrition and
lifestyle modifications, and weight loss have shown positive
improvement in DN symptoms and nerve function without
associated increased morbidity or mortality.®” Further-
more, targeted nutritional modifications are of increasing
importance in mitigating pain syndromes.®® For example,
targeting lipid-metabolism dysregulation in animal models
with omega-3 polyunsaturated fatty acids (PUFAs), such
as docosahexaenoic acid (DHA), shows a protective effect
and potentially reverses DN.! DHA can protect neurons
and Schwann cells from oxidative stress and inflammation,
and show promising effects against nociception-associated
neuropathic pain.''""

Diabetic neuropathic pain is multifactorial, with neuro-
nal dysfunction and axonal damage as featured pathological
processes.'® This cellular dysfunction can be triggered in
part by the oversupply of fat to tissue not suited for lipid
storage, termed lipotoxicity-associated overnutrition.!”-!®
Nerve cells are particularly sensitive to lipotoxicity-
mediated oxidative stress.!>?° Lipotoxic stress initiates an
extensive injury cascade, marked by loss of ATP produc-
tion triggering cellular dysfunction and death.?'*> DHA,
an omega-3 PUFA, inhibits neuronal cell death caused
by palmitic acid cellular overload, supporting its neuro-
protective role."" In addition, lipotoxic stress activates
sphingolipid metabolism, a cellular pathway important in
the pathogenesis of DN, 419202325 Research that advances
our understanding of levels of dietary omega-3 PUFAs and
sphingolipid metabolism may help in our understanding
of the etiology and treatment of painful DN. Therefore,
further studies are needed to evaluate the use of omega-3
PUFAs in diabetes health-education programs as a comple-
mentary therapy for neuropathic pain associated with type
2 diabetes.

The purpose of this single-arm pilot study without a con-
trol group was to test the efficacy of a 3-month group-based
omega-3 PUFA dietary intervention on Mexican-Americans
with type 2 diabetes. The analysis compared neuropathic pain
symptoms pre- and postintervention. Additionally, plasma
metabolites were measured using an untargeted metabolo-
mic approach. Bioinformatics to analyze metabolomic data
was used to identify promising metabolites associated with
omega-3 supplementation and neuropathic pain symptoms.

Methods

En Balance-Plus cohort
En Balance-Plus is an interventional study that used a single-
group design to assess the efficacy of dietary omega-3 PUFA

pre- and postsupplementation in participants previously diag-
nosed with type 2 diabetes. Participants completed a 3-month
group-based intervention that consisted of taking dietary
omega-3 PUFA capsules and attending weekly diabetes-
education classes conducted in Spanish. Participants were
self-reported Mexican-Americans living in the Inland Empire
of southern California and recruited from Spanish-speaking
Seventh-Day Adventist churches. Initial screening and selec-
tion was done via scripted telephone interviews. Participants
were excluded if they reported a clinical history of drug or
alcohol abuse, steroid use, or psychological or other major
systemic disease that could affect program compliance, such
as end-stage renal disease. Each participant was interviewed
in person to obtain diabetes history, medication use, diet,
and physical activity habits. The study was conducted in
accordance with the Declaration of Helsinki.

A total of 40 Hispanic adults diagnosed with type 2
diabetes between the ages of 33 and 74 years completed the
3-month study. The program included 12 hours of healthy-
lifestyle classes taught over a 3-month period, as reported in
Salto et al.?® We previously determined that 31 participants
were necessary to have at least 80% power to detect a 13%
reduction in fasting blood glucose, allowing for type I (o)
error of 5%. We used the short-form McGill Pain Question-
naire (SF-MPQ) to obtain self-reported information from
the participants about having neuropathic pain symptoms.
All participants completed the SF-MPQ at the start of the
study and after 3 months.

Three participants were excluded: one due to a lab report-
ing error, and two excluded due to missing (SF-MPQ) data.
Participants were instructed to consume a daily intake of
2,000 mg omega-3 fish-oil supplements (provided by study)
containing 1,000 mg DHA and 200 mg eicosapentaenoic acid
(EPA) for the duration of the study. In addition to the health-
education classes, each participant was contacted weekly by
phone to monitor them and encourage study compliance.

Data collection

Data were collected for all participants at baseline and after 3
months, and included fasting blood plasma samples, anthro-
pometric measurements for weight, height, and waist and
hip circumferences, and dual-energy X-ray absorptiometry
(Discovery A fan beam; Hologic, Marlborough, MA, USA).
Plasma samples were tested at the Loma Linda University
Medical Center laboratory to determine fasting blood glu-
cose, HbA , and lipid profiles (high-density lipoprotein
[HDL], low-density lipoprotein [LDL], total cholesterol,
and triglycerides). All anthropometric measurements were
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taken twice for reliability, using Lohman et al’s standardized
techniques.?” Weight and height were assessed using a balance
scale (Detecto, Webb City, MO, USA) and a wall-mounted
stadiometer (Holtain, Crymych, England), respectively.

Blood sampling

Blood samples were collected at baseline and 3 months from
each participant into EDTA-treated (lavender-top) tubes
between 8 and 10:30 am after a 12-hour fast. For plasma
collection, blood was centrifuged at 2,000 g at 15°C for 15
minutes and immediately aliquoted into sterile polypropylene
tubes. Plasma aliquots were sent to Loma Linda University
Medical Center for clinical lab analysis, with the remaining
aliquots stored in liquid nitrogen at —80°C until metabolomic
analyses.

Metabolite profiling

The plasma samples from participants were measured by
Metabolon (Durham, NC, USA). Metabolic profiling was
performed as previously described.?® Briefly, untargeted
semiquantitative metabolomic analysis was performed on
three independent platforms: ultra-HPLC/tandem mass spec-
trometry (MS2) optimized for basic species, UHPLC/MS/
MS2 optimized for acidic species, and gas chromatography
(GC) MS. Metabolites were identified by comparing the ion
features in the experimental samples to a reference library of
chemical standards that included retention time, molecular
weight (m/z), preferred adducts, and in-source fragments, as
well as associated MS. Biochemical features were curated
by visual inspection for quality control using the software
developed at Metabolon.”

Metabolomic analyses

As reported, the estimate of the false discovery rate was cal-
culated considering the multiple comparisons that normally
occur in metabolomic-based studies, using q value 0f<0.10
as an indication of high confidence in a result."! We further
analyzed the metabolomic data using random forest (RF), a
supervised classification technique based on an ensemble of
decision trees.*® This machine-learning classification method
was performed using the R RF package, in an attempt to
identify the most important metabolites for separating base-
line and 3-month groups. We used the default values in the
package, which build trees until the nodes are pure. Further,
for bootstrapping, we sampled without replacement. The
number of trees used for RF analysis was 50,000. We used
50% of'the group size to cross-validate. However, since groups
were uneven, we used 50% of the smaller group for cross-

validation of both groups. RF analysis is unbiased, since the
prediction for each sample is based on trees built from a subset
of samples that do not include that sample. When the full for-
est is grown, the class predictions are compared to the true
classes, generating the “out-of-bag error rate” as a measure
of prediction accuracy. Therefore, the prediction accuracy
is an unbiased estimate of how well one can predict sample
class in a new data set. RF has several advantages: it makes
no parametric assumptions, variable selection is not needed,
it does not overfit, and it is invariant to transformation.’!

Short-form McGill Pain Questionnaire
Every participant in the diabetes-education program com-
pleted the SF-MPQ form at the start and at the end of the 3
months. The SF-MPQ is a well-established pain-assessment
tool that has been tested and validated in many languages,
including Spanish.*> The SF-MPQ consists of 15 descriptors
(eleven sensory, four affective) rated on a 4-point scale of
0 (none) to 3 (severe), a visual analogue scale measured in
millimeters, and a present pain-intensity index (score rang-
ing from O to 5). The present pain-intensity index was not
recorded consistently by participants; therefore, this quali-
tative measurement was not used in the data analysis. The
SF-MPQ has also been validated for use in patients with type
2 diabetes experiencing neuropathic pain symptoms and for
assessing interventions for pain-improvement outcomes.>
We did not perform a focused neurological exam or nerve-
conduction study to confirm a diagnosis of painful DN.
Participants reporting symptoms consistent with neuropathic
pain and also indicating radiating pain in stocking distribution
on the body diagram of the SF-MPQ were classified as the
group exhibiting neuropathic pain symptoms. Conversely,
participants not reporting neuropathic pain symptoms were
grouped as the nonneuropathic pain group.

Statistical analysis

Statistical analyses were performed using SPSS version 25
(IBM, Armonk, NY, USA), Prism 6 (GraphPad Software,
San Diego, CA, USA), the R program (http://cran.r-project.
org), and MetaboAnalyst 4.0.>* One-way ANOVA followed
by Bonferroni post hoc comparisons were used to evaluate

relevant metabolites that differed significantly between tested
groups. All other data were assessed by paired-sample #-tests
for normally distributed continuous variables and Wilcoxon
signed-rank tests for abnormally distributed continuous vari-
ables to assess if there were statistically significant differences
from baseline vs 3 months postsupplementation. Kolmogorov—
Smirnov and Shapiro—Wilk normality tests, together with the
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Grubbs’s test, also known as extreme “studentized” deviate
(www.graphpad.com), were used to investigate outliers and

spread. Pearson correlation tests were used to explore asso-
ciations between detected metabolites and SF-MPQ scores.
Data are presented as mean * SD. Statistical differences were
considered significant at a=0.05, unless otherwise specified.

Ethics statement

All participants provided informed written consent in their
preferred language prior to beginning the study. The En Bal-
ance-Plus study was approved by the Loma Linda University
Institutional Review Board.

Results
Characteristics of En Balance-Plus
participants presupplementation

(baseline)
The self-reported data obtained from the SF-MPQ at base-
line were used to segregate the participants into two distinct

groups: participants reporting significant neuropathic pain
symptoms (n=26), and those not reporting neuropathic pain
symptoms (n=11). Characteristics of these two subgroups are
shown in Table 1. Both the neuropathic pain-symptom group
and the nonneuropathic pain-symptom group had similar age
ranges and distribution. In the neuropathic pain-symptom
group, there was a higher number of female participants,
overall higher body mass index (BMI), and longer duration
of type 2 diabetes, all suggested risk factors for developing
painful DN.**3¢ Overall clinical outcomes exhibited by these
two groups at baseline (BMI, LDL, HDL, total cholesterol,
triglycerides, A , and fasting blood glucose) did not show sig-
nificant differences (Table 1). The group reporting neuropathic
pain symptoms actually had lower A, and fasting glucose,
although this was not statistically significant. The two groups
exhibited differences in terms of medication-usage rates.
Self-reported antiglycemic usage, not including metformin,
was higher for the neuropathic pain vs nonneuropathic pain-
symptom group (26.9% vs 7.7%, respectively). There were
insufficient numbers to determine any relationship with pain

Table | Characteristics of all En Balance-Plus study participants at baseline, segregated according to neuropathic pain status based on

SF-MPQ (n=37)

No neuropathic pain Neuropathic pain P-value
symptoms (n=11) symptoms (n=26)

n Il 26 —
Hispanic, % 100 100 —
Age, years 63.4 (8.9) 52.9 (10.7) —
Male, % 53.8 34.6 —
BMI, kg/m? 28.7 (6.0) 30.0 (5.4) 0.56
DXA-estimated visceral adipose tissue mass, g 841.6 (371.3) 917.42 (312.5) 0.59
DXA whole-body total fat, % 36.4 (8.6) 38.5 (9.0) 0.51
High alcohol intake, % 0 0 —
Smoker, % 0 0 —
LDL, mg/dL 114.4 (40.2) 118.5 (32.7) 0.75
HDL, mg/dL 50.5 (16.3) 453 (11.2) 0.36
Total cholesterol, mg/dL 177.3 (42.9) 176.3 (36.2) 0.95
Triglycerides, mg/dL 160.3 (60.7) 170.5 (89.2) 0.69
HbA , % 8.4 (2.6) 7.5 (2.1) 0.31
HbA , mmol/mol 68 (29.0) 58 (22.8) 0.31
Fasting glucose, mg/dL 165.6 (82.1) 151.6 (66.1) 0.62
Time since diagnosis of DM type 2, years 52 (3.3) 6.2 (5.7) —
Statin usage, % 23.1 11.5 —
B-blocker usage, % 15.4 1.5 —
ACE/ARB inhibitor usage, % 38.5 23.1 —
Antiglycemic therapy other than metformin, % (including 77 26.9 —
insulin, TZDs, sulfonylureas, DPP4 inhibitors)

Metformin usage, % 30.8 385 —
Gabapentin usage, % 0 1.5 —
Analgesic-therapy usage, % 0 384 —

Notes: Percentage of individuals/mean (SD) shown for each variable and each group (neuropathic pain symptoms vs no symptoms based on response to SF-MPQ). P-values
based on Mann—Whitney U test for BMI, DXA-estimated visceral adipose-tissue mass, DXA whole-body total fat, LDL, HDL, total cholesterol, triglycerides, HbA , and

fasting glucose.

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin-receptor blockers. BMI, body mass index; DM, diabetes mellitus; DXA, dual-energy X-ray
absorptiometry; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TZDs, thiazolidinediones; SF-MPQ, short form McGill Pain Questionnaire.

112 submit your manuscript

Dove

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2019:12


www.dovepress.com
www.dovepress.com
www.graphpad.com

Dove

Omega-3 supplementation and neuropathic pain

or specific diabetes mellitus medications. As expected, self-
reported usage rates of analgesics and gabapentin were higher
in the neuropathic pain-symptom group compared to the non-
neuropathic pain-symptom group at baseline (Table 1). Self-
reported statin-usage rate was higher in the nonneuropathic
pain group than the neuropathic group presupplementation
(23.1% vs 11.5%, respectively), but despite this difference,
there was no difference in LDL cholesterol. Neither group
reported any alcohol or tobacco usage (Table 1).

The data obtained using the SF-MPQ were further ana-
lyzed based on the severity of the neuropathic pain symptoms
reported. We based pain-severity categories on previously
reported sensory mean scores of patients reporting painful
neuropathic pain on the SF-MPQ.?” Participants with a sensory
score <7 were denominated as the low SF-MPQ score group
(n=14) and participants with sensory >7 designated into the
moderate—high SF-MPQ score group (n=12). Under these
criteria, at baseline these two groups self-reported significantly
different mean sensory scores: the low SF-MPQ group reported
an 3.4 and the moderate—high sensory group reported 12.8.

Characteristics of En Balance-Plus
participants postsupplementation (3

months)

Table 2 shows that participants self-reporting neuropathic
pain symptoms at baseline (n=26) had a significant reduc-
tion in both SF-MPQ sensory and affective scores at the final
evaluation after 3 months of supplementation (change from
baseline —5.3 [P<0.001] and —1.3 [P=0.012], respectively).
Further, a significant decrease in the SF-MPQ sensory score
were also observed in the low and moderate—high neuropathic
pain-symptom groups (change from baseline —2.1 [P=0.014]
and —9.2 [P=0.002], respectively). Interestingly, none of the
clinical parameters measured (HbA , triglycerides, BMI,
total body fat, and visceral fat) had changed significantly at
the end of the 3 months for any of the groups. We observed
only a small decrease in LDL for participants reporting
moderate-high SF-MPQ scores at 3 months.

Metabolomic analysis before and
after 3 months of omega-3 PUFA

supplementation

Untargeted metabolomic analysis was performed as described
in the Methods section on participants’ plasma samples at
baseline and after 3 months of omega-3 PUFA supplementa-
tion. First, we investigated relative DHA and EPA levels to
confirm participants’ compliance. As expected, relative EPA

and DHA levels in plasma were significantly higher after 3
months of omega-3 PUFA supplementation in all participants
reporting neuropathic pain symptoms (P<0.001). The only
exception was that EPA concentration did not change in the
moderate—high SF-MPQ pain subgroup (Table 3). Untar-
geted metabolomic analysis of participants’ plasma resulted
in the identification of 659 metabolites (data not shown).
We proceeded to analyze all 659 metabolites using RF for
unbiased identification of prominent species, differentiating
data collected at baseline (presupplementation) vs 3 months
(postsupplementation). The RF analysis allowed us success-
fully to classify metabolites pre- and postsupplementation
(Figure 1) with predictive accuracy of 92%. As expected,
3-carboxy-4-methyl-5-propyl-2-furanpropanoate and DHA
were among the most prominent metabolites segregating
baseline and 3-month metabolome features (Figure 1). Of
particular interest, the RF analysis identified sphingosine
among the top five prominent metabolites differentiating
these groups (Figure 1). Furthermore, there is evidence that
omega-3 PUFAs stimulate hepatic lipogenesis increasing the
production of glycerolipids.*® Our results support this effect,
as several of the top features of the RF were metabolites of
glycerolipid metabolism (eg, glycerol 3-phosphate, 1-lino-
leoly-GPA [18:2] and linoleoyl-docosahexaenoyl-glycerol
[18:2/22:6]). Next, we observed a significant improvement
in participants’ omega-6 (linoleic acid [LA 18:2n6 and ara-
chidonic acid [AA], 20:4n6) to omega-3 [DHA]ratio after
3 months of supplementation (change from baseline —1.29
[P=<0.0001] and —1.24 [P=<0.0001]; data not shown).
Sphingosine has been reported to be increased in rats
with neuropathic pain; therefore, we focused the analysis
on this metabolite. First, we compared sphingosine levels at
baseline for the self-reported neuropathic or nonneuropathic
pain-symptom groups. One-way ANOVA showed significant
differences in relative sphingosine-metabolite concentrations
’33=4.857, P=0.0142; Figure 2).
Post hoc analyses demonstrated that the moderate—high SF-

between groups at baseline (F,

MPQ pain subgroup had significantly higher plasma sphin-
gosine levels when compared to the low SF-MPQ pain and
nonpain subgroup (P=0.0127 and P=0.0444, respectively;
Figure 2). Further, Wilcoxon signed-rank tests of participants
experiencing neuropathic pain (n=26) at baseline showed
significantly lower relative plasma sphingosine (change from
baseline —0.91, P<0.001) levels after 3 months of omega-3
PUFA supplementation compared to baseline (Table 3).
Lastly, we examined relative plasma concentrations of
analgesic medications taken by participants before and after 3
months of omega-3 supplementation. Several common analge-
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Table 3 En Balance-Plus participants omega-3 PUFAs and relative sphingosine-metabolite levels at baseline and 3 months

Lipid metabolites All participants with neuropathic Low presupplementation, SF- Moderate-high
pain symptoms MPQ scores presupplementation, SF-MPQ
scores
n 26 14 12
Baseline 3 months | P-value Baseline 3 months | P-value Baseline 3 months | P-value
Docosahexaenoic 0.71 (0.4) 1.97 (1.2) <0.001 0.68 (0.45) 1.54 (0.62) 0.001 0.75 (0.34) 2.5(1.6) 0.002
acid
Eicosapentaenoic 1.02 (0.72) 1.65 (1.09) 0.006 0.89 (0.63) 1.4 (1.00) 0.003 1.12 (0.79) 1.9 (1.2) 0.136
acid
Sphingosine 169(12) |078(03) | <0.00l 118 (0.5) |0.73(022) |0.026 228 (1.5) | 0.84(0.39) | 0.002
Notes: Mean (SD) shown for each variable and group with corresponding Wilcoxon signed-rank P-values.
Abbreviations: PUFAs, polyunsaturated fatty acids; SF-MPQ, short-form McGill Pain Questionnaire.
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Figure 2 One-way ANOVA comparison of presupplementation relative plasma
concentration of sphingosine metabolite.

Notes: Post hoc analysis with Bonferroni correction of relative sphingosine concentra-
tion presupplementation was significantly higher in moderate—high SF-MPQ score group
than low SF-MPQ score group (P=0.0127) and no pain group (P=0.0444). *P<0.05.
Abbreviations: BL, baseline; SF-MPQ, short-form McGill Pain Questionnaire.

sic medications were detected by the untargeted metabolomic
analysis presupplementation in participants’ plasma, including
the following: gabapentin, naproxen, ibuprofen, acetaminophen,
and salicylate. None of the analgesic concentrations changed
significantly postsupplementation (Table 4). Also, there was
no self-reported change in analgesic use by the participants.

DHA supplementation was correlated
with improved SF-MPQ scores

We performed linear regression analysis to determine the
relationship between omega-3 PUFA supplementation
and improvement in SF-MPQ sensory scores. We found a
significant correlation between DHA levels measured in
participants’ plasma and their self-reported improvement in
SF-MPQ sensory score (n=26, ¥=0.425; P=0.030; Figure 3A)
from baseline to 3 months. Interestingly, we did not find a
significant correlation between EPA levels and improvement
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Table 4 En Balance-Plus participants’ relative plasma metabolite levels of analgesic medication with neuropathic pain symptoms at

baseline and 3 months

Analgesic medications Participants reporting use of analgesic and positive on metabolic profiling

with neuropathic pain symptoms

Baseline 3 months P-value
Gabapentin, n=3 0.99 0.99 (0.007) 0317
Naproxen, n=7 0.68 (0.6) 0.97 (1.5) 0.600
Ibuprofen, n=4 0.46 (0.69) 0.49 (0.75) 0.655
4-Acetaminophen sulfate, n=9 2.37 (4.6) 0.83 (0.84) 0515
Salicylate, n=25 1.12 (1.2) 1.68 (1.5) 0.192

Notes: Mean (SD) shown for each variable and group with corresponding Wilcoxon signed-rank P-value.
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Figure 3 High dose omega-3 PUFA supplementation was associated with significant improvement in SF-MPQ sensory scores.

Notes: (A) Increases in relative DHA concentration postintervention were correlated with improved SF-MPQ sensory scores (r=0.425, P=0.030). (B) EPA was not
associated with improved SF-MPQ sensory scores after 3 months of supplementation (r=0.021, P=0.282). (C) The degree of relative plasma DHA changes from baseline to 3
months was predictive of lower relative levels of sphingosine at 3 months in moderate—high SF-MPQ sensory pain group (r=0.698, P=0.017). (D) The degree of relative plasma
DHA changes from baseline to 3 months showed moderate correlation with lower relative levels of sphingosine at 3 months for all participants with reported neuropathic

pain symptoms (r=0.4716, P=0.0173).

Abbreviations: EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; PUFA, polyunsaturated fatty acid; SF-MPQ, short form McGill Pain Questionnaire.

in SF-MPQ scores (n=26, r=0.219; P=0.282; Figure 3B).
These results suggest that the DHA component of supple-
mentation may be more important for improvement in SF-
MPQ sensory scores in this cohort of participants compared
to EPA. Next, we examined significant interactions between
DHA and sphingosine levels pre- and post supplementation
in participants reporting most severe sensory symptoms at
baseline (SF-MPQ sensory >7). We found that relative plasma
DHA change postsupplementation was predictive of lower
relative levels of sphingosine at 3 months in moderate—high
SF-MPQ sensory pain group (r=0.698, P=0.017; Figure 3C).

Furthermore, we found a significant but moderate association
using data from all participants (n=26) reporting neuropathic
pain symptoms (r=0.4716, P=0.0173; Figure 3D).

Discussion

Lipotoxic stress is a proposed major contributor to the devel-
opment of painful DN. Several studies have suggested that
exposure to chronic lipotoxic stress causes axonal injury and
neuronal dysfunction in experimental animals. For instance,
the overconsumption of saturated FAs, such as palmitic acid,
results in excess substrates for B-oxidation/tricarboxylic
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acid cycles and provides nerve cells with an overabundance
of NADH and FADH2 electron donors.?! This surplus of
electron donors can cause uncoupling of the normal proton
gradient, which interferes with ATP production, leading to
a marked increase in reactive oxygen species.?' This meta-
bolic insult can overwhelm the neuron’s antioxidant capac-
ity, resulting in widespread bioenergetic dysregulation and
nerve-cell dysfunction.”? Schwann cells that are exposed to
palmitic acid-induced lipotoxicity are particularly susceptible
to metabolic stress, dysfunction, and cell death.'*** Studies
show lipotoxic stress increases sphingolipid levels in meta-
bolic diseases, such as type 2 diabetes.*’ In agreement with
our results, plasma samples of patients with type 2 diabetes
exhibiting DN showed higher levels of sphingolipid-related
metabolites.?® These findings suggest that interventions that
reverse lipotoxicity-mediated metabolic stress and reduce
sphingolipid-mediated apoptosis may be potential thera-
peutic targets to address painful DN. Omega-3 PUFAs are
known to protect tissue from lipotoxicity-induced metabolic
stress. DHA, a well-known omega-3 PUFA, protects from
and reverses palmitic acid-induced lipotoxicity in neuronal
cell models by inhibiting mitochondrial membrane depo-
larization, a major biochemical feature in the development
of DN.!*2! Further, omega-3 PUFA inhibition of metabolic
pathways related to oxidative stress during traumatic spinal
cord injury in rats reduces nerve-tissue damage and amelio-
rates neuropathic pain.!!

Omega-3 PUFAs are known to regulate sphingolipid
metabolism, as DHA specifically upregulates transcription
of the enzymes GCS and SphK1.4! Upregulation of these
enzymes decreases the level of sphingosine in retinal cells
and prevents sphingosine-induced apoptosis. Interestingly,
inhibition of SphK1 abolishes DHA protection, suggesting
that a decrease in sphingosine levels through its phosphoryla-
tion to S1P may be required for DHA’s therapeutic effects.*
As reported in this study, participants with moderate—high
SF-MPQ sensory scores presented with markedly increased
plasma sphingolipid-metabolite levels at baseline. However,
after 3 months of omega-3 PUFA supplementation, toxic
sphingosine levels had lowered to the measured levels of
the nonneuropathic pain group (Table 3). The participants
reported no change in the amount of antiglycemic medica-
tion usage. There was a difference in statin use between the
groups, but there is no evidence that statins may regulate
sphingosine levels in humans. Our findings support a poten-
tial, clinically relevant role of omega-3 PUFAs in mitigating
increases in toxic sphingolipid metabolites. These findings
may be particularly clinically important, as the effects of

glycemic control on DN is variable and often difficult to
achieve in type 2 diabetes.

An important finding in this study is that while the
omega-3 supplementation significantly reduced neuropathic
pain symptoms in the postsupplementation cohort, it did
not alter such clinical parameters as BMI, LDL, HDL, total
cholesterol, triglycerides, or HbA . These findings suggest
that dietary omega-3 PUFAs can reverse lipotoxicity-induced
sphingolipid-metabolite overload and may be sufficient to
improve neuropathic pain symptoms. Our results indicate
that sphingolipid-metabolite levels might serve as potential
molecular targets for the identification of at-risk patients.

There is growing evidence suggesting that targeted nutri-
tional interventions may improve pain syndromes.®® Specifi-
cally, reversal of a high omega-6 (AA and LA) to omega-3
ratio is thought to mitigate pain syndromes by increasing
circulating antinociceptive mediators and decreasing pro-
nociceptive lipid derivatives.” Qur participants reporting
neuropathic pain symptoms at baseline were found to have
high plasma LA/AA to DHA ratios. However, after 3 months
of omega-3 supplementation, LA/AA to DHA ratios had
improved dramatically on average to < 0.7. This decrease
in LA/AA to DHA ratios suggests a change in circulating
mediators to an antinociceptive lipid-derivative profile. Taken
together, both reversal of elevated sphingosine-induced lipo-
toxicity and high omega-6 to omega-3 ratio could be potential
therapeutic targets for patients suffering from painful DN.

Omega-3 PUFAs are known to have anti-inflammatory
effects through the production of both resolvins and protec-
tins, which can improve neuropathic pain symptoms.*-¢ Spe-
cifically, DHA is the substrate for D-series resolvins, which
display potent anti-inflammatory actions.* Supplementing
the participants with high doses of DHA may increase circu-
lating levels of 17S and 17R, D-series resolvins, that inhibit
TNFo-induced IL1p transcription levels. IL1[ is a proinflam-
matory cytokine implicated in the development of pain.*#
Furthermore, protectins derived from DHA are also known
to have potent protective activity in inflammatory and neural
systems.**>2 Together, these lipid mediators may have played
an important role in the improved neuropathic pain symptom-
atology of our participants. Our reporting of low analgesic
usage by the neuropathic pain-symptom group supports
similar findings that up to 39% of patients with painful DN
had never received treatment for their painful symptoms.>
Additionally, not only is painful DN undertreated, it has been
reported that painful DN is underdiagnosed.* These findings
are of significant importance, since early interventions can
improve pain symptoms and may slow disease progression.
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The present study has several limitations. It was not
designed as a clinical trial; rather it was set up as an educa-
tional diabetes program that monitored the impact of omega-3
supplementation on type 2 diabetes outcomes, including
neuropathic pain symptoms. Volunteers participated in an
interactive and supportive environment with their peers,
which may have introduced the Hawthorne or placebo effect
regarding their reporting of pain. Eliminating this effect
would require further studies in a randomized trial without
the effects of the interactive education program. Also, a
conclusive diagnosis of painful DN was not made in our
participants, nor were all other potential causes of peripheral
neuropathy ruled out. However, participants in our study
reported neuropathic pain symptoms consistent with painful
DN. For example, all participants reported pain symptoms
that included several descriptors associated with neuropathic
pain (eg, numbness, prickling, burning, and throbbing) in
a bilateral radiating stocking distribution. We cannot com-
pletely rule out selection bias, which affects this cohort of
participants in terms of both eligibility and selection criteria.
We addressed this potential issue by presenting quantitative
and qualitative analysis of paired data. By assigning par-
ticipants as their own controls and measuring changes from
their individual baseline values, we diminish many of these
extraneous sources of variation, as well as account for the
effect of participating in our diabetes-intervention program.
However, findings from this study need to be followed up by
a large, randomized, double-blind, controlled trial to exclude
categorically any hidden placebo effect.

In summary, these findings provide preliminary evidence
that a health-education diabetes program using omega-3
PUFA supplementation may be a potential complementary
approach to address the lipotoxicity-driven sphingolipid-
metabolism dysregulation associated with DN. We found
a robust improvement in neuropathic pain symptoms that
was significantly associated with increased DHA levels in
participants’ plasma. Furthermore, key metabolites associ-
ated with neuropathic pain, specifically sphingosine, may
be susceptible to regulation by omega-3 supplementation.
Since omega-3 FA supplementation is known to be safe in
patients with type 2 diabetes, future studies are warranted to
define its role further in the possible improvement of painful
DN symptoms.™

Conclusion

The major findings of this study are as follows. Omega-3
PUFA supplementation is associated with a significant
reduction in self-reported neuropathic pain symptoms on

the SF-MPQ in Mexican-Americans diagnosed with type 2
diabetes. This reduction in neuropathic pain symptoms was
significantly correlated with an increase in plasma DHA
levels for all participants with neuropathic pain symptoms.
Reduction in neuropathic pain symptoms was not associ-
ated with significant changes in such clinical values as
BMI, LDL, HDL, total cholesterol, triglycerides, HbA ,
or fasting blood glucose. Untargeted metabolomic and RF
analysis showed that sphingosine levels in participants with
highest SF-MPQ sensory scores presupplementation were
significantly elevated. Following omega-3 supplementation,
sphingosine levels were markedly reduced and approached
those of nonpain participants.
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