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Abstract

To meet energy demands, dorsal root ganglion (DRG) neurons harbor high mitochondrial content, 

which renders them acutely vulnerable to disruptions of energy homeostasis. While neurons 

typically rely on mitochondrial energy production and have not been associated with metabolic 

plasticity, new studies reveal that meclizine, a drug, recently linked to modulations of energy 

metabolism, protects neurons from insults that disrupt energy homeostasis. We show that 

meclizine rapidly enhances glycolysis in DRG neurons and that glycolytic metabolism is 

indispensable for meclizine-exerted protection of DRG neurons from hypoxic stress. We report 

that supplementation of meclizine during hypoxic exposure prevents ATP depletion, preserves 

NADPH and glutathione stores, curbs reactive oxygen species (ROS) and attenuates mitochondrial 

clustering in DRG neurites. Using extracellular flux analyzer, we show that in cultured DRG 

neurons meclizine mitigates hypoxia-induced loss of mitochondrial respiratory capacity. 

Respiratory capacity is a measure of mitochondrial fitness and cell ability to meet fluctuating 

energy demands and therefore, a key determinant of cellular fate. While meclizine is an ‘old’ drug 

with long record of clinical use, its ability to modulate energy metabolism has been uncovered 

only recently. Our findings documenting neuroprotection by meclizine in a setting of hypoxic 

stress reveal previously unappreciated metabolic plasticity of DRG neurons as well as potential for 

pharmacological harnessing of the newly discovered metabolic plasticity for protection of 

peripheral nervous system under mitochondria compromising conditions.
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INTRODUCTION

Mammalian cells differ in their oxygen consumption, energy production and energy 

demands. Energy production occurs largely in mitochondria, which are also the main source 

of ROS that can be injurious under normal and more so under compromised conditions [1]. 

Neurons typically respond to changing energy demands by increasing oxygen consumption 

and elevating mitochondrial oxidative phosphorylation (OXPHOS) which is associated with 

increases in ROS generation [2–4]. In the peripheral nervous system (PNS) dorsal root 

ganglion (DRG) neurons, ROS is amplified by the high mitochondrial content and can be 

further increased by disruption of energy homeostasis [5, 6]. This raises the question 

whether under compromised conditions metabolic reprogramming might constitute a 

mechanism for shielding neurons from mitochondria initiated injury and dysfunction. In 

support of such scenario, brain region-specific capacity for differential usage of energy 

substrates under stress has been described [7–9] and while metabolic plasticity has not been 

generally associated with nerve cells, recent report challenges this premise demonstrating 

that sensory neurons have the capability to use non-OXPHOS energy for axonal transport 

[10]. Interestingly, large screen for drugs capable of shifting energy metabolism away from 

mitochondrial respiration identified the ‘old’ antiemetic drug, meclizine [11]. Meclizine, a 

histamine H1 type antagonist, which previously has not been linked with energy metabolism 

proved neuroprotective in mouse model of ischemia and reperfusion [11], models of 

Huntington’s Disease (HD) [12] and most recently in models of Parkinson Disease (PD) 

[13]. This recent study expands the scope of previously proposed mechanisms of protection 

by meclizine [12, 14–16], demonstrating that in PD models meclizine confers 

neuroprotection by enhancing glycolysis without altering OXPHOS [13]. To test the premise 

that meclizine could be neuroprotective also in the PNS where compromised oxygen supply 

contributes to pathophysiology of various disease conditions [17–19], we investigated effects 

of meclizine supplementation in the course of hypoxic exposure of cultured DRG neurons. 

Cellular endpoints that were adversely affected by hypoxia in this sub-lethal model, include 

mitochondrial respiratory parameters as assayed by the Seahorse XF24 extracellular flux 

analyzer [20–24], ATP content, ROS formation [25], NADP+/NADPH ratios, glutathione 

stores [26] and morphology of DRG neurons.
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Since meclizine was reported to have ability to modulate energy metabolism [11, 13], we 

hypothesized that under hypoxic conditions, meclizine could stimulate glycolytic 

metabolism and ATP production, help maintain redox balance and curb ROS levels. Lower 

ROS is predicted to limit mitochondrial compromise and thereby sustain DRG neurons 

ability to resume OXPHOS and cellular functions after hypoxic challenge. We report that 

meclizine supplementation during hypoxic exposure of cultured DRG neurons, enhanced 

glycolysis, attenuated ATP depletion, reduced ROS levels and alleviated in dose-dependent 

manner the post-hypoxia decline of mitochondrial respiratory capacity.

METHODS

Isolation, culture and treatments of mouse DRG neurons and astrocytes

The mouse-handling procedure was approved by the University of Texas Medical Branch 

Institutional Animal Care and Use Committee. Dorsal root ganglion neurons were isolated 

from 3–4-month-old male C57BL/6 mice (Harlan Laboratories, USA) as described [27–30] 

with some modifications. Briefly, ganglia from all spinal levels were removed, placed in ice-

cold dissecting solution (130 mM NaCl, 5 mM KCl, 2 mM KH2PO4, 1.5 mM CaCl2, 6 mM 

MgCl2, 10 mM glucose and 10 mM Hepes, pH 7.2) and connective tissue was trimmed. 

Ganglia were incubated for 1 h at 37°C with collagenase type A (Roche) and trypsin, 

washed, incubated with DNase I (Roche), dissociated by 20 gentle triturations and spun at 

168 g for 3 min to pellet ganglia. Pellets were washed with DPBS, passed through 70 μm 

strainer, spun and re-suspended in DMEM/F12 (Sigma) supplemented with 10% FBS (Life 

Technologies), 10 ng/ml nerve growth factor (Sigma) and penicillin/streptomycin. Neurons 

were seeded in pre-coated (10 μg/ml laminin and 100 μg/ml poly-L-ornithine, Sigma) 96- or 

6-well plates or on glass coverslips at (3–4)×104 and (3–4)×103/cm2, respectively. 

Treatments were initiated at 24–30 h post seeding when neurons have had established 

adequate neurite network; cultures were maintained for 48 h prior to assaying. Meclizine 

dihydrochloride (#4245 R&D, Minneapolis, MN) stock solution was made 10 mM in 

dimethyl sulfoxide and stored in aliquots at −20°C. From pilot experiments in DRG cultures, 

30 μM meclizine was found adequate in short treatments (2.5 h) and 15 μM was sufficient in 

long treatments (16 h); DMSO was added to control cultures at matching concentrations. 

Hypoxic exposures of DRG cultures were done using established protocols [25, 31]; airtight 

modular incubator chamber (MIC-101, Billups Rothenberg, Del Mar, CA) was fitted with 

water vessel to maintain humidity and dual flow meter (DFM-3002, Billups-Rothenberg, 

Inc. Del Mar, CA) was used to achieve desired gas flow rate. DRG cultures were placed in 

chamber and air was purged with 5% CO2/95% nitrogen at a flow rate of 20 l/min for 3 min 

to achieve 1.5 ± 0.2% O2 (measured by oxygen pen 800047, Sper Scientific, Scottsdale, 

AZ). This treatment did not increase significantly cell death monitored by lactate 

dehydrogenase release and trypan blue uptake. Astrocytes were isolated from cortices of 1–3 

day old pups (C57BL/6) according to published protocols [32, 33]. Cortices were 

mechanically dissociated in cold PBS/0.05% trypsin and incubated 25 min/37°C prior to 

addition of DNase I. After gentle trituration preps were washed with DMEM, passed 

through 70 μm mesh and cells collected by 6 min spin at 250 g. Cells were seeded in poly-

D-lysine pre-coated dishes and grown in DMEM with 10% FBS and penicillin/streptomycin. 

At ~ 90%, confluence cells were split 1:2 and cultured to 90% confluence prior to re-seeding 
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(P2) in XF24 plates for XF24 assays. Parallel cultures were seeded on cover slips for 

characterization by glial fibrillary acidic protein immunofluorescence.

Measurement of oxygen consumption and extracellular acidification rates in DRG cultures

Seahorse XF24 extracellular flux analyzer (Seahorse Bioscience, North Billerica, MA) was 

used to measure oxygen consumption and extracellular acidification rates (OCR/ECAR) 

using established protocols [20–22] and as we described [23, 34]. DRG neurons seeded in 

XF24 plates ([1–1.3] ×104/well) were cultured as described above. Prior to XF24 

measurements medium was replaced with un-buffered Dulbecco’s Modified Eagle’s medium 

(Sigma, D5030) supplemented with 5 mM pyruvate/15 mM glucose/2 mM Glutamax 

(reagents were adjusted to pH 7.4) and equilibrated in CO2 free incubator at 37°C prior to 

assaying. All XF24 assays were carried out under normoxic conditions after the completion 

of indicated treatments. Assay protocols were implemented by XF24 analyzer software and 

measurements were recorded at 5-min intervals for all segments of assay. Sequential 

additions of mitochondrial effectors were through ports of XF24 cartridges; concentrations 

of effectors were optimized for DRG neurons to 2 μM oligomycin (O4876, Sigma), 2 μM 

carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), (C2920, Sigma) and 1.8 μM 

antimycin A (A8674, Sigma). Changes in OCR and ECAR in response to additions of 

effectors served to compare mitochondrial parameters between control and test groups [20, 

21]. Baseline OCR was calculated by subtraction of non-mitochondrial OCR, ie, the portion 

retained after addition of antimycin A. All values calculated for control cultures, ie, baseline 

OCR, OCR coupled to ATP synthesis, (which is revealed after the addition of oligomycin) 

and spare respiratory capacity (SRC), which is the difference between maximal and baseline 

OCR, were each assigned the value of 100%. Effects of treatments were calculated as 

percent change relative to each respective control.

Real-time quantitative PCR

Total RNA was isolated from 3×104 DRG neurons using RNeasy plus mini kit (Qiagen) and 

reverse transcribed with iScript RT supermix (Biorad) which contains random and oligo dT 

primers. Real-time PCR was done with CFX96 Real-Time System (Biorad). 18s and B2M 

gene transcripts were used as internal controls. PCR reactions were assembled in duplicates 

with SSO FAST Evagreen supermix (Biorad). PCR program was: 95°C 2 min, 40 cycles of 

95°C 5 sec, 55°C 15 sec. Data represent averages of 6 independent experiments. The relative 

amount of target gene was calculated as described [35] using the formula: -ΔΔCt=*(CT gene 

of interest - CT internal control) sample - (CT gene of interest - CT internal control) 

control]. Primer sequences are given in Supplementary Table 1.

Measurement of intracellular ATP

ATP Bioluminescence Assay Kit HS II (11699709001, Roche) was used to measure 

intracellular ATP content. DRG neurons were seeded in 96-well plates (104/well). After 

treatment, DRGs were trypsinized (0.125% trypsin), neutralized, collected, washed, re-

suspended and each sample divided into two aliquots. One aliquot was used for protein 

measurements using Bradford reagent (Biorad). Second aliquot was transferred to black-wall 

96-well plates for ATP determination using manufacturer’s protocol. Briefly, DRGs were 

lysed with lysis reagent followed by the addition of an equal amount (25 μl) dilution buffer. 
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Freshly prepared luciferase reagent was added and luminescence measured immediately 

using TECAN F200 Pro plate Reader (TECAN, San Jose, CA). ATP concentrations were 

calculated from a log-log plot of the standard curve, normalized to protein amounts and 

expressed as nmol/mg protein.

Measurement of lactate and glucose in culture medium

Lactate in medium was determined using lactate assay kit (L-lactate kit #1200014002, Eton 

Bio, San Diego, CA) as described [36]. Medium was collected, debris removed by 10,000 

g/2 min spin, supernatant diluted 1:10 and 50 μl samples loaded into 96-well plates, mixed 

with 50 μl lactate assay reagent for 30 min/37°C prior to reaction termination with 50 μl 0.5 

M acetate. O.D. was measured at 450 nm with TECAN FL200. Lactate concentrations were 

calculated from standard curve. For detection of low lactate concentrations after short 

duration experiments that parallel XF24 assays (2.5 h), the protocol was modified by 

replacing regular culture medium with DMEM without phenol red (Sigma D5030) 

supplemented with 5 mM pyruvate/15 mM glucose/2 mM Glutamax as used in XF24 assays. 

Glucose in medium was measured with K606-100 kit (Biovision, Milpitas, CA) using 

manufacturer’s protocol. Briefly, medium was collected, debris removed (10,000 g/2 min), 

supernatant diluted 1:10 and 5μl aliquots used for glucose detection. Absorbance at 590 nm 

was measured using TECAN FL200 and glucose concentrations were calculated from 

standard curve.

Immunofluorescence

DRG neurons were seeded on pre-coated coverslips and processed as we described [23, 34]. 

Coverslips were washed 2× with PBS, fixed in 4% paraformaldehyde, rinsed, permeabilized 

with 0.1% Triton X-100/0.1% sodium citrate in PBS for 9 min and blocked in PBS with 3% 

BSA (w/v)/1% Donkey serum (v/v) for 40 min/37°C. Primary antibodies were: rabbit anti-

Neurofilament 200 (1:20000, Sigma-N4142) and mouse anti-COX I (1:1500, 

Millipore-459606). After primary antibodies, coverslips were washed 3× in 1% BSA in PBS 

and incubated 45 min in the dark with 488 and 594 Alexa-dye conjugated anti-mouse and 

anti-rabbit IgG (Life Technologies). Coverslips were mounted with Prolong® Gold Anti-fade 

with DAPI (Life Technologies) and viewed/captured with 40× objective using Olympus 

IX71 fitted with QIC-F-M-12-C cooled camera (QImaging, Surrey, BC) and QCapture Pro 

(QImaging) software.

In situ imaging of superoxide mediated dihydroethidium oxidation

Superoxide mediated oxidation of dihydroethidium (#D23107, Invitrogen) to 2-

hydroxyethidium was assessed in live DRG neurons [37, 38] and as we previously described 

[39]. DRG neurons were cultured on glass coverslips, after termination of treatments 

cultures were supplemented with 100 nM dihydroethidium for 20 min incubation in the 

dark. Incubation was stopped by quick washes with PBS. Cultures were observed with 

Olympus IX71fluorescence microscope and images captured sequentially with QIC-F-

M-12-C cooled digital camera with the QCapture Pro software. Fluorescence intensity 

normalized to surface area of the individual DRG neurons demarcated by circular 

boundaries was scored using ImageJ software (NIH) and exported to Excel for determination 

of mean intensity and further analysis. At least 20 individual DRG neurons obtained in 3 
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independent biological experiments were scored for each test condition. For calibration 

purposes, decreases in ROS exerted by different doses of N-acetyl-L-cysteine (NAC) were 

also imaged (supplementary Figure 1).

Measurement of NADP+/NADPH ratio

Ratios of intracellular NADP+/NADPH were determined using NADP/NADPH-Glo™ kit 

(#G9081, Promega) and manufacturer’s protocol. DRGs were seeded at 104/well in 96-well 

plates. After treatment, DRGs were lysed in NADP+ or in NADPH lysis buffer at 60°C/15 

min. Lysates were neutralized, spun at 13,000 g/2 min to remove debris. Supernatants were 

loaded into white wall 96-well plate, mixed with detection reagent and incubated at 22°C/30 

min in the dark. Luminescence was read on TECAN FL200 plate reader. NADP+/NADPH 

concentrations were calculated from standard curves (Magellan™ software, TECAN, San 

Jose, CA).

Measurement of intracellular thiols levels and GSH/GSSG ratios

Assessment of reduced intracellular glutathione (GSH) levels was with Thioltracker Violet 

(Life Technologies) cell-permeant thiol-reactive fluorescent probe as described [40, 41]. 

DRG neurons were seeded in black wall 96-well plates (104/well). After treatments cultures 

were washed with PBS and freshly prepared 10 μM Thioltracker Violet in DPBS was added 

for 30 min/37°C in the dark. Following 2 washes with PBS, residual fluorescence was 

measured using the FL200 Tecan (excitation at 415 nm/emission 530 nm). Measurements of 

total and reduced glutathione levels were carried out using the GSH/GSSG-Glo 

luminescence based kit (V6611, Promega™) following the manufacturer’s guide using 96-

well white wall-plate format and TECAN FL200 plate reader.

Statistical analysis

Data are given as mean ± SEM obtained from at least 3 independent biological experiments, 

as indicated. One way ANOVA was employed to compare the means among groups followed 

by post-test Tukey’s analysis to determine differences in means of multiple groups. P<0.05 

was considered statistically significant. MegaStat® package for Excel was used.

RESULTS

Meclizine Reveals Metabolic Plasticity of Dorsal Root Ganglion Neurons

Extracellular acidification rates (ECAR) and oxygen consumption rates (OCR) report 

respective contributions of glycolytic energy metabolism and of mitochondrial respiration/

oxidative phosphorylation to cellular ATP production [20]. To determine whether meclizine 

stimulates glycolytic metabolism in cultured DRG neurons, changes in ECAR were assessed 

using the XF24 extracellular analyzer. ‘In-port’ addition of meclizine induced instantaneous 

40% increase in ECAR [Fig 1A, red], with no concomitant change in OCR [Fig 1B, red]. 

This indicates that within the monitored timeframe, meclizine affects glycolytic metabolism 

without altering mitochondrial respiration. Moreover, no differential modifications of 

ECAR/OCR responses to subsequent additions of the protonophore FCCP and the 

respiratory complex lll inhibitor, antimycin A were observed. ECAR response to FCCP 

reflects both, lactate production as well as generation of CO2, which is incidental to 
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mitochondrial substrate oxidation and hence is eliminated by antimycin A [42]. Here, 

antimycin A, partially abolished the FCCP-induced ECAR response, reflecting elimination 

of mitochondrial but not cytosolic contribution to ECAR [Fig 1A, red]. The contribution of 

lactate release to ECAR, examined by independent measurements of extracellular lactate 

after 2.5 h incubation of DRG neurons +/− meclizine (timeframe matching XF24 assays), 

revealed ~50% increase in lactate concentration by meclizine [Fig 1C]. This increase was 

abrogated by simultaneous supplementation of 2-deoxyglucose (2DG), a competitive 

inhibitor of hexokinase, the first enzyme of the glycolytic pathway, supporting the 

involvement of glycolytic metabolism in meclizine exerted effects on DRG neurons. In 

agreement with previous studies [11, 13, 16] suggesting that targets of meclizine may differ 

in cell type, dose and time dependent manner, we found that meclizine effects in DRG 

neurons differ from its effects in primary astrocytes [Fig 1D]. In astrocytes we observed 

meclizine-induced substantial gradual increase in ECAR and decrease in OCR, which in 

combination may reflect the well documented substantial glycolytic capacity of astrocytes 

[43] and their ability to divert energy production away from OXPHOS.

Meclizine does not stimulate expression of glycolytic genes under normoxic conditions

To examine potential involvement of meclizine in transcriptional regulation of glycolytic 

genes, DRGs were subjected to 16 h incubation under normoxic and hypoxic conditions 

with/without meclizine. Under normoxic conditions meclizine had no effect on expression of 

glycolytic genes [Fig 2, red] nor on the expression of a broad array of genes representing 

diverse cellular functions (Supplementary Figure 2), suggesting in agreement with previous 

reports [11] that primary effects of meclizine are not exerted at transcriptional level. Real-

Time PCR analyses revealed hypoxic upregulation of 9 out of 13 genes encoding proteins of 

the glycolytic pathway [Fig 2]. Among these, expression of 3 genes central to neuronal 

adaptive responses to hypoxia, glucose transporter 3 (GLUT3), hexokinase 2 (HK2) and 

lactate dehydrogenase A (LDHA), was further upregulated in the presence of meclizine, 

suggesting that in DRGs meclizine might contribute to hypoxic adaptation indirectly, via 

augmentation of glycolytic gene expression.

Meclizine enhances glucose consumption and lactate release in normoxia and hypoxia

To further characterize the involvement of meclizine in modulation of glycolytic 

metabolism, its effects on glucose consumption and lactate release were examined in DRG 

cultures incubated under normoxic and hypoxic conditions [Fig 3]. Greater consumption of 

glucose was measured in DRG cultures supplemented with meclizine in the course of 16 h 

under either normoxic or hypoxic conditions [Fig 3A]. Parallel measurements revealed also 

greater increases in extracellular lactate accumulation in the presence of meclizine under 

normoxic or hypoxic conditions [Fig 3B]. Importantly, 16 h hypoxia alone increased 

extracellular lactate levels nearly 3.5-fold revealing robust glycolytic capacity of DRG 

neurons. Simultaneous addition of 2DG, the inhibitor of glycolytic pathway, abrogated the 

effects of meclizine.

Meclizine enhances the pentose phosphate branch of glycolytic metabolism

To determine whether meclizine augmentation of glycolytic metabolism affects the pentose 

phosphate branch of glycolysis, products of the oxidative phase of pentose phosphate 
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pathway (PPP) were measured under normoxic and hypoxic conditions [Fig 4]. Hypoxia 

decreased NADPH levels by 50%, indicative of depletion of reducing equivalents and 

diminished antioxidant capacity in DRG neurons under hypoxic conditions. When DRG 

cultures were supplemented with meclizine in the course of hypoxia, NADPH was 

maintained at near normoxic levels. Preservation of favorable NADP+/NADPH ratio (0.18 

versus 0.32) by meclizine during hypoxia indicates that meclizine helps sustain redox 

balance under hypoxic conditions. Preservation of NADP+/NADPH ratio by meclizine in 

hypoxia was completely abrogated by supplementation of 2DG [Fig 4].

Meclizine preserves reduced glutathione levels and lessens ROS in hypoxic DRG neurons

In support of PPP involvement in protection of DRGs by meclizine, a downstream NADPH 

utilizing glutathione cofactor system was examined. Levels of reduced glutathione assessed 

by quantitation of intracellular thiol groups revealed meclizine-induced increases in reduced 

glutathione stores and lessening of their depletion in the course of hypoxic exposure; as 

expected, preservation of reduced glutathione stores by meclizine was abrogated by 2DG 

[Fig 5A]. These results were substantiated by independent luminescence based 

measurements of total and reduced glutathione [Fig 5B]. The calculated ratios of reduced/

oxidized glutathione (GSH/GSSG) revealed unfavorable shift by hypoxia and partial 

restoration of GSH/GSSG balance by meclizine. Augmentation of GSH/GSSG ratios under 

hypoxic conditions supports antioxidant defenses and redox balance and contributes to 

preservation of mitochondrial function. To determine whether these meclizine mediated 

changes improve ROS control in DRG neurons, ROS levels after hypoxic exposure were 

assessed by imaging in situ fluorescence of superoxide-mediated oxidation of 

dihydroethidium to 2-hydroxyethidium [Fig 5C] as we described [39]. Marked increases in 

dihydroethidium oxidation, indicative of elevated ROS were observed in DRG neurons 

subjected to hypoxia, while meclizine supplementation, reduced fluorescence intensity 

reflective of reduced ROS (fluorescence intensity was quantified by ImageJ, Fig 5C).

Hypoxia-induced loss of mitochondrial respiratory capacity is ameliorated by meclizine

To determine whether mitochondrial injury by hypoxic stress is mitigated by meclizine, the 

signature of hypoxia on mitochondrial function was probed by monitoring OCR after 

hypoxic exposure of DRG neurons [Fig 6A]. The objective was to characterize the signature 

of hypoxic challenge on post-hypoxia restoration of mitochondrial function in DRG 

neurons. After 16 h incubation under normoxic or hypoxic conditions with/without 

meclizine, readings revealed robust baseline OCR of ~200 pmoles O2/min. An addition of 

oligomycin showed that under normoxic conditions 62% of baseline OCR is coupled with 

ATP synthesis, versus 28% fueling the proton leak and 10% supporting non-mitochondrial 

oxygen consumption. The addition of the protonophore FCCP revealed maximal oxygen 

consumption and robust spare respiratory capacity (SRC) at 250% above baseline OCR. In 

normoxia, respiratory parameters were not altered by meclizine [Fig 6A], consistent with a 

recent report [13]. The impact of meclizine on DRGs’ ability to withstand hypoxic 

conditions was assessed after 16 h hypoxia with/without meclizine supplementation. After 

termination of treatments, XF24 assays (carried out at ambient air) revealed that while 

after-16 h hypoxia DRGs resume baseline OCR, their maximal respiration and spare 

respiratory capacity (SRC) are reduced by 55% and 75%, respectively [Fig 6B & 6C]. 
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Reduced respiratory capacity after hypoxia is indicative of impaired ability of DRGs to 

utilize their full OXPHOS potential to meet impending energy demands, indicative of 

mitochondrial dysfunction. Post hypoxia-loss of SRC was attenuated by meclizine; SRC was 

reduced by only ~30% versus ~75% reduction in its absence [Fig 6C]. Meclizine-mediated 

preservation of SRC in the aftermath of hypoxia showed meclizine dose-dependent trend up 

to 15 μM with no further improvement with dose increase.

Glycolysis is indispensable for meclizine-mediated prevention of ATP depletion in hypoxic 
DRG neurons

Consistently with OCR being unaltered by meclizine under normoxic conditions [Fig 6A], 

meclizine had no effect on ATP content in normoxia [Fig 7]. An addition of 50 mM 2DG 

with/without meclizine reduced the ATP content by ~25% suggesting that even under 

normoxic conditions DRG neurons derive some ATP from glycolytic metabolism. Following 

16 h hypoxia, ATP content was reduced by ~50%. ATP depletion by hypoxia was partially 

prevented when meclizine was present during hypoxic exposure. This ameliorative effect 

was abrogated by 2DG supplementation [Fig 7], underscoring involvement of glycolysis in 

meclizine-augmented ATP production in hypoxic DRG neurons.

Meclizine attenuates mitochondrial clustering in neurites of hypoxic DRG neurons

In line with improved energy homeostasis in hypoxic DRG neurons, meclizine also 

diminished the hypoxia-induced mitochondrial clustering and attenuated concomitant 

impairments of neurite morphology [Fig 8]. Hypoxia-triggered clustering of mitochondria in 

neurites was visualized by immunoreactivity of the abundant mitochondrial protein, 

cytochrome c oxidase subunit 1 (COX-1) [green], while DRG cell bodies and neurites were 

visualized with DRG-specific cytoskeleton neurofilament 200 (NF-200) reacting antibody 

[red]. Immunofluorescence of COX-1 in cell bodies was overexposed to enable visualization 

of mitochondria in neurites, where they are present at a lower density. Supplementation of 

meclizine diminished mitochondrial clustering and improved neurite morphology, 

consistently with the notion that meclizine protects DRGs by preserving ATP content and 

mitigating ROS, thereby lessening mitochondrial compromise under hypoxic conditions.

DISCUSSION

Metabolic plasticity facilitates cellular responses to changing energy demands [44–49]. 

Examples include cancer cells, which differentially utilize glycolytic and mitochondrial 

energy generating pathways to adapt to various microenvironments [24, 50–52] and the 

immune system cells, which rely on metabolic plasticity to execute different phases of the 

immune response [53–55]. In contrast, the intensely metabolic long lived nerve cells always 

maintain high mitochondrial content and rely primarily on oxidative phosphorylation for 

energy production [56, 57]. Insults that disrupt mitochondrial respiration have been linked 

with neuronal dysfunction and initiation of neurodegenerative processes [2]. 

Notwithstanding, while nerve cells have not been typically associated with metabolic 

plasticity, differential utilization of energy substrates has been described [8, 58]. Recent 

reports provide evidence for increases in cerebral metabolism associated with enrichment in 

hexokinase, an enzyme which catalyzes the first step of glycolytic pathway [9], evidence for 
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activity-dependent glucose phosphorylation in neurons [59] as well as evidence for 

glycolytic enzymes clustering next to synapses in response to disrupted energy homeostasis 

[7]. Hence, emerging data suggest that neuronal glycolysis may play a greater role in 

sustenance of neuronal energy metabolism than previously appreciated. Similarly, work in 

the peripheral nervous system (PNS), demonstrated that sensory neurons might have the 

capability to use non-OXPHOS energy for axonal transport [10]. Indeed, in the case of PNS 

DRG neurons, metabolic plasticity would be particularly advantageous because of their 

unique morphology, ie, the long axons, location outside the blood brain barrier and because 

excessive ROS, which is incidental to their high mitochondrial content, exacerbates 

vulnerabilities to insults that involve disruptions of mitochondrial energy production [3].

Importantly, recent screen for drugs capable of reprogramming energy metabolism identified 

an ‘old’ FDA approved drug, meclizine [11]. Since, meclizine was found neuroprotective in 

mouse models of ischemia/reperfusion, in Huntington’s disease [11, 12] and most recently 

in models of Parkinson’s disease [13], it was of much interest to determine whether 

meclizine might affect energy metabolism also in DRG neurons. We found that in DRG 

neurons meclizine rapidly stimulates glycolytic metabolism without altering mitochondrial 

respiration. To test whether enhancement of glycolytic metabolism by meclizine could 

protect DRG neurons subjected to energy stress, DRG cultures were exposed to sub-lethal 

hypoxia, a physiologically relevant condition, amenable to adaptive survival responses [60]. 

We found that meclizine supplementation during hypoxia averted mitochondrial 

compromise. Specifically, meclizine attenuated the loss of spare respiratory capacity induced 

by hypoxic exposure; this ameliorative effect was abrogated by 2-deoxyglucose, an inhibitor 

of the first step of glycolysis, implicating glycolytic metabolism in protection of DRG 

neurons by meclizine. In this setting, meclizine prevented depletion of NADPH and 

glutathione stores, attenuated ATP depletion, diminished ROS and lessened hypoxia-induced 

mitochondrial clustering in DRG neurites. Using XF24 extracellular flux analyzer to 

measure instantaneous metabolic changes, we detected elevation of extracellular 

acidification rates at the minutes timescale following the addition of meclizine. Such rapid 

response suggests that initial effects of meclizine might be exerted at the level of metabolic 

control. This possibility is further supported by meclizine-induced increases in glucose 

consumption and lactate release. Moreover, these meclizine-mediated effects including, 

preservation of intracellular NADPH and glutathione stores are abrogated by 2-

deoxyglucose, an upstream inhibitor of glycolytic metabolism, underscoring the involvement 

of metabolic regulation in driving rapid effects of meclizine. In neurons enhancement of 

glycolytic metabolism is particularly advantageous in that it can boost the pentose-phosphate 

pathway (PPP), supporting regeneration of NADPH and glutathione stores, which are central 

and indispensable components of neuronal antioxidant systems [26, 61]. In support of 

meclizine involvement in stimulation of the pentose phosphate branch of glycolytic 

metabolism, we found that meclizine prevented the hypoxia-induced increases in NADP+/

NADPH ratios and the concomitant decreases in reduced glutathione levels. Preservation of 

NADP+/NADPH ratios and glutathione stores is required to maintain antioxidant defenses 

and thereby, contributes to ROS diminution and lessening of hypoxia-induced mitochondrial 

clustering. Thus, plausible neuroprotective mechanism by meclizine involves also an 

augmentation of the pentose phosphate branch of glycolysis. Notwithstanding, accelerated 
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glycolytic metabolism should help avert ATP depletion and meet energy demands when 

oxygen supply is inadequate. Reported examples include the ability of sensory neurons to 

utilize glycolytic energy for fast axonal transport of vesicles [10] and sustenance of synaptic 

function under energy stress [7], highlighting the unexplored premise that the range of 

metabolic plasticity might be neuron-type specific. Accordingly, meclizine targets may differ 

not only among cell types but also between CNS and PNS neurons. In fact the original 

report which linked meclizine to energy metabolism, proposed that meclizine affords 

neuroprotection by attenuating mitochondrial respiration [11], while subsequent study in 

skin fibroblasts, identified a cytosolic target of meclizine, the ethanolamine branch of 

Kennedy pathway [15]. In contrast, we and others [13] describe effects of low doses of 

meclizine, which do not alter mitochondrial respiration, suggesting that meclizine might 

affect different cellular targets in dose, time and cell-type dependent manner. Our findings 

describing meclizine-mediated stimulation of glycolysis in DRG neurons are consistent with 

newly reported neuroprotection by meclizine in PD model that involves enhanced glycolysis 

[13].

In summary, we describe two types of effects exerted by meclizine in DRG neurons: (l) rapid 

stimulation of glycolytic metabolism and (ll) neuroprotection in a setting of hypoxic 

challenge, which perturbs cellular bioenergetics. Our study corroborates the reported 

neuroprotective potential of meclizine and supports the premise that the scope of meclizine 

targets might differ not only in cell-type but also in neuron-type specific manner. The rapid 

effect of meclizine that we detect, ie, augmentation of glycolytic metabolism, occurs at the 

timescale of minutes suggesting that meclizine exerts primary control at the metabolic level. 

Interestingly, while meclizine does not alter gene expression under normoxic conditions, we 

observe augmentation of hypoxia-induced expression of certain glycolytic genes by 

meclizine including, glucose transporter 3 (GLUT3), hexokinase 2 (HK2) and lactate 

dehydrogenase A (LDHA). While the mechanism underlying this delayed effect of 

meclizine is not known, it is plausible that a metabolic feedback loop imposed by changes in 

levels of certain glycolytic metabolites is involved. Shifting to glycolytic energy production 

is an adaptive mechanism in response to energy stress such as hypoxic condition, which here 

is measurably augmented by meclizine, revealing for the first time metabolic plasticity of 

DRG neurons. Our findings demonstrate that the rapidly induced upregulation of glycolytic 

metabolism by meclizine sustains cellular ATP content, improves redox balance and 

antioxidant capacity and lessens hypoxia-induced mitochondrial compromise in DRG 

neurons.

The notion that changes exerted very fast by metabolic regulation might represent a 

previously not appreciated neuroprotective mechanism in DRG neurons, warrants further 

investigation to gain mechanistic understanding of neuroprotection by meclizine and define 

the potential of metabolic interventions as therapeutic strategies for protection of neurons in 

the peripheral nervous system.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Meclizine stimulates glycolysis and reveals metabolic plasticity of DRG 

neurons

• In hypoxic DRGs meclizine mitigates depletion of ATP, NADPH and GSH

• Meclizine prevents compromise of mitochondrial respiratory capacity by 

hypoxia

• Glycolytic metabolism is indispensable for protection of hypoxic DRGs by 

meclizine

• Potential for protection of PNS neurons by metabolic reprogramming is 

revealed
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Fig 1. Meclizine stimulates glycolytic metabolism in DRG neurons
ECAR and lactate release are elevated by meclizine. Following ‘in-port’ addition of 30 μM 

meclizine, baseline ECAR was elevated by ~40% (A, red) with no change in OCR (B, red). 

Meclizine did not affect ECAR or OCR responses to mitochondrial effectors, FCCP and 

antimycin A. ECAR response to FCCP was partially abolished by the addition of antimycin 

A, reflecting elimination of the portion of extracellular acidification contributed by 

mitochondrial production of CO2. (C) Graph shows ~50% increase in extracellular lactate 

2.5 h after meclizine supplementation; simultaneous addition of 15 mM 2DG abolished the 

increase (diagonal lines). Data are presented as mean±SEM for 4 independent experiments. 

*indicates different from control and from 2DG; P<0.05. (D) Meclizine stimulates ECAR 

and suppresses OCR in primary astrocytes. After ‘in-port’ addition of 30 μM meclizine, 

ECAR and OCR are modified reaching a 3-fold increase and 50% decrease, respectively.
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Fig 2. Hypoxia-induced glycolytic genes expression is augmented by meclizine
Expression of 9 of 13 glycolytic genes was elevated by hypoxic exposure of DRG neurons. 

Among these, Glut3, HK2 and LDHA expression was augmented by meclizine 

supplementation in the course of hypoxia. Expression of glycolytic genes was unaffected by 

meclizine under normoxic conditions. Values from 6 independent experiments were used to 

obtain mean±SEM. *P<0.05 indicates different from hypoxia.
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Fig 3. Glucose consumption and lactate release are elevated by meclizine under normoxic and 
hypoxic conditions
(A) Meclizine increases glucose consumption in DRG cultures. Following incubation under 

normoxic or hypoxic conditions, glucose concentration in medium is depleted to a greater 

extent in cultures supplemented with meclizine. (B) Extracellular lactate levels are elevated 

by meclizine under normoxic or hypoxic conditions. Simultaneous addition of 2DG 

abrogates meclizine effects. Data are presented as mean±SEM for 4 independent 

experiments. *indicates different from normoxia; ** indicates different from hypoxia; 

P<0.05.
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Fig 4. During hypoxia, meclizine preserves NADPH levels via glycolytic metabolism
Hypoxia increases NADP+ (A) and decreases NADPH (B) in DRG neurons. NADP+/

NADPH ratio (C) which increases 3-fold in hypoxia is maintained at near normoxic value in 

the presence of meclizine. Concomitant addition of 2DG (diagonal lines) abrogates this 

effect. Values are given as mean±SEM for 4 independent experiments; *indicates difference 

between hypoxia −/+ meclizine or between hypoxia with meclizine in the presence of 2DG; 

P< 0.05.
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Fig 5. Meclizine prevents depletion of reduced glutathione (GSH) stores and attenuates ROS 
formation in hypoxic DRG neurons
(A) GSH levels were assessed by fluorescent dye-mediated detection of thiol groups. GSH 

increases by meclizine in hypoxia and normoxia were abrogated by 2DG (diagonal lines). 

Values are given as mean±SEM of 4 independent experiments; P< 0.05; *indicates different 

from normoxia; ** different from meclizine in normoxia; †indicates different from 

normoxia; ††different from hypoxia; ‡different from hypoxia+meclizine. (B) Hypoxia 

induced decreases in GSH/GSSG ratios in DRG neurons are partially reversed by meclizine 

supplementation. Data are mean±SEM of 3 experiments; P< 0.05; *indicates different from 

normoxia; ** different from hypoxia. (C) ROS levels in normoxic and hypoxic DRG 

neurons with/out meclizine were compared by imaging fluorescence of superoxide-mediated 

oxidation of dihydroethidium to 2-hydroxyethidium(red). Fluorescence intensity normalized 

to cell surface area quantified by ImageJ is presented as mean±SEM intensity for 3 sets of 

experiments; in each experiment, 5–8 DRG neurons were scored for each condition (total 20 

≥ for each condition; scale bar=10 μm). Meclizine significantly attenuated hypoxia-induced 

fluorescence; *indicates different from normoxia, ** different from hypoxia without 

meclizine supplementation; P<0.05.
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Fig 6. Meclizine supplementation attenuates hypoxia-induced mitochondrial compromise in 
DRG neurons
Assays are done after termination of all indicated treatments. Respiratory parameters were 

analyzed by XF24 following DRGs incubation under normoxic (A) and hypoxic conditions 

(B). In normoxia respiratory parameters were unaffected by meclizine (A). After hypoxia 

(B), a 55% decrease in maximal respiration (black) and 75% decrease in SRC were 

measured. Decreases were attenuated by meclizine supplementation during exposure. 

Maximal benefit was with 15 μM (red), with no additional benefit by 30 μM (blue). (C) 

Relative changes in respiratory parameters following hypoxia +/− meclizine are presented as 

mean±SEM of three independent experiments; *indicates different from normoxia; 

**indicates different from hypoxia without meclizine; P<0.05.
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Fig 7. Glycolysis is indispensable for meclizine-mediated prevention of ATP depletion by hypoxia
In normoxia ATP, content is not altered by meclizine (red), but is reduced by ~25% by 50 

mM 2DG. Following hypoxia ATP content decreases by ~50%. Meclizine supplementation 

partially prevents ATP decrease (red), but the effect is abrogated by simultaneous addition of 

2DG. ATP amounts are expressed in nmol/mg protein and presented as mean±SEM of six 

independent experiments; *indicates different from normoxia; **indicates different from 

hypoxia +/− 2DG; P<0.05.
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Fig 8. Meclizine attenuates hypoxia-induced mitochondrial clustering and compromise of DRG 
neurites morphology
Mitochondrial distribution is observed by immunofluorescence (IF) of cytochrome c oxidase 

subunit 1 (COX-1, green) while cell bodies and neurites are visualized by IF of 

neurofilament 200 (NF-200, red). Intense COX-1 IF in cell bodies reflects high 

mitochondrial content; overexposing COX-1 enabled visualization of the less dense 

mitochondria in neurites. Mostly uniform distribution was observed in neurites in normoxia 

[left]. Following hypoxia, COX-1 IF showed mitochondrial clustering. In cultures 

supplemented with meclizine [right], clustering and neurite fragmentation were reduced. 

Merged images of segments of neurites are shown at higher magnification (bottom panel) 

scale bar=10 μm.
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