L)

Check for
updates

Chain length of saturated fatty acids regulates
mitochondrial trafficking and function in sensory neurons
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Abstract Dyslipidemia associated with T2D leads to diabetic
neuropathy, a complication characterized by sensory neuronal
dysfunction and peripheral nerve damage. Sensory dorsal root
ganglion (DRG) neurons are dependent on axonal mitochon-
drial energy production facilitated by mitochondrial transport
mechanisms that distribute mitochondria throughout the axon.
Because long-chain saturated FAs (SFAs) damage DRG neu-
rons and medium-chain SFAs are reported to improve neuro-
nal function, we evaluated the impact of SFA chain length on
mitochondrial trafficking, mitochondrial function, and apop-
tosis. DRG neurons were exposed to SFAs with C12:0—C18:0
chain lengths and evaluated for changes in mitochondrial traf-
ficking, mitochondprial polarization, and apoptosis. DRG neu-
rons treated with C16:0 and C18:0 SFAs showed a significant
decrease in the percentage of motile mitochondria and veloc-
ity of mitochondrial trafficking, whereas C12:0 and C14:0 SFAs
had no impact on motility. Treatment with C16:0 and C18:0
SFAs exhibited mitochondrial depolarization correlating with
impaired mitochondrial motility; the C12:0- and C14:0-treated
neurons retained mitochondrial polarization. The reduction in
mitochondrial trafficking and function in C16:0- and C18:0-
treated DRG neurons correlated with apoptosis that was
blocked in C12:0 and C14:0 SFA treatments. il These results
suggest that SFA chain length plays an important role in regu-
lating axonal mitochondrial trafficking and function in DRG
neurons.—Rumora, A. E., G. LoGrasso, J. A. Haidar, J. J.
Dolkowski, S. I. Lentz, and E. L. Feldman. Chain length of satu-
rated fatty acids regulates mitochondrial trafficking and func-
tion in sensory neurons. J. Lipid Res. 2019. 60: 58-70.
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Diabetic peripheral neuropathy (DPN) is a common
complication that affects up to 30% of patients with predia-
betes and 50% of T2D patients (1, 2). Patients with DPN
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experience a loss of sensation that occurs in a stocking-
and-glove distribution and has a severe impact on the indi-
vidual’s quality of life and societal productivity (3-7). The
progressive loss of sensory function results from distal-to-
proximal peripheral nerve damage and dysfunction of sen-
sory neurons. Although the pathogenesis of DPN is not
fully understood, recent studies indicate that DPN patho-
genesis is directly linked to a continuum of metabolic fac-
tors associated with dyslipidemia (8-10).

Plasma concentrations of free saturated FAs (SFAs) are
commonly elevated in T2D (11). In general, SFAs are clas-
sified as inducers of lipotoxicity (12, 13), mitochondrial
dysfunction (14-17), and apoptosis (17); however, recent
evidence indicates that hydrocarbon chain length of SFAs
defines the level of intracellular lipotoxicity (18, 19). More-
over, the Western diet, characterized by increased intake of
foods with high levels of long-chain SFAs (LCSFAs), includ-
ing myristate (C14:0), palmitate (C16:0), and stearate
(C18:0), and low levels of beneficial medium-chain SFAs
(MCSFASs), such as laurate (C12:0) (20-22), is a driving fac-
tor in the onset of dyslipidemia and T2D (23). MCSFAs are
reported to prevent lipotoxicity and increase mitochon-
drial energy production (18, 24, 25). Likewise, equimolar
caloric intake of MCSFAs and LCSFAs increases mitochon-
drial energy expenditure and leads to oxidative metabolic
pathways as opposed to the metabolic dysfunction trig-
gered by LCSFAs (24, 26). SFAs are also directed to mito-
chondrial oxidative pathways through hydrocarbon chain
length-dependent mechanisms; LCSFAs are targeted into
the mitochondrial matrix for B-oxidation through a trans-
port system consisting of palmitoyltransferases (18, 24, 27),
whereas MCSFAs are transported independently into the
mitochondria, allowing for more efficient modulation of
mitochondrial energy production (18, 24). Hence, chain
length of SFAs plays a critical role in regulating mitochondrial
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function; however, the impact of SFA hydrocarbon chain
length on mitochondrial function in sensory neurons is
unknown.

Dorsal root ganglion (DRG) sensory neurons require mi-
tochondrial energy production throughout the length of
the axon to facilitate neuronal function (28). This requires
molecular motors, including kinesin-1 and dynein, to dis-
tribute mitochondria throughout the length of the axon
in an anterograde and retrograde direction, respectively.
Mitochondrial trafficking mechanisms and mitochondrial
function are regulated by a complex network of both post-
translational cues and the metabolic state to maintain axo-
nal energy homeostasis (29-33). Interestingly, our recent
studies indicate that mitochondrial trafficking mechanisms
are tightly regulated by the LCSFA palmitate, which impairs
mitochondrial transport in DRG neurons and impairs mito-
chondrial function (16). In this study, we evaluated the
metabolic effects of SFA hydrocarbon chain length on mito-
chondrial axonal transport, mitochondrial function, and
apoptosis in DRG sensory neurons.

MATERIALS AND METHODS

Primary DRG neuron cultures

DRG neuron preparation for confocal imaging included dis-
section of adult C57Bl/6] mice, dissociation of extracted DRGs,
and culture of DRG neurons per our previously published proto-
cols (16, 34-36). All animal work protocols adhered to the state,
federal, and University of Michigan guidelines accredited by the
Association for the Assessment and Accreditation of Laboratory
Animal Care International. Protocols were approved by the Uni-
versity of Michigan Institutional Animal Care and Use Committee
(Protocol no. PRO00008115). Briefly, cervical, lumbar, and tho-
racic DRGs were extracted from 16—18 wk old C57Bl/6] mice
(The Jackson Laboratory, Bar Harbor, ME) and collected in L15
medium (Lonza, Basel, Switzerland). Subsequent to a 30 min
incubation in 2 mg/ml collagenase (Millipore-Sigma, Billerica,
MA), DRGs were dissociated into a single-cell suspension by con-
secutive trituration with a Pasteur pipet and a fire-polished glass
pipet in heat-inactivated BSA. Dissociated neurons were resus-
pended in primary DRG neuron treatment medium (TM) [50%
F-12K (Cell Gro; Corning, Manassas, VA) and 50% DMEM (Cell
Gro; Corning), 1:100 dilution of Nb*, 1,000 U/ml penicillin/
streptomycin/neomycin (Thermo Fisher Scientific, Waltham,
MA), and 7.2 pM aphidicolin (Millipore-Sigma)] supplemented
with 1x B27 and 0.4 pM r-glutamine (16). Neurons were trans-
fected with 3.75 pl/ml CellLight mitochondria-GFP (mito-GFP
BacMam 2.0, Thermo Fisher Scientific) prior to plating on 4-well
25 wg/ml laminin-coated (Millipore-Sigma) Nuc Lab-Tek cham-
bered coverglass imaging plates (Thermo Fisher Scientific). DRG
neurons adhered after 24 h, and medium was replaced with pri-
mary DRG neuron feed medium (TM containing 1x B27) (16) for
another 24 h. Within 48 h after plating, DRG neurons extended
axons and were treated with SFAs ranging in hydrocarbon chain
lengths from C12:0—C18:0.

SFA treatments

DRG neuron cultures were treated for 24 h with 31.25—250 uM
laurate (C12:0), myristate (C14:0), palmitate (C16:0), or stearate
(C18:0). All SFAs were conjugated to FA-free BSA (Thermo Fisher

Scientific) as described previously (16) and diluted to final
concentration(s) in TM. A TM control was used to establish the
basal level of mitochondrial trafficking in DRG neurons. A 0.25%
BSA vehicle control was used to evaluate the effect of BSA alone
(0.25% BSA was present in the highest 250 uM SFA treatment
groups). To evaluate whether mitochondrial trafficking could be
restored after SFA treatments, DRG neuron cultures were treated
with 62.5, 125, or 250 pM palmitate or stearate for 12 h, washed
twice with TM, and replaced with TM for 12 h. A 12 h treatment
with 62.5, 125, or 250 wM palmitate or stearate was a negative
control to establish the level of impaired mitochondrial traffick-
ing after 12 h of SFA treatment.

Mitochondrial trafficking and kymograph analysis

Mitochondrial axonal transport was visualized by confocal time-
lapse microscopy as previously described (16, 37). Briefly, mito-
chondrial movement in DRG axons was imaged on a Nikon Al
confocal microscope (Nikon Instruments, Melville, NY) equipped
with NIS Elements software (Nikon Instruments) and a Tokai
Hit environmental chamber (Tokai Hit, Shizuoka-ken, Japan) to
maintain DRG neurons at 5% CO, and 37°C. Microscope settings
were optimized for recording axonal mitochondrial movement
using a 40x oil objective with a confocal aperture set at a 4.49 pum
optical thickness. For each DRG neuron, mitochondrial motility
was recorded by taking a 2x zoom image every 2.5 s for 2.5 min
using the NIS Elements ND acquisition.

Image analysis was completed using a kymograph analysis with
MetaMorph Software (Molecular Devices, Sunnyvale, CA) as de-
scribed previously (16). For each neuron, an anterograde region
of interest was drawn along the axon and used to record mito-
chondrial movement within 10 wm of the region of interest, gen-
erating two kymographs to highlight motile mitochondria and
stationary mitochondria (16, 37-39). These kymographs were
used to assess the average percentage of motile mitochondria, mi-
tochondrial bidirectionality (either anterograde or retrograde),
and mitochondrial velocity. Mitochondria with a velocity less than
a threshold velocity of 0.02 wum/s were considered stationary (16,
37). Mitochondrial trafficking results were derived from an aver-
age of 17 neurons for each SFA treatment from three separate
experimental replicates.

Mitochondrial depolarization analysis

To assess the effect of SFA hydrocarbon chain length on mito-
chondrial depolarization, DRG neurons were labeled with a
mitochondrial membrane potential-dependent fluorophore, tet-
ramethylrhodamine methyl ester (TMRM) (Thermo Fisher Sci-
entific) (36, 40, 41), as described previously (16). Primary DRG
neurons were transfected with mito-GFP, cultured for 48 h, and
treated with 125 uM laurate, myristate, palmitate, and stearate as
described above. After 24 h of treatment, DRG neurons were
stained with 50 nM TMRM for 30 min at 37°C. Single sequential
images of DRG neurons were taken in both the red channel
(TMRM signal) and green channel (mito-GFP signal) on a Nikon
Al confocal microscope. Images of TMRM staining intensity were
analyzed by masking the TMRM signal to mito-GFP labeled mito-
chondria using the MetaMorph Image Analysis program (Molecu-
lar Devices). A threshold TMRM intensity was set at 1,000 intensity
units (1.5% max, range 0-65,536), and all mitochondria with
TMRM staining below 1,000 were marked as depolarized. An aver-
age of 36 neurons were evaluated from three experimental repli-
cates for each treatment condition.

50B11 DRG neuron cell culture and differentiation

To evaluate the dependence of ATP production and apoptotic
activation on SFA hydrocarbon chain length in DRG neurons, an
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immortalized 50B11 DRG neuron cell line (42) was treated with
physiological concentrations of laurate, myristate, palmitate, or
stearate. Briefly, 50B11 cells were cultured in 50B11 Neurobasal
medium (Gibco) containing 10% (v/v) heatinactivated FBS
(Gibco), 0.2% (v/v) glucose, 0.5 mM L-glutamine (Gibco), and
5.6x B27 (Gibco). The 50B11 cells were plated in triplicate in a
96-well assay plate at 10,000 cells/well. Cells were grown for 48 h
and then differentiated on the assay plate by exchanging the plat-
ing medium for 50B11 Neurobasal medium containing 75 pM
forskolin (Sigma). After 12 h of exposure to forskolin, 50B11
neurons extended axons and were treated with physiological
concentrations of 62.5—250 uM MCSFAs and LCSFAs for 24 h.
SFA treatments were prepared as described above in 50B11 Neu-
robasal medium containing 75 pM forskolin.

Caspase-Glo 3/7 and CellTiter-Glo assays

SFA-treated differentiated 50B11 DRG neurons were evaluated
for ATP level using a CellTiter-Glo kit (Promega, Madison, WI) or
for apoptosis using a Caspase-Glo 3/7 assay Kit (Promega) after
24 h of SFA treatment, according to the manufacturer’s protocol.
To assess ATP production in SFA-treated 50B11 cells, a 1:1 ratio of
CellTiter-Glo reagent was added to each well. Apoptotic activity
was evaluated by mixing Caspase-Glo 3/7 reagent with 50B11 cell
culture medium at a 1:1 ratio. The luminometric reactions were
mixed on a rotating shaker for 30 s and incubated at room tem-
perature for 1 h. Luminometric signals from each well were read
at 30 min and 1 h time points on a Synergy|HTX multimode plate
reader (BioTek, Winooski, VT) equipped with Genb software
(version 3.03) using integration times of 500 and 1,000 ms. An
average of 6 wells of 50B11 DRG neurons from each SFA treat-
ment condition were analyzed from two experimental replicates.

Mitochondrial morphology analysis

Images from mitochondrial trafficking studies were processed
through an Image] macro to evaluate alterations in mitochon-
drial circularity and mitochondrial size. Images were analyzed
from each 250 uM SFA treatment condition and the correspond-
ing 0.25% vehicle control at a 1,024 x 1,024 resolution using
the NIS-Elements Software (Nikon Instruments). Mitochondrial
morphology analysis was performed using a mitochondrial mor-
phology macro in Fiji to determine mitochondrial circularity and
area as described previously (43, 44). To determine mitochon-
drial size distribution, the mitochondria were binned into differ-
ent size categories with each bin increasing by 2 wm?® (45) using
a frequency distribution and Kolmogorov-Smirnov test to show
SFA-induced statistically significant changes in mitochondrial
size (46).

Statistics

Statistical analyses of all studies were completed using Prism,
Version 7 (GraphPad Software, La Jolla, CA). Results from mito-
chondrial trafficking studies, mitochondrial depolarization stud-
ies, and Caspase-Glo 3/7 assays are expressed as means + SEM.
Data resulting from mitochondrial trafficking, mitochondrial de-
polarization, CellTiter-Glo, and Caspase-Glo 3/7 studies were ana-
lyzed for significance using one-way ANOVA and Tukey’s posthoc
test for multiple comparisons. Mitochondrial circularity results
were analyzed for statistical significance with an unpaired #test
and mitochondrial size was evaluated using the Kolmogorov-
Smirnov test (46). Mitochondrial trafficking and mitochondrial
depolarization studies exhibited statistical significance at P< 0.01,
CellTiter-Glo assays were significant at < 0.0001, and mitochon-
drial morphology studies and Caspase-Glo 3/7 experiments
showed statistical significance at P < 0.05.
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RESULTS

LCSFAs reduce the percentage of motile mitochondria

To assess the dependence of axonal mitochondrial traf-
ficking on SFA hydrocarbon chain length, DRG neurons
were treated with physiologic concentrations of MCSFAs
and LCSFAs, and mitochondrial movement was evaluated
by time-lapse confocal microscopy and kymograph analyses
(Fig. 1A). Approximately 40% of the axonal mitochondria
were motile in DRG neurons exposed to TM and 0.25%
BSA controls without SFA treatments. The percentage of
motile mitochondria was not significantly impacted in DRG
neurons treated with laurate (C12:0) (Fig. 1A, B) or my-
ristate (C14:0) (Fig. 1A, C) at concentrations ranging from
31.25 to 250 uM. Conversely, treatment with concentrations
ranging from 62.5 to 250 uM palmitate (Fig. 1A, D) and
31.25 to 250 uM stearate (Fig. 1A, E) resulted in a dose-de-
pendent reduction in mitochondrial motility. Stearate and
palmitate at a concentration of 250 M reduced the per-
centage of motile mitochondria from approximately 40%
to 5-10%, whereas 250 pM laurate and myristate retained
30—40% of motile mitochondria. The 62.5-250 uM palmi-
tate and stearate 12 h treatments significantly impaired
mitochondrial transport, similar to the 24 h treatments.
However, washout experiments showed that axonal mito-
chondrial transport was only partially restored 12 h after the
palmitate (Fig. 1F) or stearate (Fig. 1G) treatments had
been replaced with TM, but these changes were not signifi-
cant. Hence, DRG neurons treated with physiologic con-
centrations of the LCSFAs palmitate (C16:0) and stearate
(C18:0) exhibited impaired mitochondrial motility, whereas
treatment with the shorter-chain SFAs laurate (C12:0) and
myristate (C14:0) had no effect.

Mitochondrial trafficking directionality is mildly affected
by LCSFAs

Bidirectional mitochondrial transport is essential for
maintaining a functional population of axonal mitochon-
dria at distal regions of DRG axons for ATP production (16,
17, 28). Therefore, we investigated whether SFAs offset the
balance between anterograde transport of healthy mito-
chondria away from the cell body into the axon and retro-
grade clearance of old mitochondria from the axon back
toward the cell body. The percentage of motile mitochon-
dria trafficking in the anterograde and retrograde direction
was not significantly altered by laurate (C12:0) (Fig. 2A)
or myristate (C14:0) (Fig. 2B). DRG neurons treated with
250 M palmitate exhibited a reduction in anterograde mi-
tochondrial transport; however, these results are not signifi-
cant because the directionality of mitochondrial movement
was only evaluated in 8% of motile mitochondria after 24 h
of 250 uM palmitate treatment (Fig. 2C; see also Fig. 1D).
Stearate, conversely, exhibited a trending dose-dependent
increase in the percentage of anterograde moving mito-
chondria at concentrations of 62.5-250 uM (Fig. 2D).
Taken together, these data indicate that only trending al-
terations in the bidirectionality of mitochondrial movement
occur in the presence of higher physiologic concentrations
of the LCSFAs palmitate and stearate.
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Fig. 1. LCSFAs palmitate and stearate induce a dose-dependent decrease in mitochondrial trafficking in mouse DRG neurons. A: Repre-
sentative kymographs from each treatment condition show the movement of individual mitochondria (white lines) from 0 to 150 s. Antero-
grade moving mitochondria (—) are identified as lines moving toward the right of the kymograph, and retrograde mitochondria (<)
migrate toward the left of the kymograph as the time progresses from 0 to 150 s. A distinct decrease in the number of motile mitochondria
was observed in DRG neurons treated with increasing concentrations of palmitate and stearate compared with laurate and myristate. B, C:
Laurate and myristate had no significant impact on the percent motile mitochondria. D: Palmitate induced a dose-dependent decrease in
the percent motile mitochondria at concentrations ranging from 62.5 to 250 uM. E: Stearate induced a dose-dependent reduction in mito-
chondrial trafficking from 31.25 to 250 wM. F, G: Mitochondrial transport was partially recovered in DRG neurons exposed to a 12 h TM
wash (W) after a 12 h palmitate (F) or stearate (G) treatment at all concentrations ranging from 62.5 to 250 wM. The percentage of motile
mitochondria was slightly increased compared with the 12 h palmitate (F) or stearate treatments (G), but the increase in axonal mitochon-
drial trafficking was not significant. The number within each bar represents the total number of DRG neurons that were evaluated for each
treatment condition across three separate experimental trials. Values are expressed as mean = SEM. * P<0.01, ordinary one-way ANOVA with
Tukey’s multiple-comparisons test.
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Velocity of mitochondrial motility is reduced by LCSFA
treatment

Because stationary mitochondria in DRG axons have
the capacity to slow organellar transport in the antero-
grade and retrograde directions in healthy DRG neuronal
cultures (47, 48), and because the slowing of organellar
transport was observed in healthy DRG neurons in culture
(47), we next sought to determine whether an increase in
the number of stationary mitochondria in LCSFA-treated
DRG neurons led to an overall reduction in mitochon-
drial velocity (Figs. 3, 4). Mitochondrial trafficking in DRG
neurons treated with laurate (Figs. 3A, 4A) and myristate
(Figs. 3B, 4B) retained anterograde and retrograde veloci-
ties ranging from 0.15 to 0.25 wm/s, similar to those of the
TM and 0.25% BSA controls. Conversely, treatment with
palmitate induced a trending dose-dependent decrease in
anterograde (Fig. 3C) and retrograde (Fig. 4C) velocities
of motile mitochondria, whereas treatment of DRG neu-
rons with 31.25-250 uM stearate induced significant dose-
dependent reductions in both anterograde (Fig. 3D) and
retrograde (Fig. 4D) mitochondrial velocities. These data
indicate that C16:0-C18:0 LCSFA-treated DRG neurons
exhibit a dose-dependent reduction in mitochondrial ve-
locity, whereas treatment with shorter-chain SFAs have no
effect, further suggesting that the number of stationary
mitochondria may have a direct impact on mitochondrial
trafficking velocity.

LCSFAs induce mitochondrial depolarization

Impairment of mitochondrial trafficking correlates with
a reduction in mitochondrial membrane potential in pal-
mitate-treated DRG neurons (16, 36, 49); therefore, we
next assessed the effect of SFA hydrocarbon chain length
on mitochondrial depolarization. We measured mitochon-
drial depolarization using a cationic red fluorescent probe,
TMRM, that accumulates in the mitochondrial matrix of
functional mitochondria but diffuses during a loss of mi-
tochondrial membrane potential (Fig. 5A). Bright TMRM
staining indicative of polarized mitochondria in the TM
and 0.25% BSA control established a baseline of ~10%
of mitochondria that were depolarized (Fig. bA, B). Treat-
ment with both laurate and myristate retained mito-
chondrial membrane potential, with no significantincrease
in the percentage of depolarized mitochondria, whereas
treatment with palmitate and stearate both induced a hy-
drocarbon chain length-dependent increase in mitochon-
drial depolarization (Fig.5B). Mitochondrial depolarization
resulting from palmitate and stearate treatments corre-
lated with a significant reduction in ATP production in
50B11 DRG neurons (Fig. 5C). Both 125-250 uM palmi-
tate and 125-250 pM stearate treatments resulted in a
dose-dependent reduction in ATP, whereas laurate and
myristate had no impact on ATP level. The 250 wM stearate
treatment nearly abolished ATP production, reducing the
ATP level by over 92%. This impairment in mitochondrial
function is also associated with alterations in mitochon-
drial morphology, evidenced by an increase in mitochon-
drial size and circularity in DRG neurons treated with
250 wM stearate and 250 uM palmitate (Fig. 6C, D, G, H).
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These alterations in mitochondrial morphology did not oc-
cur in DRG neurons treated with 250 puM laurate (Fig. 6A,
E) and 250 uM myristate (Fig. 6B, F). Together, these data
indicate that mitochondrial membrane potential, mito-
chondrial function, and mitochondrial morphology are
dependent on SFA hydrocarbon chain length.

LCSFAs induce apoptosis

Because SFA treatment can mediate apoptosis (50, 51),
the level of apoptosis was examined in 50B11 DRG neurons
treated with elevated concentrations of SFAs. Caspase 3/7
activity level, measured by the mean normalized relative
light units (RLUs), was 0.1 RLU for DRG neurons from the
TM and 0.25% BSA control groups (Fig. 7). Similarly, neu-
rons treated with 62.5-250 uM laurate or myristate did not
exhibit significant increases in caspase 3/7 activity (Fig. 7).
Conversely, 50B11 DRG neurons treated with 125-250 uM
palmitate or stearate exhibited significant dose-dependent
increases in caspase 3/7 activity, with RLUs approximately
8-10 times higher than those of the controls. Interestingly,
62.5 puM palmitate or stearate did not lead to increases in
caspase 3/7 activity, despite the fact that this treatment sig-
nificantly impaired mitochondrial trafficking (Figs. 1D, E,
2C, D, 3C, D, and 4C, D).

DISCUSSION

We examined the impact of SFA hydrocarbon chain
length on mitochondrial trafficking, mitochondrial dys-
function, and apoptosis in sensory DRG neurons based on
previous studies suggesting that nerve damage and sensory
neuronal dysfunction underlying the progression of DPN
is linked to an increased intake of SFAs associated with the
Western diet (9, 10, 17). We found that 24 h treatments
with LCSFAs at physiological concentrations of 62.5-250
M palmitate and 31.25-250 wM stearate significantly im-
paired mitochondrial axonal trafficking in a dose-dependent
manner, whereas treatments with 31.25-250 puM MCSFA
laurate and 31.25-250 uM LCSFA myristate had no sig-
nificant impact on mitochondrial movement in DRG ax-
ons after 24 h. Moreover, the impairment of mitochondrial
trafficking by palmitate and stearate correlated with a re-
duction in mitochondrial membrane potential and ATP,
altered mitochondrial morphology, and an induction of
neuronal apoptosis that was not observed in DRG neurons
treated with laurate or myristate. Collectively, these data
suggest that increases in the LCSFAs palmitate and stearate
impair mitochondrial trafficking and mitochondrial func-
tion and induce the initiation of DRG neuronal apoptosis.

The Western diet is enriched in SFAs that are linked to
the development of neurodegenerative diseases (52-54).
Recent studies indicate that the FA composition and the
source of fat in high-fat-diet mouse models significantly
contributes to downstream molecular dysfunction (55).
Lard-based high-fat diets that are used to mimic the West-
ern diet consist of greater LCSFAs and few MCSFAs (56,
57). Interestingly, C57Bl/6] mice fed lard-based high-fat
diets develop peripheral neuropathy and the metabolic
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Fig. 2. LCSFA stearate treatment exhibits a preference for anterograde mitochondrial trafficking. A, B: Laurate and myristate showed no
significant alteration in directionality of mitochondrial trafficking after 24 h treatments. C: Similarly, DRG neurons treated with palmitate
for 24 h did not exhibit a preference for anterograde (open bars) or retrograde (filled bars) directionality, although a visible but nonsignifi-
cant reduction in anterograde mitochondrial transport was noted at 250 M palmitate. D: Treatments of 125-250 wM stearate induced a
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defects associated with T2D, including weight gain, hyper-
insulinemia, impaired glucose tolerance, increased HbAlc,
and dyslipidemia (10, 58). Modeling dyslipidemia in cultures
of sensory DRG neurons also induces significant neuronal
damage, including oxidative stress, impaired mitochon-
drial trafficking, dysfunctional axonal mitochondria, bio-
energetic reprogramming, and neuronal dysfunction as a
result of increased levels of LCSFAs (14-17, 27, 59, 60). In
parallel, several recent studies also indicate that normaliza-
tion of MCSFA levels in lard-based high-fat-diet mouse mod-
els leads to a reduction in adiposity and insulin resistance

associated with T2D (24, 25, 56, 61-63), suggesting that
cellular dysfunction is dependent on hydrocarbon chain
length. These data support the rationale for our current
evaluation of the impact of SFA hydrocarbon chain length
on mitochondrial transport and function in the primary
sensory DRG neurons damaged in DPN.

The DRG sensory neurons extend axons up to 1 m in
length and are dependent on transport mechanisms that
shuttle mitochondria throughout the length of the axon to
provide energy for neuronal function (28, 29, 64-66). We
recently found that DRG neuron mitochondrial trafficking
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Fig. 3. LCSFAs palmitate and stearate induce dose-dependent reductions in anterograde mitochondrial trafficking velocity in mouse DRG
neurons. A, B: Laurate and myristate have no effect on anterograde mitochondrial velocity. Palmitate treatments exhibit a trending dose-
dependent decrease in anterograde velocity (C), whereas stearate treatments ranging from 31.25 to 250 uM induce significant dose-depen-
dent reductions in anterograde mitochondrial trafficking velocity after 24 h (D). The number in each bar is the total number of DRG
neurons that were evaluated for each treatment condition in three separate experimental trials. Values are expressed as mean + SEM.
* P<0.01, ordinary one-way ANOVA with Tukey’s multiple-comparisons test.

mechanisms are unaffected by elevated glucose levels,
whereas axonal mitochondrial transport and function are
significantly impaired in the presence of the LCSFA palmi-
tate (16). To determine whether MCSFAs and LCSFAs
have different effects on DRG neurons, we first assessed the
impact of SFA hydrocarbon chain length on the percent-
age of motile mitochondria in DRG axons. Physiological
concentrations of palmitate (C16:0) and stearate (C18:0)
significantly reduced mitochondrial trafficking in a dose-
dependent manner, whereas laurate (C12:0) and myristate
(C14:0) had no effect on the percentage of motile mito-
chondria. Mitochondrial trafficking was only partially re-
stored 12 h after removal of the LCSFAs palmitate and
stearate in washout experiments, showing that LCSFAs
induce lasting metabolic dysfunction leading to alterations
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in mitochondrial trafficking that cannot be repaired by
short-term removal of LCSFAs. These results suggest that
mitochondrial trafficking is only impaired by treatments
with energetically challenging LCSFAs ranging from C16:0
to C18:0, whereas SFAs with shorter hydrocarbon chains
(C12:0-C14:0) have no impact on mitochondrial motility.
These effects are likely due to the unique metabolic avail-
ability of laurate (C12:0) and myristate (C14:0), as they are
directed through oxidative pathways and promote higher
energy expenditure compared with the LCSFAs palmitate
and stearate (26). Passive diffusion of shorter hydrocarbon-
chain SFAs into DRG neurons allows for translocation di-
rectly into mitochondria for B-oxidation independent of
transporter proteins (26, 56). Conversely, translocation of
energetically challenging LCSFAs into the DRG neuronal
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Fig. 4. LCSFAs palmitate and stearate induce dose-dependent reductions in retrograde mitochondrial trafficking velocity in mouse DRG
neurons. A, B: Retrograde mitochondrial velocity is unaffected by laurate and myristate treatments. Palmitate treatments ranging from 62.5
to 250 uM induce a trending decrease in retrograde velocity (C), whereas stearate treatments ranging from 31.25 to 125 pM induce a signifi-
cant dose-dependent decrease in retrograde velocity (D). Each bar contains the total number of DRG neurons analyzed for each treatment
condition. Values are expressed as mean + SEM. * P< (.01, ordinary one-way ANOVA with Tukey’s multiple-comparisons test.

mitochondria for B-oxidation requires specialized FA
binding proteins and carnitine palmitoyltransferase trans-
porter proteins (19). Excess intracellular levels of LCSFAs
palmitate and stearate stimulate the production of lipotoxic
lipid intermediates that induce mitochondrial dysfunction,
mitochondrial depolarization (67), and bioenergetic repro-
gramming (15, 16). Therefore, maintenance of mitochondrial
transport in laurate- and myristate-treated DRG axons is
likely due to the metabolic availability of these SFAs that
prevent intracellular stress pathways induced by the LCSFAs
palmitate and stearate.

Bidirectional mitochondrial trafficking in DRG axons
is essential for the distribution of healthy mitochondria
throughout the axon by anterograde mitochondrial trans-
port and the return of unhealthy mitochondria to the cell

body for degradation via retrograde transport (28, 31, 68).
We found that bidirectional mitochondrial movement was
not significantly altered by the MCSFA or LCSFAs evalu-
ated; however, the trending dose-dependent increase in
anterograde transport at high concentrations of stearate
indicates that a decrease in overall mitochondrial motility
may trigger recruitment of the remaining motile mito-
chondria to the axon to preserve DRG neuronal function.
Increased anterograde transport of mitochondria into the
axon may be the result of impaired mitochondrial bioener-
getics due to lipid overload (15, 16) or lipid-induced mo-
lecular changes to the axonal microtubule or mitochondrial
transport proteins (66, 69, 70). It is important to note,
however, that the average percentage of anterograde or
retrograde mitochondrial motility in LCSFA-treated DRG
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neurons is determined from low numbers of motile mito-
chondria at high concentrations of stearate and will need
to be confirmed in future studies.

The reduction in mitochondrial motility in palmitate-
and stearate-treated DRG neurons further correlated with
a decrease in mitochondrial trafficking velocity in both the
anterograde and retrograde directions; shorter-chain SFAs
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had no impact on the velocity of mitochondrial axonal
movement. These results extend our previous work on pal-
mitate-induced impairment of mitochondrial trafficking
velocity (16) and are also in agreement with a recent report
indicating that cargo transported along the microtubule
in DRG axons reduces velocity in response to stationary
axonal cargos (47, 48). These transient pauses occur when
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Fig. 7. Caspase 3/7 activity is increased in 50B11 DRG neurons ex-
posed to elevated levels of palmitate and stearate. No significant in-
creases in caspase 3/7 activity resulted from laurate and myristate
treatments ranging from 62.5 to 250 wM compared with the TM and
0.25% BSA control. Concentrations of 187.5-250 pM palmitate and
stearate led to a dose-dependent amplification of caspase 3/7 activ-
ity, whereas 62.5 M palmitate and stearate maintained basal caspase
3/7 activation levels. Values are expressed as mean + SEM. * P<0.01,
ordinary one-way ANOVA with Tukey’s multiple-comparisons test.

cargo encounters stationary organelles in both the retro-
grade and anterograde directions. Therefore, the increase
in stationary mitochondria in DRG axons exposed to LCS-
FAs likely triggers a significant decrease in velocity of mo-
tile mitochondria.

Mitochondrial depolarization corresponds with impair-
ment of mitochondrial trafficking in palmitate- and stearate-
treated DRG neurons, again supporting the premise that the
percentage of depolarized mitochondria is dependent on
SFA hydrocarbon chain length. These results are in line with
previous studies that identify a correlation between mito-
chondrial depolarization and impaired mitochondrial traf-
ficking using inhibitors of the mitochondrial electron
transport chain (71, 72). We also showed that LCSFAs palmi-
tate and stearate reduce the level of intracellular ATP in DRG
neurons and that the degree to which the ATP level is re-
duced depends on hydrocarbon chain length. These results
are consistent with previous studies that identify LCSFAs
as uncouplers of mitochondrial oxidative phosphorylation,
whereas MCSFAs promote efficient mitochondrial oxidation
(18, 24, 56). Moreover, LCSFAs can open the permeability
transition pore, leading to the uncoupling of the mitochon-
drial membrane (60, 67). This uncoupling potential is higher
for LCSFAs than for MCSFAs (18, 67). Because mitochon-
drial membrane potential is required to drive intracellular
ATP synthesis, our results suggest that the high uncoupling
potential of LCSFAs palmitate and stearate induce a loss of
mitochondrial membrane potential that diminishes ATP
production. The ATP deficit in the LCSFA-treated DRG neu-
rons is likely due to uncoupling of oxidative phosphorylation
and bioenergetic dyshomeostasis (15, 16). LCSFA-induced
mitochondrial depolarization also correlates with alterations
in mitochondrial morphology, resulting in larger axonal
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mitochondria with a higher circularity index (Fig. 6). These
morphological changes are a signature of neuronal mito-
chondrial dysfunction and result from swelling due to a loss
of inner membrane structure during the mitochondrial per-
meability transition pore (73).Together, these results suggest
that palmitate- and stearate-induced mitochondrial depolar-
ization may underlie a reduction in ATP synthesis and im-
pairment in mitochondrial trafficking, whereas myristate and
laurate have no impact on mitochondrial function and there-
fore preserve mitochondrial trafficking.

Although SFAs have been previously reported to induce
mitochondrial dysfunction and apoptosis in several cell
types (50, 51, 74), studies drawing associations between mi-
tochondrial dysfunction and apoptotic effects of MCSFAs
and LCSFAs in DRG neurons are limited. We found that
palmitate and stearate induced significant increases in cas-
pase 3/7 levels, whereas laurate and myristate had no effect
on caspase 3/7 activation. Interestingly, increases in caspase
3/7 activity were only observed at higher concentrations of
187.5-250 uM palmitate and stearate, despite the fact that
the 62.5 wM palmitate and stearate treatments impaired
mitochondrial trafficking and induced mitochondrial de-
polarization. These results indicate that mitochondrial
depolarization and impaired trafficking likely precede neu-
ronal apoptosis (14, 16, 60). We acknowledge that the con-
centration of LCSFAs required to enhance apoptosis could
be due to inherent metabolic differences in 50B11 cells, a
transformed DRG cell line (42), compared with primary
DRG neurons; however, the current data support our con-
tention that abnormal mitochondrial trafficking and mito-
chondrial depolarization correlate with increased DRG
neuronal apoptosis. These results are further supported by
literature demonstrating that mitochondrial depolarization
leads to cytochrome c release and energetic failure, result-
ing in the activation of apoptosis (41, 75-77).

Opverall, our study suggests that the energetically challeng-
ing LCSFAs palmitate and stearate impair mitochondrial traf-
ficking and function, thereby leading to DRG neuronal
apoptosis. Conversely, the shorter-chain SFAs myristate and
laurate have no impact on the function or axonal transport
of mitochondria in DRG neurons. Our current data have also
defined a distinct SFA hydrocarbon chain length cutoff; SFAs
with a length <C14:0 maintain complete DRG mitochon-
drial transport and function, whereas C16:0-C18:0 LCSFAs
abolish mitochondrial trafficking, impair mitochondrial
function, and activate apoptotic pathways. These studies
identify a highly specific metabolic regulation of DRG neuro-
nal mitochondrial function related to the hydrocarbon chain
length of SFAs and provide new mechanistic insight into the
association of dyslipidemia and DPN.H
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