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As the prevalence of prediabetes and type 2 diabetes (T2D) continues to increase
worldwide, accompanying complications are also on the rise. The most prevalent
complication, peripheral neuropathy (PN), is a complex process which remains
incompletely understood. Dyslipidemia is an emerging risk factor for PN in both
prediabetes and T2D, suggesting that excess lipids damage peripheral nerves;
however, the precise lipid changes that contribute to PN are unknown. To identify
specific lipid changes associated with PN, we conducted an untargeted lipidomics
analysis comparing the effect of high-fat diet (HFD) feeding on lipids in the plasma,
liver, and peripheral nerve from three strains of mice (BL6, BTBR, and BKS). HFD
feeding triggered distinct strain- and tissue-specific lipid changes, which correlated
with PN in BL6 mice versus less robust murine models of metabolic dysfunction and
PN (BTBR and BKS mice). The BL6 mice showed significant changes in neutral lipids,
phospholipids, lysophospholipids, and plasmalogens within the nerve. Sphingomyelin
(SM) and lysophosphatidylethanolamine (LPE) were two lipid species that were unique to
HFD BL6 sciatic nerve compared to other strains (BTBR and BKS). Plasma and liver lipids
were significantly altered in all murine strains fed a HFD independent of PN status,
suggesting that nerve-specific lipid changes contribute to PN pathogenesis. Many of
the identified lipids affect mitochondrial function and mitochondrial bioenergetics, which
were significantly impaired in ex vivo sural nerve and dorsal root ganglion sensory neurons.
Collectively, our data show that consuming a HFD dysregulates the nerve lipidome and
mitochondrial function, which may contribute to PN in prediabetes.
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INTRODUCTION

Peripheral neuropathy (PN) is a common and highly morbid
complication of prediabetes and type 2 diabetes (T2D) (Feldman
et al., 2019). PNpresents as a distal to proximal loss of sensation in the
extremities with pain as a frequent feature (Feldman et al., 2019).
While the pathogenesis of PN is incompletely understood, impaired
peripheral nervous system bioenergetics under conditions of excess
energy substrate is a central characteristic of PN (Feldman et al.,
2017). In parallel, recent clinical studies highlight components of the
metabolic syndrome as PN risk factors (Callaghan et al., 2016a;
Callaghan et al., 2016b), suggesting lipids, including triglycerides
(TGs), contribute to peripheral nervous system energy overload
(Wiggin et al., 2009; Andersen et al., 2018).

Murine models of diet-induced obesity develop features of
prediabetes and PN like that seen in humans; however, the genetic
background of each mouse strain affects the degree of metabolic
dysfunction and type of nerve fibers affected (Montgomery et al.,
2013). Large nerve fibers confer proprioceptive information
related to position and movement whereas small afferent Aδ
fibers and unmyelinated C-fibers are responsible for temperature,
pain, and nociceptive sensations. Prediabetes and T2D PN result
from a combination of large and small fiber dysfunction. We
recently reported the effects of high-fat diet (HFD) feeding on
three mouse strains (BL6, BTBR, and BKS). Mice on the
BL6 background gained weight throughout the 36-weeks study
and developed features of the metabolic syndrome as well as large
and small fiber PN similar to what is observed in humans with
prediabetes (Hinder et al., 2017). In contrast, HFD-fed BTBR
mice developed large fiber PN only and gained weight at the same
rate as standard diet (SD)-fed BTBR for the first 24 weeks of the
study. The final strain of mice fed a HFD, the BKS mice, also
developed large fiber PN only but required genetic manipulation
of the leptin receptor to gain weight from study onset.

The goal of the current studywas to assess the association between
disruptions in lipid composition and PN metabolic risk factors and
disease severity. Because lipid levels profoundly impactmitochondrial
bioenergetics (Rumora et al., 2018), we postulated that distinct nerve
lipid levels would associate with PN under varying conditions of
metabolic dysfunction.We conducted untargeted lipidomics of nerve,
liver and plasma from HFD-fed BL6, BTBR and BKS mice and
observed distinct changes in nerve, liver and plasma lipids in all three
strains. Unique changes in mitochondrial lipid levels were observed
within the nerves of HFD-fed BL6 mice with PN, the only strain that
developed both large and small nerve fiber dysfunction. Further
evaluation of mitochondrial bioenergetics in ex vivo sural nerves and
sensory dorsal root ganglion (DRG) neurons from BL6 animals
showed impaired mitochondrial bioenergetics, suggesting a role
for nerve-specific lipid signatures in the pathogenesis of PN.

MATERIALS AND METHODS

Mouse Model Description
Mouse strains included i) BKS-wt (C57BLKS/J #000662, Jackson
laboratory, Bar Harbor, ME), ii) B6-wt (C57BL/6J #000664,
Jackson Laboratory), and iii) BTBR-wt (BTBR T+ Itpr3tf/J

#002282, Jackson Laboratory). Mice from each strain were
randomly assigned to two groups at 4 weeks of age and fed
either a standard diet (SD) (#D12450-B, 10% kcal fat,
Research Diets, New Brunswick, NJ) or a 54% HFD
(#05090701, 54% kcal fat from lard, Research Diets) for
32 weeks, leading to six groups of male mice with 12 mice/
group (HFD BKS, SD BKS, HFD B6, SD B6, HFD BTBR, SD
BTBR). The fatty acid composition of each diet is provided in
Supplementary Table S1. At the study end at 36 weeks of age,
sciatic nerve, footpads, plasma, and liver samples were collected.
Terminal metabolic measurements included body weight, fasting
blood glucose, glucose tolerance, and glycated hemoglobin, as
well as terminal neuropathymeasurements including assessments
of sural and sciatic nerve conduction velocities (NCV), measures
of large fiber function, and intraepidermal nerve fiber density
(IENFD), a measure of small nerve fiber function, were evaluated
at 36 weeks of age. Plasma insulin, cholesterol, and triglycerides
were also measured by Mouse Metabolic Phenotyping Centers
(MMPC; Vanderbilt University, Nashville, TN; University of
Cincinnati, Cincinnati, OH). All metabolic and neuropathy
measurements were reported previously (Hinder et al., 2017).
Herein, we conducted a follow-up untargeted lipidomics analysis
on sciatic nerve, plasma, and liver from each group of mice. Mice
were housed in a pathogen-free environment and animal
husbandry was conducted by the University of Michigan Unit
for Laboratory Animal Medicine. Animal protocols followed
Diabetic Complications Consortium Guidelines (https://www.
diacomp.org/shared/protocols.aspx) and were approved by the
University ofMichigan University Committee onUse and Care of
Animals.

Untargeted Lipidomics Profiling
Four sciatic nerves from each group of mice were selected blindly
and submitted to the Michigan Regional Comprehensive
Metabolomics Resource Core (MRC2; www.mrc2.umich.edu)
for untargeted lipidomics, which was conducted as described
previously (Sas et al., 2018). Briefly, lipids were extracted from
each sample (plasma, homogenized sciatic nerve, or homogenized
liver) according to a modified Bligh-Dyer protocol. Purified lipids
from samples and quality controls were analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS).
LipidBlast (http://fiehnlab.ucdavis.edu/projects/LipidBlast) was
used to identify lipids and MultiQuant (SCIEX, Concord,
Canada) was used for lipid quantification. A total of 967 lipid
species were detected within the sciatic nerve (Positive - 579;
Negative—388), 1,339 lipid species were detected in the liver
(Positive- 799; Negative—540), and 956 lipid species were
detected in the plasma (Positive - 603; Negative—353).

Untargeted Lipidomics Data Preprocessing
and Analysis
Missing values in the raw data were imputed with the K-nearest
neighbor method and normalized to internal standards using the
R package pamr with the function pamr. knnimpute (https://
www.rdocumentation.org/packages/pamr/versions/1.55/topics/
pamr.knnimpute) (Troyanskaya et al., 2001). Euclidian was used
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as the distance metric (Troyanskaya et al., 2001). At least one
internal standard for each lipid class was included in the analysis
(Supplementary Tables S2–S4). Lipid species with a coefficient
of variation >30% were removed and then lipid species from
positive and negative ion modes were merged into a single
dataset. Lipids measured in both positive and negative modes
were assigned an average value from both modes. Lipid species
with an odd number of carbons were removed because odd-chain
lipids are rarely synthesized in mammalian systems and are
typically obtained from the diet or by gut microbiota (Venn-
Watson et al., 2020; Ampong et al., 2022). We also did not
identify any significant changes in branched lipids in this study.
To summarize lipid levels per class, the total values of lipid species
in each class were summed and then log2-transformed. Heatmaps
were generated to visualize the profiling pattern of each lipid class
across different tissue and genetic background groups. Pearson
correlation coefficients were calculated for each shared lipid
species between different tissues (O’Brien et al., 2020). Lipid
heatmaps were not displayed in the figures if the HFD compared
to the SD had no significant impact on tissue lipid levels in a
particular strain of mice.

Identifying Important Lipid Species
A t-test was performed for each lipid species to determine
significant differences between the HFD and SD groups. Lipid
species with a p-value < 0.05 were deemed significant differential
lipids. Partial least squares-discriminant analysis (PLS-DA) was
also performed with mixOmics package (Rohart et al., 2017), to
identify lipid species that carry the greatest class-separating
information, represented by the first latent variable (Brereton
and Lloyd, 2014). Tenfold cross-validation was used to select the
tuning parameter (the number of components) for PLS-DA with
the minimal overall error rate. Once the optimal number of
components was decided, the PLS-DA was refit to the full dataset
to obtain the final model. Score plots were generated to illustrate
the difference between HFD versus SD for each genetic
background (BKS, BL6, BTBR). The variable importance in
projection (VIP) score for each lipid species was calculated as
a weighted sum of the squared correlations between the PLS-DA
components and the original lipid species (Galindo-Prieto et al.,
2014). Lipid species with a VIP score >1 were selected as the
important species, which contribute highly to group separation
(Cho et al., 2008). All the above analyses were performed using R
v3.5 (https://www.R-project.org/).

Mitochondrial Bioenergetics Analysis
Ex vivo mitochondrial bioenergetics analysis was conducted on
whole sural nerve tissue and primary DRG neurons dissected
from 20-week HFD- versus SD-fed BL6 mice using an
XF24 Extracellular Flux Analyzer (Agilent Technologies, Santa
Clara, CA, United States). Bioenergetic analysis was conducted
3–6 h post mortem for both primary DRG neuron cultures and
whole sural nerve. Whole sural nerves were dissected from four
mice/group, placed in optimized energetics media, and arranged
on an islet capture screen (Pooya et al., 2014). For DRG neuron
cultures, DRG were extracted, dissociated into a single-cell
suspension, and plated on a laminin-coated Seahorse plate, as

described previously (Rumora et al., 2018; Rumora et al., 2019a;
Rumora et al., 2019b). Whole sural nerves were then challenged
by sequential addition of mitochondrial drugs in the following
order: i) 12.6 μM oligomycin, ii) 20 μM carbonyl cyanide-4-
(trifluoromethoxy)phenyl-hydrazone (FCCP), and iii) 2 μM
antimycin A. DRG neurons were challenged with the
consecutive injection of i) 1.25 mM oligomycin, ii) 100 or
600 nM FCCP, and iii) 1 mM antimycin A. All bioenergetics
measurements were recorded by the Seahorse XF analyzer and
bioenergetics parameters were analyzed using mitochondrial
drug response curves, as described previously (Rumora et al.,
2018). Results were normalized to tissue weight and
mitochondrial copy number (see below). Data analysis was
conducted on GraphPad Prism using one-way ANOVA with a
Tukey post-test for multiple comparisons, two-way ANOVA with
Bonferroni post-test for multiple comparisons, or unpaired t-test
(Festing and Altman, 2002).

FIGURE 1 | Study paradigm and workflow for lipidomics (A) and
mitochondrial bioenergetics analysis (B). (A) Three strains of mice (C57BLKS/
J, C57BL6/J, and BTBR) were divided into two groups per strain and fed
either a standard diet (SD) or 54% high-fat diet (HFD). Mice were fed SD
or HFD for 32 weeks and phenotyped for metabolic and neuropathy
parameters at 36 weeks. At 36 weeks, sciatic nerve, liver, and plasma were
collected and processed for LC-MS/MS lipidomics analysis. Lipidomics data
were subjected a bioinformatics pipeline including PLS-DA, heat maps, and
VIP score plots. (B) DRG neuron and sural nerve mitochondrial bioenergetics
were evaluated in BL6 mice fed a SD or 60% HFD from 5 to 20 weeks. At
20 weeks of age, mitochondrial bioenergetics and mitochondrial copy
number were assessed in DRG neurons and whole sural nerves from HFD
BL6 mice compared to SD BL6 mice.
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Mitochondrial Copy Number Analysis
The sural nerve mitochondrial copy number was evaluated in
HFD- versus SD-fed BL6 mice, as previously described (Rumora
et al., 2018). Briefly, DNA was isolated using the AllPrep DNA/
RNA Mini Kit (Qiagen, Germantown, MD, United States) from
the sural nerves, which were used for mitochondrial bioenergetics
analysis. Quantitation of mitochondrial cytochrome b (cytob) and
nuclear tyrosine 3-monooxygenase/tryptophan five-
monooxygenase activation protein (Ywhaz) was evaluated
using Power SYBR Green PCR Master Mix (Thermo Fisher
Scientific) on a StepOnePlus Real-Time PCR system (Thermo
Fisher Scientific), as described previously (Rumora et al., 2018).
The standard curve method was used for cytob and Ywhaz gene
quantitation.

RESULTS

Tissue Lipidomics Profiling of HFD BL6,
BTBR, and BKS Mice
Untargeted lipidomics was performed on the sciatic nerve,
plasma, and liver from BL6, BTBR, and BKS mice fed either
SD or 54% HFD for 36 weeks (Figure 1A). PLS-DA score plots

showed a clear separation between lipid species in the sciatic
nerve of HFD BL6 mice with large and small fiber PN and HFD
BTBR mice with large fiber PN, versus SD BL6 and SD BTBR
mice without PN (Figures 2A,B). Sciatic nerve lipid profiles from
HFD-fed BKS mice that had no weight gain compared to SD-fed
animals show less separation between HFD and SD score plots
(Figure 2C). Elevated plasma insulin levels and large fiber PN,
based on slowed sciatic and sural nerve conduction velocities,
were present in all strains. However, only BL6 mice fed a HFD
had highly significant weight gain throughout the entire study (8-,
16-, 24-, 36- weeks) compared to SD-fed BL6 animals. At the
study end, these animals also had statistically elevated cholesterol
levels and low IENFDs, a marker of small fiber PN
(Supplementary Table S5) (Hinder et al., 2017). HFD-fed
BTBR mice gained weight at a similar rate as SD-fed animals
for the first 24 weeks of the study, and only at the 36-weeks time
point were significantly heavier than their SD-fed counterparts.
These HFD animals had higher levels of fasting glucose than the
SD-fed animals with no changes in lipid levels. In contrast both
SD- and HFD-fed BKSmice gained weight at equivalent rates and
had no evidence of elevated cholesterol or fasting glucose
(Supplementary Table S5) (Hinder et al., 2017). The greater
separation between the score plots of sciatic nerve lipids from

FIGURE 2 | Score plots of lipid changes across species. Partial least squares-discriminant analysis (PLS-DA) showed strain-dependent separation of lipid species
between the SD (red) and HFDmice (blue); dots represent individual mice. BL6 mice with weight gain, dyslipidemia, and both large fiber and small fiber PN (A) and BTBR
mice with weight gain and large-fiber PN (B) showed distinct separation of sciatic nerve (SCN) lipids between SD and HFD groups compared to BKSmice with large fiber
PN without weight gain (C). Whereas, clear separation between plasma (D–F) and liver lipids (G–I) was visible across murine strains.
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HFD- vs SD-fed BL6 and BTBRmice shows that changes in nerve
lipid composition are associated with distinct PN phenotypes and
metabolic changes including weight gain, fasting glucose, and
plasma insulin (Supplementary Table S5) (Hinder et al., 2017).
Unlike the strain-dependent sciatic nerve lipid profiles, the liver
and serum lipid profiles had a distinct separation between HFD
versus SD groups, regardless of strain (Figures 2D–I). These
results suggest that tissue-specific sciatic nerve lipid profiles are
associated with distinct types of PN as defined by large and small
nerve fiber involvement and metabolic dysfunction.

Triglycerides and Diacylglycerols
To identify tissue-specific changes in lipid profiles that associate
with PN, we generated heat maps of significantly altered (p <
0.05) lipid species in mice fed a HFD compared to SD. Out of a
total of 57 detected TG species in the sciatic nerve, 17 were altered
in BL6 mice, 15 in BTBR mice, and five in BKS with HFD feeding
(Figure 3A). The chain length and saturation degree of sciatic
nerve TGs were also altered by a HFD. Both BL6 and BTBR
strains fed a HFD experienced weight gain by 36 weeks,
developed at least two measures of metabolic dysfunction, and
exhibited a higher abundance of sciatic nerve long-chain TGs,

which contrasted with a higher level of shorter-chain TGs in
BL6 and BTBR mice fed a SD. The highly abundant sciatic nerve
long-chain TGs in HFD-fed BL6 and BTBR also showed a higher
degree of acyl chain unsaturation. These HFD-induced changes
in nerve TGs correlated with large fiber PN in both BL6 and
BTBR mice. Conversely, sciatic nerve from BKS mice that did not
gain weight and developed only one measure of metabolic
dysfunction, showed changes in TG level but no distinct
changes in TG chain length or saturation.

Diacylglycerols (DGs) were significantly altered in the sciatic
nerve of all three strains of mice fed a HFD. A total of 35 DGs
were analyzed in the sciatic nerve, of which 12 in BL6, three in
BTBR, and two in BKS sciatic nerve were significantly affected by
consuming a HFD (Figure 3B). Only sciatic nerve from BL6 mice
with both large and small fiber PN showed changes in DG chain
length, while BTBR and BKS mice had an overall decrease in DGs
with HFD feeding compared to their respective SD controls.
Interestingly, changes in chain length were opposite in DGs
versus TGs, with BL6 sciatic nerve displaying greater shorter-
chain and lower longer-chain DG levels in animals fed a HFD
compared to animals on a SD. Collectively, these results suggest
that elevated long-chain TGs and shorter-chain DGs in sciatic

FIGURE 3 | Heat maps of neutral lipids in the sciatic nerve of BL6, BTBR, and BKS mice fed the SD or HFD. (A) Sciatic nerve triglyceride (TG) chain length and
degree of saturation were significantly altered in HFD sciatic nerve from BL6 and BTBRmice. (B) Sciatic nerve diacylglycerols (DGs) were significantly altered by the HFD
in all three strains. t-test, p-value < 0.05.
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nerves correlate with weight gain, metabolic dysfunction, and
large and small fiber PN in HFD BL6 mice after 36 weeks.

Phospholipids
HFD feeding drastically dysregulated phospholipids in the sciatic
nerve of BL6 models with large and small fiber PN and BTBR

models with large fiber PN, which both experienced weight gain
and metabolic dysfunction (Figure 4). However, phospholipids
were unaffected in the sciatic nerve of HFD-fed BKS mice, the
strain that did not gain weight and developed less metabolic
dysfunction with a HFD. Collectively, these findings suggest a role
for phospholipids in large fiber PN pathogenesis associated with

FIGURE 4 | Heat maps of BL6, BTBR, and BKS sciatic nerve phospholipids. All phospholipid levels including (A) phosphatidylcholine (PC) (B)
phosphatidylethanolamine (PE) (C) phosphatidylserine (PS) and (D) phosphatidylinsotitol (PI) were altered by the HFD in BL6 and BTBR mice. t-test, p-value < 0.05.
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metabolic dysfunction. Within the sciatic nerve, BL6 mice had a
higher level of short-chain phosphatidylcholines (PCs) and long-
chain phosphatidylethanolamines (PEs) with HFD feeding versus
SDmice (Figures 4A,B). Although the levels of certain PC and PE
species were also affected in HFD-fed BTBR sciatic nerve, there
were no distinct changes in the chain length. In both BKS and
BTBR mice fed a HFD, levels of specific phosphatidylserine (PS)
species were altered, but without discernable changes in chain
length (Figure 4C). Decreases in phosphatidylinositol (PI)
species were exclusive to HFD-fed BTBR sciatic nerve
(Figure 4D).

Levels of mitochondrial phospholipid cardiolipin (CL) were
significantly reduced within the sciatic nerves of BL6 and BTBR
mice after HFD feeding whereas sphingomyelin (SM) levels were
only reduced in the sciatic nerves from HFD-fed BL6 mice
(Figures 5A,B). Conversely, a HFD did not affect SM and CL
levels in the sciatic nerves of BKS mice. Since CL and SM were
only reduced in sciatic nerve from animals that gained weight and
were metabolically dysfunctional, these phospholipids may play
an important role in PN pathogenesis associated with metabolic
dysfunction.

Lysophospholipids and Plasmalogens
The HFD feeding significantly altered lysophospholipid and
plasmalogen lipids in the sciatic nerve for all three strains of
mice when compared to SD (Figures 6A–C).
Lysophosphatidylcholine (LPC) and plasmenyl-
phosphatidylethanolamine (plasmenyl-PE) lipid species were
significantly decreased in the sciatic nerves of BL6 and BTBR
mice fed a HFD compared to SD. The HFD-fed BKSmice with no
metabolic dysfunction displayed a significant decrease in LPC
and an increase in plasmenyl-PE. A reduction in
lysophosphatidylethanolamine (LPE) in the sciatic nerve
occurred only in BL6 mice fed a HFD, and not the two other

FIGURE 5 | Heat maps of BL6 and BTBR sciatic nerve cardiolipin (CL) and sphingomyelin (SM). HFD BL6 and BTBRmice show global decreases across all (A) CL
and (B) SM lipid species. t-test, p-value < 0.05.

FIGURE 6 | Heat maps of BL6, BTBR, and BKS sciatic nerve
plasmalogens and lysophospholipids. (A) HFD BL6 and BTBR mice show a
global decrease in plasmenyl-phosphatidylethanolamine (plasmenyl-PE)
whereas BKS mice have an increase in plasmenyl-PE. (B)
Lysophosphatidylcholine (LPC) species were also significantly decreased in
HFD BL6 and BTBR mice. (C) LPE species were decreased exclusively in the
sciatic nerve of HFD BL6 mice only. t-test, p-value < 0.05.

Frontiers in Physiology | www.frontiersin.org August 2022 | Volume 13 | Article 9219427

Rumora et al. Nerve Lipid Changes in Neuropathy

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


strains, suggesting an association with LPE and both large and
small fiber PN in the murine model that most closely replicates
the human condition.

Liver and Plasma Lipid Profiles
The sciatic nerve lipidome is modulated by changes in plasma
lipid levels, whereas the liver is a major regulator of circulating
plasma lipid levels (O’Brien et al., 2017; O’Brien et al., 2020).
Therefore, we compared the liver and plasma lipid levels across all
murine strains with HFD versus SD feeding and found major
changes in lipid profiles regardless of murine strain. Although no
significant differences in plasma TG level were detected in all
murine strains (Supplementary Table S5), the chain length of
plasma TGs changed with HFD feeding. The BL6 and BTBRmice,
but not the BKS animals, had significant elevations in long-chain
TGs in plasma after HFD feeding compared to SD groups
(Supplementary Figure S1). The levels of several plasma DG
and cholesterol ester species were uniquely altered in HFD BTBR
mice after HFD feeding (Supplemental Figure 1B-C). Plasma
phospholipid levels were changed across all murine strains fed the
HFD but showed no significant difference in chain length or
degree of saturation (Supplementary Figure S2). Interestingly,
plasma SM levels were elevated in all HFD-fed murine strains
including HFD BL6 mice, which contrasted with decreased SM
levels in the HFD BL6 sciatic nerve (Supplementary Figure S3).
The levels of plasma plasmenyl-PE, plasmenylphosphatidylcholine
(plasmenyl-PC), LPE, and LPC were also significantly upregulated or
downregulated by the HFD feeding depending on the murine strain
(Supplementary Figure S4).

The liver had distinct changes in neutral lipids including
significant increases in TG and DG chain length, as well as an
overall decrease in DGs, in BL6 fed a HFD compared to a SD diet
(Supplementary Figure S5). Conversely, the levels of liver TGs
were significantly decreased in BTBR and BKS mice fed a HFD
(Supplementary Figure S5). Phospholipids were also
significantly altered in the liver of all three mouse models. The
level of PCs and PEs were significantly decreased in the liver of all
three murine strains with HFD feeding (Supplementary Figure
S6). Other phospholipid groups including PI, PS,
phosphatidylglycerol, and phosphatidic acid were also
decreased in a strain-dependent manner in the liver of these
mice (Supplementary Figure S6). As in the sciatic nerve, there
was a significant decrease in CL, plasmenyl-PC, LPC, and LPE in
the liver of BL6 mice fed a HFD (Supplementary Figures S7A,
S8A–D). The levels of specific species of SM, plasmalogens, and
lysophospholipids were altered in certain strains of HFD mice
[SM (BL6, BKS), plasmalogens (BL6, BTBR, BKS), and
lysophospholipids (BL6, BTBR)], but there were no distinct
changes in chain length or degree of saturation.

Top Lipids Contributing to Peripheral
Neuropathy in BL6 HFD-Fed Animals
We have previously reported that HFD feeding of BL6 mice leads
to metabolic dysfunction and large and small fiber PN that most
closely resembles that seen in humans (Hinder et al., 2017;
Rumora et al., 2019b; O’Brien et al., 2020). To determine

lipids most significantly linked to pathogenesis of both large
and small fiber PN, we identified the lipid species in sciatic nerves,
plasma, and liver that contributed the most to diet-induced group
separation among BL6 animals by VIP plots and correlation
coefficient analysis. A total of 166 sciatic nerve lipids, 141 plasma
lipids, and 240 liver lipids had VIP values greater than 1. The top
20 lipids with the highest VIP values were 9 TGs, four PCs, four
plasmenyl-PEs, one PS, one PE, and one CL species, which were
significantly altered in sciatic nerves (Figures 7A–C). Lipid VIP
scores for each tissue are provided in Supplementary Tables
S6–S8. Plasma lipids were also significantly impacted by HFD
feeding including five LPCs, five SMs, three PCs, two plasmenyl-
PCs, two LPEs, one PE, one CL species, and one cholesterol ester.
Important liver lipids affected by HFD feeding included six PEs,
4 TGs, three PCs, two CLs, one LPE, one PS, one phosphatidic
acid, one DG, and one phosphatidylglycerol species. We next
assessed lipid correlations across tissues and found, among the
35 differentially altered lipids, plasma and liver had greater overlap in
shared lipids versus sciatic nerve (Figure 7D). Finally, we directly
compared the liver, plasma, and sciatic nerve lipid levels in BL6mice.
Interestingly, lipid levels in the sciatic nerve were distinct from lipid
levels in the plasma or liver in BL6 mice fed the SD and the HFD
(Supplementary Figures S9A,B).

To identify lipid changes that contribute to PN in the different
mouse strains, we compared sciatic nerve lipids with VIP >1 across
the three strains of mice. We identified 33 shared lipid changes
between all murine strains, 57 shared lipid changes between sciatic
nerve from BL6 and BTBR mice, and 20 shared lipid changes in
sciatic nerve from BL6 and BKS mice (Supplementary Figures S10
and Supplementary Table S9). All HFD murine strains developed
large fiber neuropathy and had changes in the level of neutral lipids
(triglycerides and diacylglycerols) indicating that changes in neutral
lipid species may contribute to large nerve fiber damage. HFD
BL6 and BTBR mice that developed large fiber neuropathy
associated with metabolic dysfunction shared many lipid changes
in lysophospholipids and plasmalogens that were less distinct inHFD
BKS mice, indicating that these lipid species may contribute to large
fiber neuropathy in metabolic dysfunction.

HFD Impairs Mitochondrial Bioenergetics
Within DRG Neurons and the Sural Sensory
Nerve
Since essential mitochondrial phospholipids, including PE, PC,
PI, PS, and CL, were significantly altered in sciatic nerves of
BL6 mice fed a HFD, we next evaluated the impact of HFD on ex
vivomitochondrial function. Mitochondrial bioenergetic analyses
were performed on the DRG sensory neurons and the sural
sensory nerve. DRG neurons showed significant increases in
basal respiration and ATP production with no discernable
change in coupling efficiency at rest (Figures 8A–C). DRG
neurons from HFD-fed BL6 mice challenged with both
100 and 600 nM FCCP had significantly higher maximum
spare respiratory capacity relative to the BL6 DRG neurons
from SD, but loss of spare respiratory capacity at 600 nM
FCCP (Figures 8D,E). Basal ATP production and coupling
efficiency were significantly reduced in BL6 sural nerves from
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HFD-fed animals, while the basal respiration was not impacted,
compared to sural nerves from animals fed a SD (Figures 8F–H).
Sural nerve mitochondria also showed a significant decrease in
maximum respiratory capacity and spare respiratory capacity in
HFD-fed versus SD animals (Figures 8I,J). Mitochondrial copy
number was also significantly lower with HFD feeding in sural
nerves but not DRG neurons (Figure 8K). These results indicate
that a HFD induces DRG and sural nerve mitochondrial
dysfunction, correlating with altered mitochondrial lipid levels,
which may contribute to the loss of sensory nerve function in PN.

DISCUSSION

Multiple clinical studies identify components of the metabolic
syndrome, including dyslipidemia and elevated TGs, as
important PN risk factors (Wiggin et al., 2009; Andersen

et al., 2018). Preclinical research shows these same risk factors
adversely impact axonal mitochondrial trafficking and
bioenergetics (Rumora et al., 2018; Rumora et al., 2019a; Sajic
et al., 2021) resulting in bioenergetic failure in distal peripheral
nerve axons and PN (Feldman et al., 2017). Despite the relevance
of lipids, both as PN risk factors and in PN pathogenesis, the
precise circulating and nerve lipid species most important to PN
remain unknown. Importantly, the correlation of plasma and
liver lipidome to nerve lipidome is also incompletely understood,
despite the fact that a circulating lipidomic signature correlated to
that identified in the nerve could serve as a disease biomarker.
Thus, we undertook a systematic study of sciatic nerve, plasma,
and liver lipidomics of three HFD-fed mouse models of varying
metabolic and neuropathic phenotypes. The first model, HFD-fed
BL6 mice, gain weight and develop insulin resistance,
dyslipidemia and both large and small fiber PN, metabolic and
PN features similar to those reported in humans with prediabetes

FIGURE 7 | Variable importance in projection (VIP) score plots of the top 20 PLS-DA lipids in (A) sciatic nerve, (B) plasma, and (C) liver, that separate HFD BL6mice
from SD mice. (D) Pearson correlation coefficients for each shared lipid species between plasma vs liver, liver vs sciatic nerve, and sciatic nerve vs plasma.
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(Hinder et al., 2017). The second model, BTBR mice, are resistant
to weight gain until 36 weeks but develop insulin resistance,
hyperglycemia and large fiber PN. Lastly, the third model, BKS
mice fed a HFD diet develop only insulin resistance and large
fiber PN without gaining weight. Although large fiber PN was
detected in all strains of mice by 36 weeks of age, only BL6 mice
consistently developed the diet-induced metabolic dysfunction
and sensory PN that closely mimics the human condition. We,
therefore, reasoned that comparing the lipid signatures in these
different strains with varying metabolic and neuropathic
phenotypes would identify tissue-specific lipids important in
PN pathogenesis.

We found that score plots of sciatic nerve lipids separated
BL6 and BTBR mice fed a HFD from their SD counterparts,
aligning with the presence of weight gain and large fiber PN at
36 weeks in these HFD-fed strains. In contrast, BKS animals did
not experience this same diet-mediated separation in sciatic nerve
lipids and in parallel did not gain weight with a HFD. These data
show that nerve-specific lipid changes correlate with weight gain
from HFD feeding and support the idea that diet-induced lipid
changes impact tissue function, especially in tissues with diverse
lipid composition, such as the peripheral nervous system (Surma
et al., 2021). We also discovered distinct changes in the sciatic
nerve lipidome of HFD-fed BL6 and BTBR mice with large fiber
PN, including neutral lipids (TGs, DGs), phospholipids,
lysophospholipids, and plasmalogens. However, changes in
nerve SMs and LPE levels were unique to HFD-fed BL6 mice
who robustly model large and small fiber PN and are the only
strain to develop plasma dyslipidemia. These nerve lipid classes
may selectively contribute to small fiber nerve damage commonly
associated with obesity, the metabolic syndrome, and prediabetes
(Palavicini et al., 2020). Liver and plasma lipid profiles, that
presumably dictate the sciatic nerve lipidome, also changed
significantly in response to a HFD in all mouse strains. Since

none of these plasma or liver changes were specific to animals
with varying degrees of PN and metabolic dysfunction, it suggests
that nerve-specific lipid changes specifically contribute to PN.
Many of the nerve lipids identified in BL6 mice fed a HFD are
critical for mitochondrial function; indeed, sural nerves from
BL6 mice fed a 60% HFD were characterized by a loss of
respiratory capacity in both the basal resting and energetically
challenged states. Collectively, these results indicate that changes
in the peripheral nerve lipidome associate with specific PN
phenotypes (large and/or small fiber dysfunction) and likely
contribute to mitochondrial dysfunction in PN.

An accumulation of long-chain TGs and short-chain DGs in
the sciatic nerve was associated with PN in HFD BL6 mice with
small and large fiber PN and in BTBR mice with large fiber PN,
indicating that long-chain fatty acids from the diet are
incorporated into TGs, mobilized into the plasma, and
integrated into the sciatic nerve lipidome (Tracey et al., 2018).
These results are consistent with previous studies showing
elevated TGs in the sciatic nerve of neuropathic BL6 mice fed
60% HFD (O’Brien et al., 2020). In fact, gene expression of
diacylglycerol acyltransferase 2 (DGAT2), the rate-limiting
enzyme for TG biosynthesis was significantly increased in the
sciatic nerve of these neuropathic BL6 mice fed 60% HFD.
DGAT2 was also elevated in sural sensory nerve biopsies from
T2D humans with PN, suggesting that nerve TG synthesis is
elevated in PN (O’Brien et al., 2020). In the current study, TGs
also displayed longer hydrocarbon chains and a greater degree of
unsaturation in the HFD BL6 sciatic nerve, consistent with
findings in plasma of type 2 diabetic human subjects with
dyslipidemia and progressively worsening diabetic
complications (Afshinnia et al., 2018; Afshinnia et al., 2019).
The increase in TG hydrocarbon chain unsaturation in the sciatic
nerve might be a compensatory mechanism to replace saturated
TG hydrocarbon chains with polyunsaturated hydrocarbon

FIGURE 8 |Mitochondrial bioenergetics in SD vs HFDDRG neurons and sural nerves. Resting bioenergetics parameters including (A) basal respiration and (B) ATP
production were significantly increased in DRG neurons from HFD mice compared to SD mice, whereas (C) coupling efficiency was unaffected. (D) HFD DRG neurons
challenged with 100 and 600 nM FCCP had increased maximum respiratory capacity, but significantly diminished spare respiratory capacity with 600 nM FCCP (E)
relative to SD DRG neurons. The HFD had no effect on sural nerve (F) basal respiration but significantly reduced both (G) ATP production and (H) coupling efficiency
compared to the SD sural nerve. Challenging the HFD sural nerve with 20 μMFCCP significantly impaired both (I)maximum respiratory capacity and (J) spare respiratory
capacity compared to SD sural nerves. (K)Mitochondrial copy number was reduced in HFD sural nerve. Data mean ± SEM, n = 15 mice/group sural nerves; *p < 0.05,
**p < 0.01, ***p < 0.001.
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chains in an attempt to prevent nerve lipid peroxidation (Bailey
et al., 2015; Ackerman et al., 2018). Alternatively, the observed
mobilization of long-chain saturated fatty acids from TGs can
uncouple the mitochondrial membrane and impair
mitochondrial oxidative phosphorylation, which could have
contributed to the observed nerve injury (Murray et al., 2011).

In contrast to TGs, saturated DGs, including DGs 30:0–34:0,
were significantly elevated in the sciatic nerve of HFD BL6 mice.
The predominant DG species in standard rodent sciatic nerve are
unsaturated DGs 38:4 (18:0/20:4) and 34:1 (16:0/18:1) (Eichberg
and Zhu, 1992). Therefore, our findings indicate that HFD
consumption triggers the incorporation of saturated fatty
acids, such as palmitic acid and stearic acid, into sciatic nerve
DGs in HFD BL6 mice with small and large fiber PN and
dyslipidemia. This accumulation of saturated DGs in the
sciatic nerve may underlie nerve damage by mediating
lipotoxicity, mitochondrial dysfunction, endoplasmic reticulum
stress, or apoptosis (Akoumi et al., 2017).

Our findings suggest that redirecting lipid biosynthetic
pathways away from TG/DG synthesis could provide a viable
therapeutic approach to treating PN. In support of this idea,
inhibiting DGAT and lipin1, a DG synthesizing enzyme,
promotes axon regeneration in peripheral neurons by reducing
TG/DG synthesis and stimulating phospholipid synthesis (Yang
et al., 2020). Furthermore, modulating DG levels in the sciatic
nerve of STZ-treated rats confers neuroprotection and improves
PN measures (Wang et al., 2021). Future preclinical studies
focused on nerve-specific TG/DG biology in the setting of
dyslipidemia and metabolic dysfunction could facilitate the
development of targeted interventions for the treatment of PN.

Phospholipids, including PE, PC, PS, and CL, were
significantly altered in the sciatic nerve of both HFD-fed
BL6 and BTBR mice but not BKS mice, indicating a major
shift in the nerve phospholipid content in response to HFD
feeding that correlates with weight gain. These results parallel
previous studies in murine models and humans with metabolic
syndrome, prediabetes, and T2D (O’Brien et al., 2020; Rumora
et al., 2021), suggesting that changes in nerve phospholipids
contribute to large fiber PN pathogenesis in these disease
states. Phospholipids make up approximately 57% of lipids in
the cell bodies and axons of peripheral neurons and 40% of lipids
in the myelin sheath (Calderon et al., 1995; Poitelon et al., 2020;
Hornemann, 2021). Alterations in phospholipid levels can trigger
aberrant changes in cellular signaling (Nishizuka, 1992), cell
membrane structure (Kuge et al., 2014), and membrane
dynamics in neurons (Tracey et al., 2018). Importantly,
phospholipids are a major constituent of the mitochondrial
membrane and play an integral role in regulating
mitochondrial function.

The most abundant phospholipids in the inner mitochondrial
membrane (PE, PC, CL) (Basu Ball et al., 2018) were those most
changed in HFD BL6 sciatic nerve in this study, supporting the
idea that these phospholipid changes could alter mitochondrial
bioenergetics (Schenkel and Bakovic, 2014). Changes in the levels
of inner mitochondrial membrane PE, PC, and CL result in the
improper assembly of the mitochondrial electron transport
supercomplexes, impairing oxidative phosphorylation (Tasseva

et al., 2013). Changes in CL are of particular interest since CL is
exclusively found in mitochondria and modulates the assembly of
respiratory chain supercomplexes III and IV (Zhang et al., 2005),
mitochondrial membrane potential (Ghosh et al., 2020),
mitochondrial bioenergetics (Paradies et al., 2014), reactive
oxygen species production (Falabella et al., 2021), and
apoptotic signaling and mitochondrial dynamics (Falabella
et al., 2021). The shift in PS and PE lipids, as well as the loss
of CL, within the sciatic nerves of HFD BL6 mice may destabilize
mitochondrial respiratory chain complexes, thereby reducing the
efficiency of oxidative phosphorylation and injuring the
peripheral nerves.

The most distinct lipid change was a global decrease in
lysophospholipids (LPC, LPE) and plasmenyl-PE in the sciatic
nerve of HFD BL6 and BTBR mice compared to BKS mice. A
decrease in lysophospholipids was recently reported in both
sciatic nerve (O’Brien et al., 2020) and plasma (Guo et al.,
2021) from mice and humans, respectively, with PN and
metabolic disease. Elevated levels of LPC are also implicated in
neuropathic pain associated with chemotherapy-induced
neuropathy (Rimola et al., 2020) and other painful
neuropathies (Inoue et al., 2008). Lysophospholipids are
generated from the hydrolysis of phospholipids (Tan et al.,
2020), leading to elevated nitric oxide levels, which may
damage peripheral nerves (Wang et al., 2013). Interestingly,
LPCs and LPEs, were only decreased in HFD-fed BL6 and
HFD-fed BTBR sciatic nerves emphasizing the possibility that
sciatic nerve lysophospholipid levels may be strain-dependent
(Hinder et al., 2017) and may contribute to the observed
differences in PN among the three strains. The HFD
BL6 sciatic nerve had the highest number of altered LPC
species and was the only strain with HFD-induced alterations
in LPE species indicating that altered lysophospholipids levels
may contribute to small and large fiber PN associated with
metabolic dysfunction. LPC levels are reportedly increased
during painful PN (Wang et al., 2013), indicating that a loss
of sensory function may be associated with the distinct decrease
in LPC species in HFD-fed BL6 mice. Plasmenyl-PE is a
plasmalogen, a family of lipids that contain arachidonic acid, a
known mediator of nervous system lipid-signaling pathways
(Murphy, 2017), membrane trafficking, and inflammatory
pathways (Tracey et al., 2018). Critical for the formation of
membrane rafts in the nervous system (Poitelon et al., 2020),
loss of plasmalogen plasmenyl-PE in peripheral nerves may alter
the lipid composition of myelin and ultimately lead to nerve
damage.

Only two lipid species, SM and LPE, were dysregulated
exclusively in the sciatic nerve from HFD BL6 mice with
weight gain, dyslipidemia, and small and large fiber PN that
mimics the human condition, compared to sciatic nerve from
BTBR or BKS mice. Both SM and LPE were significantly
decreased, indicating that the loss of SM and LPE within the
sciatic nerve may contribute to small fiber damage within the
nerve. This is supported by reports showing decreased plasma SM
levels in patients with T2D (Rumora et al., 2021) and obesity
(Guo et al., 2021). SM is an important nerve lipid of the myelin
sheath, which protects and supports sensory nerve fibers
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(Poitelon et al., 2020; Hornemann, 2021). Although the role of
LPE in the peripheral nervous system is less studied, changes in
LPE levels are reported in other neurological disorders, including
Alzheimer’s disease (Liu et al., 2021; Llano et al., 2021),
emphasizing the importance of this lipid for proper nervous
system function.

In the current study, HFD significantly impacted the liver and
plasma lipid profile in all three murine strains, irrespective of PN.
Since the peripheral nerves rely on both de novo lipogenesis and
lipid uptake from circulation (Tracey et al., 2018; Poitelon et al.,
2020), the saturation and chain length of circulating dietary fatty
acids and complex lipids can influence the nerve lipidome. We
have shown switching mice from a saturated fatty acid-rich HFD
to a monounsaturated fatty acid-rich HFD rich significantly
improves nerve function (Rumora et al., 2019b), likely because
monounsaturated fatty acids restore mitochondrial function
following saturated fatty acid-induced mitochondrial
dysfunction (Rumora et al., 2018; Rumora et al., 2019a;
Rumora et al., 2019b). Previous studies also describe elevated
plasma and liver TGs in HFD-fed BL6 mice with PN, consistent
with reports showing higher TGs in plasma of dyslipidemic
rodents (Lupachyk et al., 2012), and plasma of diabetic
(Wiggin et al., 2009; Callaghan et al., 2011; Smith and
Singleton, 2013) and obese subjects with PN (Guo et al.,
2021). However, we observed no strain-dependent differences
in plasma or liver lipid classes that were unique to the HFD-fed
BL6 mice or BTBR HFD-fed animals. These data suggest that
nerve-specific lipid changes are a more important driver of PN
pathogenesis than plasma or liver lipid signatures. In support of
this idea, a recent study showed that statins alter circulating lipid
levels in a T2D patient cohort from the ADDITION-Denmark
study but have no effect on PN (Kristensen et al., 2020).

Lipids profoundly influence mitochondrial bioenergetics
(Hinder et al., 2012; Aon et al., 2014); therefore, we
determined whether changes in the peripheral nerve lipidome
correlate with mitochondrial function distally in the ex vivo sural
sensory nerve and proximally in sensory DRG neurons from
HFD-fed BL6 mice. Although untargeted lipidomics was
conducted on sciatic nerves to provide sufficient tissue for the
lipidomic analysis, prediabetic and T2D PN is primarily a sensory
neuropathy (Feldman et al., 2017), so mitochondrial bioenergetic
analyses were performed on the sural sensory nerve and DRG
sensory neurons. Since HFD-fed BL6 mice robustly mimic PN in
humans with metabolic dysfunction, we postulated that ex vivo
sural nerve and DRG neurons from HFD-fed BL6 mice would
model changes in mitochondrial function that underlie diet-
induced small and large fiber PN pathogenesis. Basal ATP
production, coupling efficiency, and mitochondrial copy
number were reduced in the sural nerves from HFD-fed
animals, suggesting that mitochondrial energy production is
compromised due to uncoupling of ATP production from
mitochondrial respiration, as well as fewer mitochondria
(Chowdhury et al., 2013). Challenging these sural nerves with
mitochondrial uncoupler, FCCP, revealed a decrease in both
maximum respiratory capacity and spare respiratory capacity,
indicating the inability to increase ATP production to match
increased energy demand.

In contrast, DRG neurons cultured from HFD-fed BL6 mice
had significant increases in basal respiration and ATP production
under resting conditions with no changes in coupling efficiency
(Rumora et al., 2018), suggesting that mild uncoupling doesn’t
occur despite the increase in basal respiration. The lack of
uncoupling could in part prevent the formation of reactive
oxygen species. The loss of spare respiratory capacity suggests
the DRG neuron mitochondria are already functioning at
maximum capacity and cannot increase energy output to meet
increased energy demands. Elevated ATP production in DRG
neurons may therefore be a compensatory mechanism to increase
mitochondrial content and mitochondrial-derived ATP distally
in the sural nerve, to maintain at least partial nerve function
(Feldman et al., 2017).

Our study had several limitations. First, we used two different
HFD paradigms including a 54% HFD for lipidomics studies
versus a 60% HFD for mitochondrial bioenergetics. Since we
previously showed lipid changes in the sciatic nerve of mice fed a
60% HFD by 16 weeks of age were similar to mice fed the 54%
HFD at 36 weeks of age (O’Brien et al., 2020), we postulated that
changes in mitochondrial bioenergetics would be similar across
the two HFD paradigms. Future studies will test the effect of the
two different HFD paradigms on mitochondrial bioenergetics in
whole sural nerve and DRG neurons. Second, we were unable to
determine the acyl chain composition of lipids in the untargeted
lipidomics analysis. Targeted lipidomics platforms will be used in
future studies to identify structural changes in sciatic nerve, liver,
and plasma lipid species. It will be interesting to determine
whether HFD impacts the identity of the acyl chains of key
sciatic nerve lipid species we identified in this study. Further
studies are also needed to determine the significance of odd chain
lipids in HFD fed mice. Additionally, we will conduct
transcriptomics on nerve, liver, and plasma from each mouse
strain to assess changes in genes related to de novo lipogenesis and
other metabolic pathways in each tissue. A third limitation of this
study is the use of the sciatic nerve for untargeted lipidomics
versus DRG neurons and sural nerve for mitochondrial
bioenergetics analysis. Future directions will use targeted
lipdomics or MALDI-MSI to correlate changes in
mitochondrial bioenergetics function with lipid changes in
DRG neurons and sural nerve. A fourth limitation was our
limited number of biological samples (4 samples/tissue type)
for the untargeted lipidomics analysis. Future studies will
evaluate lipidomics changes with a greater number of tissue
samples per group and will be analyzed using q-value
statistical analysis to show variance across samples.

In conclusion, HFD feeding of different mouse models with
varying degrees of PN and metabolic dysfunction produced
significant remodeling of the sciatic nerve lipidome and
aberrant mitochondrial bioenergetics. Of the three mouse
strains (BL6, BTBR, BKS), HFD-fed BL6 mice develop large
fiber and small fiber PN and metabolic dysfunction that most
closely resembles the human condition. These animals showed
significant changes in neutral lipids, phospholipids,
lysophospholipids, and plasmalogen levels in the sciatic nerve.
Both SM and LPE were significantly altered in sciatic nerves only
in the HFD-fed BL6 animals, indicating the importance of these
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lipids for maintaining small fiber nerve function. Although
plasma and liver lipids were significantly impacted by the
HFD across all murine strains, the plasma and liver lipid
changes were not biomarkers of PN. The loss of mitochondrial
bioenergetics capacity in the sensory sural nerves from HFD-fed
BL6 mice differed from HFD-fed BL6 DRG neurons, which
showed increased ATP production, potentially as a compensatory
mechanism to restore ATP production distally in the injured nerve.
Future studies will focus on determining lipid changes that damage
specific subsets of nerve fibers, including small and large nerve fibers,
as a potential pathogenic mechanism underlying specific PN
phenotypes. Additionally, identifying the specific lipid species that
drive mitochondrial dysfunction and nerve damage may provide
novel therapeutic targets for PN associatedwith prediabetes and T2D.
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