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Metabolic Connection of Inflammatory Pain: Pivotal Role of
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Pyruvate dehydrogenase kinases (PDK1-4) are mitochondrial metabolic regulators that serve as decision makers via modulation of
pyruvate dehydrogenase (PDH) activity to convert pyruvate either aerobically to acetyl-CoA or anaerobically to lactate. Metabolic
dysregulation and inflammatory processes are two sides of the same coin in several pathophysiological conditions. The lactic acid
surge associated with the metabolic shift has been implicated in diverse painful states. In this study, we investigated the role of PDK-
PDH-lactic acid axis in the pathogenesis of chronic inflammatory pain. Deficiency of Pdk2 and/or Pdk4 in mice attenuated complete
Freund’s adjuvant (CFA)-induced pain hypersensitivities. Likewise, Pdk2/4 deficiency attenuated the localized lactic acid surge along
with hallmarks of peripheral and central inflammation following intraplantar administration of CFA. In vitro studies supported the role
of PDK2/4 as promoters of classical proinflammatory activation of macrophages. Moreover, the pharmacological inhibition of PDKs or
lactic acid production diminished CFA-induced inflammation and pain hypersensitivities. Thus, a PDK-PDH-lactic acid axis seems to
mediate inflammation-driven chronic pain, establishing a connection between metabolism and inflammatory pain.
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The mitochondrial pyruvate dehydrogenase (PDH) kinases (PDKs) and their substrate PDH orchestrate the conversion of pyru-
vate either aerobically to acetyl-CoA or anaerobically to lactate. Lactate, the predominant end product of glycolysis, has recently
been identified as a signaling molecule for neuron-glia interactions and neuronal plasticity. Pathological metabolic shift and
subsequent lactic acid production are thought to play an important role in diverse painful states; however, their contribution to
inflammation-driven pain is still to be comprehended. Here, we report that the PDK-PDH-lactic acid axis constitutes a key
component of inflammatory pain pathogenesis. Our findings establish an unanticipated link between metabolism and inflamma-
tory pain. This study unlocks a previously ill-explored research avenue for the metabolic control of inflammatory pain

pathogenesis. j

ignificance Statement

Introduction 2011). Emerging evidence has outlined the crosstalk between in-

Chronic inflammation has been identified as a central feature of ﬂalpmatory processes and metabolic dysregulation ur}der Pathf)‘
the metabolic syndrome (Hotamisligil, 2006; Lumeng and Saltiel, logical conditions (Palomer et al., 2013). Cells participating in
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inflammation experience diverse metabolic changes, including a
shift toward enhanced glucose uptake and glycolysis. Altered me-
tabolism may participate in signal-directed programs that pro-
mote or inhibit inflammation (O’Neill and Hardie, 2013).
Mitochondrial metabolic shift has been identified as a hallmark
of highly prevalent diseases, such as obesity/diabetes, cancer
(Ramos-Nino, 2013), and cardiovascular disease (Nisoli et al.,
2007). Mitochondrial malfunction, aberrant glucose metabo-
lism, and the subsequent dysregulation of bioenergetics are con-
sistent antecedents to the pathophysiology of the nervous system
as well (Jha et al., 2012). Accumulating evidence has implicated
the metabolic shift (Joseph and Levine, 2006), reactive oxygen
species (Kim et al., 2004), genetic defects (Joseph and Levine,
2010), diabetes (Fernyhough et al., 2010), chemotherapeutics
(Bennett, 2010), and HIV infection (Ferrari and Levine, 2010) in
the pathogenesis of painful peripheral neuropathies. These stud-
ies suggest that modulation of mitochondrial function is a prom-
ising therapeutic strategy for the management of diverse pain
states (Baloh, 2008).

Pain hypersensitivity that results from infection, inflamma-
tion, or peripheral injury to tissue is collectively called inflamma-
tory pain (Kopach et al, 2012). The development of pain
hypersensitivity in response to inflammatory insults/stimuli is
due to peripheral (Basbaum et al., 2009) and central sensitiza-
tions (Kuner, 2010). Recruitment of immune/inflammatory cells
in response to inflammatory insult and the subsequent release of
proinflammatory/algesic mediators activate peripheral nocicep-
tors resulting in peripheral sensitization, whereas the long-term
potentiation in the spinal cord is regarded as a unique form of
central sensitization (Jiet al., 2013). Lactic acid, the predominant
end product of glycolysis (Rogatzki et al., 2015), has recently been
identified as a signaling molecule for neuron—glia interactions
(Tang et al., 2014) and neuronal plasticity (Yang et al., 2014).
Lactic acid also contributes to pathological pain by facilitating
nociceptor activation via lowered pH (Kim et al., 2007). Muscle
ischemia or microvascular dysfunction generates lactic acid and
inflammatory mediators that play a crucial role in the develop-
ment of cutaneous tactile allodynia by activating acid sensing ion
channels (ASICs) and other receptors on muscle primary afferent
fibers (Laferriere et al., 2008). Inflammatory cells are active
sources of lactic acid and other proalgesic mediators (Haji-
Michael et al., 1999; Adeva-Andany et al., 2014). Lactic acid has
also been shown to exert proinflammatory effects (Shime et al.,
2008). Nevertheless, the precise role of lactic acid in the develop-
ment of chronic inflammatory pain is not clearly understood.

The mitochondrial pyruvate dehydrogenase (PDH) complex
(PDC) is a gatekeeping enzyme that plays a key regulatory role in
cellular metabolism, by linking the citric acid cycle and subse-
quent oxidative phosphorylation with glycolysis and gluconeo-
genesis (Patel and Roche, 1990; Takubo et al,, 2013). Not
surprisingly given its central role in metabolism, PDC is under
tight and complex regulation by reversible phosphorylation in
response to the physiological state. PDC activity is inhibited by
site-specific phosphorylation at three serine residues on the Ela
subunit (Ser®*?, Ser?®?, and Ser>%?), which is catalyzed by four
different PDH kinases (PDK1-4) having expression in peripheral
and central tissues (Jha et al., 2012). Each of the four kinases has
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a different reactivity for these three sites, and phosphorylation at
any site leads to the inhibition of PDH activity. Dysregulation of
the PDH/PDK system has been implicated in life-threatening
neurometabolic disorders, including Alzheimer’s disease, trau-
matic brain injury, brain aging, and glioblastoma (Jha et al., 2012;
Palamiuc et al., 2015). PDK-induced phosphorylation and sub-
sequent inactivation of PDC result in metabolic shift toward gly-
colysis and lactate production, which led us to hypothesize that
lactic acid produced under this condition may have tremendous
effects on inflammation and pain behaviors. Thus, a PDK-PDH-
lactic acid axis may be a key component that governs chronic
inflammatory pain development. This possibility was tested us-
ing Pdk2- and Pdk4-deficient mice and chemical inhibitors of
PDK or lactic acid production in the complete Freund’s adjuvant
(CFA)-injected rodent model of inflammatory pain. Macro-
phages in culture were also used to examine the mechanistic re-
lationship between PDKs and proinflammatory phenotypes.

Materials and Methods

Mouse breeding and maintenance. All experiments were conducted in
accordance with approved animal protocols and guidelines established
by the Animal Care Committee of Kyungpook National University (ap-
proval no. KNU-2012-73/66). All efforts were made to minimize the
number of animals used and animal suffering. Male wild-type (WT,
Pdk2t'" Pdka™'™), Pdk2 knock-out (Pdk2 /"), Pdk4 knock-out
(Pdk4~'7), and Pdk2/4 double knock-out (DKO, Pdk2 '~ Pdk4 /")
mice 8—10 weeks of age were used. Pdk2 KO and Pdk4 KO mice were
generated as previously described (Jeoung et al., 2012). Pdk2 KO mice
were crossed with Pdk4 KO mice to produce Pdk2/4 DKO mice. Age-
matched WT mice were produced from the C57BL/6] black mice (The
Jackson Laboratory) that were used to stabilize the genetic backgrounds
of the Pdk2 KO and Pdk4 KO mice. Heterozygous animals were crossed
to generate littermate control animals, which were used to confirm the
findings of behavioral studies. Genotypes were confirmed by PCR of the
genomic DNA as described previously (Herbst et al., 2014). Animals were
housed under a 12 h light/dark cycle (lights on 07:00-19:00) at a constant
ambient temperature of 23 = 2°C with food and water provided ad
libitum. Each individual animal was used in only one experiment.

CFA-induced chronic/persistent inflammation. Chronic/persistent in-
flammation was induced by CFA injection, as described previously (Pan
et al., 2014). Briefly, mice were gently anesthetized with isoflurane (5%
for induction and 2% for maintenance), and then administered with a
unilateral 30 ul intraplantar injection of CFA (0.5 mg/ml; Sigma-
Aldrich) into the left hindpaws (ipsilateral paws). Mice serving as the
control group were injected with 30 ul of saline to left hindpaws. Me-
chanical paw withdrawal thresholds (PWTs) and thermal paw with-
drawal latencies (PWLs) were determined before and up to 2 weeks after
CFA administration.

Measurement of CFA-induced paw edema. CFA-induced paw edema (a
measure of the degree of inflammation) was quantified using paw thick-
nesses and/or widths. One experimenter, who was blinded to animal
genotypes or treatment conditions, handled and tested all the animals.
The dorsoventral thicknesses and laterolateral widths of the middle por-
tions of the hindpaws were measured using a caliper, as described previ-
ously (Jha et al., 2014). Paw area was calculated as the product of
thickness and width. Paw edema was measured up to 2 weeks after
injection.

Behavioral testing. After arrival in the animal care unit, mice were
allowed to acclimate to the testing room, equipment, and experimenter
for 1 week and before the actual testing on the same testing day. One
experimenter, who was unaware of the animal genotypes or treatment
conditions, handled and tested all the animals. Any possible impact of the
genetic modifications in mice on acute mechanical and thermal nocice-
ption was assessed by using paw withdrawal frequency and tail flick tests,
respectively. The sensitivity to respond to noxious mechanical stimuli
was assessed using the withdrawal frequency method, by calculating the
frequency of paw withdrawal for each monofilament (2.0 or 4.0 g) (Jeon
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etal., 2013). Thermal pain sensitivity was assessed using the tail immer-
sion test. Mice were gently restrained in a 50 ml conical tube, and the
distal third of the tail was immersed into a water bath at 45°C, 50°C, or
55°C. The tail flick latencies to respond as indicated by vigorous tail
flexion were calculated by averaging three measurements. A cutoff time
of 15 s was used to prevent tissue damage. Open-field test was conducted
as described previously (Jang et al., 2013a). Motor coordination was
assessed with a RotaRod Treadmill for mice (Ugo Basile) at a constant
rotating speed of 32 rpm. All mice had five training sessions before the
day of the experiment. The fall-off latency was averaged from three tests.
The cutoff time of 90 s was used.

Thermal hyperalgesia and mechanical allodynia associated with in-
flammation were assessed by measuring the hindpaw withdrawal laten-
cies or thresholds, respectively. Thermal hyperalgesia induced by CFA
was defined as a decrease in PWL to a noxious thermal stimulus. PWLs
were assessed, as previously described (Jha et al., 2014), using the Har-
greaves’ Plantar Test Analgesy-Meter (Ugo Basile). Mice were acclima-
tized for 30 min before testing under a clear inverted plastic chamber on
a glass surface maintained at 30°C. The plantar surface of each hindpaw
was then exposed to an electrically generated thermal stimulus (set at 5.0
A), as previously described (Hargreaves et al., 1988). The time required
for a mouse to withdraw its paw from the stimulus (PWL) was automat-
ically recorded. The intensity of the radiant heat was adjusted so that
basal PWL was between 9 and 12 s, with a cutoff of 20 s to avoid any
possible tissue injury. To obtain the mean PWL values, tests were con-
ducted three times and averaged using a 5 min interval between tests to
avoid thermal stimulus-induced sensitization (Dirig et al., 1997). Me-
chanical allodynia was evaluated on two consecutive days before the
scheduled experiment day, immediately before CFA injection, and at
different time points afterward. Mechanical allodynia was tested using
calibrated von Frey filaments (Bioseb), as described previously (Chaplan
et al., 1994). In brief, mice were acclimated for 20 min in inverted indi-
vidual acrylic boxes with wire mesh floors to provide access to the ventral
side of hindpaws. von Frey filaments were presented perpendicularly to
the plantar surface and held in position for ~5 s with enough force to
cause a slight bend. Two trials per paw were conducted with an interval of
at least 3 min. A positive response was defined as abrupt paw withdrawal.
PWTs were determined by increasing and decreasing the forces, and
estimated using the Dixon’s up-down method (Dixon, 1980).

Motor nerve conduction velocity measurement. The measurement of
motor nerve conduction velocity was performed as described previously
(McGuire et al., 2009). Briefly, 8-week old male WT and DKO mice were
anesthetized with ketamine. Animals’ body temperature was automati-
cally maintained at a mean rectal temperature of 37 = 0.5°C with a heated
water circulating system (T/Pump, model TP500, Gaymar). The sciatic
nerve was stimulated (5-10 mA, 0.05 ms single square-wave pulses with
low and high filter settings of 0.3 and 3 kHz) proximally at the level of the
sciatic notch and distally at the level of the ankle with bipolar electrodes.
Compound muscle action potentials were recorded from the first in-
terosseous muscle (between digits 1 and 2) of the hindpaw, amplified
(16-channel Microelectrode amplifier, model 3600, A-M Systems),
stored, displayed, and digitized by a personal computer using AxoScope
software (Molecular Devices). Latencies were measured from the stimu-
lus to the onset of the negative M-wave deflection of the compound
muscle action potentials. Distal and proximal motor latencies from 20
separate recordings were averaged. Motor nerve conduction velocity (in
meters/s) was calculated by dividing the distance between stimulating
electrodes by the average latency difference.

Immunohistochemistry and histopathology. Deeply anesthetized mice
were perfused through the aorta with 0.1 m PBS followed by 4% PFA
fixative. Lumbar spinal cord segments (L4-L6) and hindpaw tissues were
dissected out, postfixed in the same PFA fixative overnight, and cryopro-
tected in 30% sucrose in 0.1 M PBS overnight at 4°C. A cryostat was used
to prepare 10 wm sections of hindpaw tissues, which were mounted on
gelatin-coated slides, and 30 um sections of spinal cord, which were
placed in 0.1 M PBS. Sections were then blocked with 4% normal serum in
0.3% Triton X-100 for 90 min at room temperature. For immunofluo-
rescence staining, sections were incubated with primary antibodies
against PDK2 (rabbit, 1:200; Acris Antibodies), PDK4 (rabbit, 1:200;
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Atlas Antibodies), phospho-Ser?**-PDHEl« (pyruvate dehydrogenase
Ela) (rabbit, 1:200; Calbiochem), phospho-Ser**>-PDHE1« (pyruvate
dehydrogenase Ela) (rabbit, 1:200; Calbiochem), Iba-1 (rabbit, 1:1000;
Wako; or goat, 1:200; Novus Biologicals [for costainings]), GFAP
(mouse, 1:500; BD Biosciences), Ly6G (rat, 1:200; eBioscience) or iNOS
(rabbit, 1:200; BD Biosciences), MYH1/2/3 (mouse, 1:200; Santa Cruz
Biotechnology) and 3 tubulin (2G10) (mouse, 1:200; Santa Cruz Bio-
technology), overnight at 4°C, and then incubated with FITC- or Cy3-
conjugated secondary antibodies (1:200; Jackson ImmunoResearch
Laboratories). Slides were washed, coverslipped with Vectashield
mounting medium (Vector Laboratories), and visualized under a fluo-
rescence microscope. For H&E staining, hindpaw sections (10 wm) fixed
in 4% PFA were processed routinely, stained with H&E, and analyzed
under a light microscope (Olympus DP70). For histological analysis of
peripheral nerves, sciatic nerves were dissected, postfixed in PFA over-
night at 4°C, and processed for paraffin embedding. Sciatic nerves were
cross-sectioned at 5 wm thickness and stained with H&E.

Quantitative real-time reverse transcription-PCR. Deeply anesthetized
mice were perfused through the aorta with 0.1 M PBS to remove the
blood, and the lumbar spinal cord and hindpaw tissues were rapidly
dissected. The spinal cord portion, corresponding to segments L4-L6,
was divided into ipsilateral and contralateral sides. Samples were then
immediately frozen in liquid nitrogen and instantly homogenized in
TRIzol reagent (Invitrogen) for total RNA isolation. Total RNA (2 ug)
from each sample was reverse-transcribed into cDNA using a first-strand
cDNA synthesis kit (MBI Fermentas). Real-time RT-PCR was performed
using the one-step SYBR PrimeScript RT-PCR kit (Perfect Real-Time;
Takara Bio) and the ABI Prism 7000 sequence detection system (Applied
Biosystems), according to the manufacturer’s instructions. The 2 ~24¢T
method was used to calculate relative changes in gene expressions (Livak
and Schmittgen, 2001), and Gapdh was used as an internal control. The
nucleotide sequences of the primers used in the real-time RT-PCR were
as follows: Pdk1, forward, 5'-CAC CAC GCG GAC AAA GG-3', reverse,
5'-GCC CAG CGT GAC GTG AA-3'; Pdk2, forward, 5'-CCC CGT CCC
CGT TGT C-3', reverse, 5'-TCG CAG GCA TTG CTG GAT-3'; Pdk3,
forward, 5'-GGA GCA ATC CCA GCA GTG AA-3', reverse, 5'-TGA
TCT TGT CCT GTT TAG CCT TGT-3'; Pdk4, forward, 5'-CCA TGA
GAA GAG CCC AGA AGA-3', reverse, 5'-GAA CTT TGA CCA GCG
TGT CTA CAA-3'; IL-1, forward, 5'-AAG TTG ACG GAC CCC AAA
AGA T-3', reverse, 5'-TGT TGA TGT GCT GCT GCG A-3'; IL-6, for-
ward, 5'-AGT TGC CTT CTT GGG ACT GA-3', reverse, 5'-TCC ACG
ATT TCC CAG AGA AC-3'; TNF-a, forward, 5'-ATG GCC TCC TCA
TCA GTT C-3', reverse, 5'-TTG GTT TGC TAC GAC GTG-3'; IL-10,
forward, 5'-AGT GAA CTG CGC TGT CAA TG-3', reverse, 5'-TTC
AGG GTC AAG GCA AAC TT-3'; Ym-1, forward, 5'-GGG CAT ACC
TTT ATC CTG AG-3', reverse, 5'-CCA CTG AAG TCA TCC ATG TC-
3’5 Arg-1, forward, 5'-CGC CTT TCT CAA AAG GAC AG-3/, reverse,
5'-CCA GCT CTT CAT TGG CTT TC-3'; Irf4, forward, 5'-CTG CGG
CAATGG GAA ACT CC-3', reverse, 5'-GCT CTT GTT CAG AGC ACA
TCG T-3'; Irf8, forward, 5'-GGA TAT GCC GCC TAT GAC ACA-3',
reverse, 5'-CAT CCG GCC CAT ACA ACT TAG-3'; Gapdh, forward,
5'-TGG GCT ACA CTG AGC ACC AG-3', reverse, 5'-GGG TGT CGC
TGT TGA AGT CA-3'.

Western blot analysis. Hindpaw tissues (at 3 d after CFA injection) of
similar weights were isolated, washed in ice-cold PBS, and placed in 300
wl of lysis buffer (150 mm sodium chloride, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 50 mm Tris-HCI, pH 7.5, 2 mm EDTA) (Gen-
DEPOT) containing Halt protease inhibitor (1X) and phosphatase pro-
tease inhibitor cocktails (1X) (Thermo Scientific). Specimens were
individually homogenized and then centrifuged at 13,400 X g at 4°C for
15 min. Protein concentration was determined with a Bio-Rad Labora-
tories Protein Assay Kit using BSA as standard. Proteins (20-30 ug) from
each sample were separated on 8% or 15% SDS-PAGE gels and trans-
ferred to PVDF membranes (Bio-Rad) by the semidry electroblotting
method. The membranes were blocked with 5% skim milk and sequen-
tially incubated with primary antibodies against PDK2 (rabbit monoclo-
nal antibody; Acris Antibodies), PDK4 (rabbit monoclonal antibody;
Acris Antibodies), phospho-Ser?*>-PDHEla (pyruvate dehydrogenase
Ela) (rabbit monoclonal antibody; Calbiochem), phospho-Ser>*-
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PDHEIl« (pyruvate dehydrogenase Ela) (rabbit
monoclonal antibody; Calbiochem), a-tubulin
(mouse monoclonal antibody; Sigma-Aldrich),
and HRP-conjugated secondary antibodies (anti-
rabbit and anti-mouse IgG antibody; GE Health-
care) followed by enhanced chemiluminescence
detection (GE Healthcare). Western blotting was
repeated three times (n = 3) for each condition.

Measurement of PDH complex activity. The
PDH complex activity was determined as de-
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tract (16 wl) was mixed with an equal volume
of resuspension buffer containing 30 mm
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mwm EDTA, 2% (v/v) bovine serum, 1 um leu-
peptin, 5 mm DTT, 20 mm dichloroacetate, and
100 mm KF. For the determination of total
PDH complex activity (i.e., the activity of the
complex after complete dephosphorylation),
an aliquot of tissue extract (8 ul) was mixed
with an equal volume of an activation buffer
(resuspension buffer containing 40 mm MgClL,,
1.5 mm CaCl,, and 1 pg of recombinant pyru-
vate dehydrogenase phosphatase 1 protein).
Complete activation of the PDH complex by
dephosphorylation was achieved by incubating
this mixture at 30°C for 20 min. Activity of the
PDH complex was measured spectrophotometi-
cally in a 96-well plate reader (Spectra Max 190,
Molecular Devices) with a coupled assay based
on the reaction catalyzed by arylamine acetyl-
transferase as described previously (Jeoung et al.,
2006). One unit of PDH complex activity corre-
sponds to the acetylation of 1 wmol of p-(p-
aminophenylazo)-benzenesulfonate per minute
at 30°C. PDH activity state was calculated in per-
centage by using actual and total PDH activities
as numerator and denominator, respectively.
Lactate measurements. Mice were killed by
cervical dislocation, and the hindpaw tissues
were taken quickly. All of the tissue samples
were snap-frozen in liquid nitrogen. On the
day of the experiment, tissues were homogenized into 500 ul of lactate
assay buffer (Lactate Colorimetric kit, Abcam) and centrifuged at 4°C at
10,000 X g for 4 min. Samples were tested according to the manufact-
urer’s protocol with subtraction of the NADH/NADPH background
readings. Lactate levels were normalized to control samples.
Macrophage depletion. Clodronate liposomes (8 mg/ml; FormuMax
Scientific) were administered intraperitoneally to mice 48 h before (150
ul) and after (100 ul) the intraplantar injection of CFA to deplete mac-
rophages (Jha et al., 2014). Macrophage in vivo depletion occurs within
24 h after clodronate liposomal treatment and begins to slowly repopu-
late ~5-7 d after the last administration (Summan et al., 2006).
Collection, culture, and treatment of peritoneal macrophages. Primary
mouse peritoneal macrophages were isolated as described previously
(Jha et al., 2014). Briefly, mice were intraperitoneally injected with 3 ml
of 3% sterile thioglycollate (BD Biosciences), and 4 d later, peritoneal
exudate cells were collected by lavage with PBS. Aliquots of 1 X 10° cells
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Figure 1.

Expression of PDK2 and PDK4 in hindpaw tissues after CFA injection. A, The expression of Pdk2 and Pdk4 mRNAs in
hindpaw tissues at different time points after CFA injection was assessed by real-time RT-PCR. Pdk2 and Pdk4 mRNA levels in
CFA-injected hindpaw tissues were significantly upregulated after injection, peaking at 3 d and then subsiding. Results for mRNA
expression are displayed as the fold increase of gene expression normalized to GAPDH. B, Protein levels of PDK2 and PDK4 in
hindpaw tissues 3 d after CFA injection were assessed by Western blot analysis. Quantifications of the band intensities are pre-
sented in the adjacent graphs. €, D, Immunofluorescence analysis detected a strong expression of PDK2 and PDK4 in the hindpaw
tissues of CFA-injected mice at 3 d after injection, but not in the vehicle-treated control animals. *p << 0.05 versus the vehicle-
treated control animals (Student’s ¢ test). n = 3. Data are mean == SEM. Scale bars, 200 wm. Images show the representative
results of at least three independent experiments.

were seeded in 6-well polystyrene culture plates at 37°C and 5% CO,
atmosphere and allowed to adhere for 3 h before washing. Afterward,
nonadherent cells were removed by vigorous washing three times with
PBS and incubated for an additional 24 h under the same conditions.
Cells were incubated with LPS (100 ng/ml) plus IEN-+y (50 U/ml) or IL-4
(10 ng/ml) for 8 h and then used for total RNA extraction. In a separate
experiment, macrophages were pretreated with dichloroacetate (DCA)
(5 mm) for 8 h before LPS stimulation. The entire procedure was per-
formed under sterile conditions.

Nitrite quantification. Peritoneal macrophages were stimulated in 96-
well plate for 24 h, and nitrite (NO,; ) levels in culture media were mea-
sured using the Griess reaction, as previously described (Jang et al.,
2013b), to assess nitric oxide (NO) production levels. Samples (50 wl)
were mixed with 50 ul Griess reagent (1% sulfanilamide/0.1% naphthyl-
ethylene diamine dihydrochloride/2% phosphoric acid) in 96-well plates
and incubated at 25°C for 10 min. Absorbances at 540 nm were measured
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Figure 2.

show the representative results of at least three independent experiments.

using a microplate reader (Anthos Labtec Instruments), and NaNO,
standards were used to calculate nitrite levels.

Assessment of extracellular acidification. XF24 Extracellular Flux Ana-
lyzer (Seahorse Biosciences) was used to determine the extracellular acid-
ification rate (ECAR) as described previously (Haschemi et al., 2012).
Briefly, RAW264.7 cells were seeded in XF24 plates and allowed to re-
cover for 24 h before the ECAR was assessed in glucose-containing media
(Seahorse Biosciences). Result was normalized to the total protein con-
centrations, extracted immediately after the ECAR reading.

DCA application. To ascertain the effect of pharmacological inhibition
of PDKs on chronic inflammatory pain, CFA injection was coupled with
DCA (a PDK inhibitor) treatment. DCA at the dose of 25 mg/kg/d has
been found to exert excessive peripheral nerve toxicity (Kaufmann et al.,
2006), which is the common side effect during chronic DCA treatment

PDC activity state (%) O

OoON B~ OO

Expression of phosphorylated PDH-E1cx in hindpaw tissues after CFA injection. 4, Protein levels of phosphorylated
PDH-E1cx (p-S°3-PDH and p-S>®-PDH) in hindpaw tissues 3 d after CFA injection were assessed by Western blot analysis.
Quantifications of the band intensities are presented in the adjacent graphs. B, Inmunofluorescence analysis detected a strong
expression of phosphorylated-PDH-E1cr (p-5*3-PDH and p-5**°-PDH) in the hindpaw tissues of CFA-injected mice at 3 d after
injection, but not in the vehicle-treated control animals. H&E staining revealed a considerable infiltration of inflammatory cells in
the CFA-injected hindpaws. The H&E and immunofluorescence images were obtained from the same area of the hindpaw sections.
C, PDH complex activity in CFA-injected hindpaw tissues was assessed at day 3 after CFA injection and is presented as activity state
in percentage. D, E, Double immunostaining showed that phosphorylated-PDH-E1cx (p-5 2>-PDH and p-5 **°-PDH) (red) expres-
sion in hindpaw tissue partially colocalized with Ly6G (green, a neutrophil marker) at 1 d (D) and Iba-1 (green, a macrophage
marker in the periphery) at 3 d (E) after injection. Arrows indicate double-labeled cells in the merged images. Scale bars: B, 200
m; D, E, 100 pem. *p << 0.05 versus the vehicle-treated control animals (Student’s t test). n = 3. Data are mean == SEM. Images
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(Kurlemann et al., 1995). Several previous
studies have advocated the safe use of DCA at
the dosage regimen of 10 mg/kg/d at least for
short-term application (Stacpoole etal., 1998a,
b), which we have also confirmed to be safe in
the current study. In this study, administration
of either DCA (10 mg/kg body weight, 10 ul) or
vehicle (saline, 10 ul) was done by intraplantar
injection daily.

Inhibition of lactic acid production. To ass-
ure the role played by lactic acid in the
inflammation-driven chronic pain, CFA-
induced lactic acid production was inhibited
by using a small-molecule inhibitor (FX11; [2,
3-dihydroxy-6-methyl-7-(phenylmethyl)-4-pro
pyl-1-naphthalenecarboxylic acid]) of lactate de-
hydrogenase A (LDHA), which converts pyru-
vate to lactate coupled with the recycling of
NAD " (Laferriére et al., 2008; Le et al., 2010).
Mice were injected daily with either FX11 (2
mg/kg body weight) or vehicle (2% [v/v] DMSO)
via intraplantar injection from the day of CFA
injection for 3 d.

Quantification and statistical analysis. For
the immunohistochemical analysis, micro-
scopic images of the hindpaws were taken (us-
ing a 20X objective lens) around the sites of
CFA injection in 3 or 4 tissue sections per ani-
mal. Similarly, microscopic images of the dor-
sal horn of the spinal cord were taken from the
L4-L6 region in 3 or 4 sections per animal (us-
inga 20X objective lens). Image quantification
was performed on images of immunostained
tissues captured with an Olympus DP70 cam-
era and DP Controller software (Olympus).
For the determination of immunofluorescence
intensity, images (at least three microscopic
images) were selected randomly, and the mean
intensity of each image was measured using the
Image] software (National Institutes of Health)
to obtain the better representation of the tissue
as a whole. Likewise, band intensities of images
obtained from Western blot analysis were
also quantified using the Image] software. The
background intensity of Western blot image
was also determined from the region having no
band and deducted from the values obtained.
The presented graphs represent average of all
data. All results are presented as the mean *+
SEM from three or more independent experi-
ments, unless stated otherwise. Statistical com-
parisons between treatments were performed
by a Student’s t test, Mann—Whitney test, or
one-way ANOVA with Dunnett’s/Bonferroni
multiple-comparison tests by using the SPSS
version 22.0K program (SPSS). The Mann—
Whitney test was used to compare PWTs measured by von Frey filaments
with the up-down paradigm at a single interval. Differences in the prob-
ability values of <0.05 were considered statistically significant.

Control CFA
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Results

Enhanced expression and activity of PDK2 and PDK4 in
hindpaw tissues following exposure to chronic inflammatory
insult

To investigate the role of PDK-PDH-lactic acid axis in the patho-
genesis of chronic inflammatory pain, we first examined the ex-
pression of PDK isoforms (PDK1-4) in the hindpaw tissues,
which encompass skin, subcutaneous fat, muscle, and potentially
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Effect of PDK2/4 deficiency on inflammatory cell infiltration and proinflammatory cytokine expression in CFA-injected hindpaws. A, H&E staining revealed an accumulation of

inflammatory cells in the ipsilateral hindpaw tissues at 1 d after injection in the WT mice, but this accumulation was attenuated in the DKO mice. Pdk2/4 deficiency considerably lessened the
immunoreactivities of Ly6G (green, a neutrophil marker) and Iba-1 (green, a macrophage marker) in CFA-injected hindpaws at 1 d after injection compared with those of WT animals. Similarly,
notably reduced immunoreactivities of iNOS (red, a M1 macrophage phenotype marker) were detected in the CFA-injected hindpaws of Pdk2/4 DKO mice compared with those of WT animals at 3 d
after injection. B, Iba-1immunoreactivity in the ipsilateral hindpaws was also detected at days 3 and 7 after CFA injection. Quantifications and statistical analyses of stained images are presented
in adjacent graphs. C, D, The relative mRNA expression of TNF-cy, IL-183, and IL-6 in the hindpaw tissues at 6 h (C) and 3 d (D) after injection was evaluated (Figure legend continues.)
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Figure 4.  Clodronate-mediated depletion of macrophages attenuated CFA-induced paw

edema, pain behaviors, and expression of proinflammatory cytokines in CFA-injected hind-
paws. A, Clodronate liposomes were administered intraperitoneally to mice 48 h before (150
) and after (100 wul) the intraplantar injection of CFA, and then paw edema and pain re-
sponses were measured. In the ipsilateral sides, CFA injection increased paw thickness and
reduced PWT to force as well as PWL to heat. The CFA-induced effects were attenuated in the
macrophage-depleted mice compared with control animals. No significant change in paw
edema or pain-related behavior was observed in the contralateral sides. B, Hindpaw tissues
were collected at day 3 after CFA administration from vehicle-injected or clodronate-injected
(macrophage-depleted) animals to assess the expression of proinflammatory cytokines. The
relative mRNA expression of TNF-cy, IL-13, and IL-6 in the hindpaw tissues was evaluated by
real-time RT-PCR. Results for mRNA expression are displayed as the fold increase of gene ex-
pression normalized to GAPDH. *p << 0.05 versus the vehicle-treated control animals. p <
0.05 betweenindicated groups (Student’s t test, Mann—Whitney test for PWT).A,n = 6;B,n =
3. Data are mean == SEM.

infiltrated immune cells, following CFA injection by using real-
time RT-PCR, Western blot analysis, and immunostaining. Real-
time RT-PCR analysis revealed significantly enhanced expression
of Pdk2 and Pdk4 mRNAs, but not that of Pdkl or Pdk3 mRNAs
(data not shown), from the first day to day 7, peaking at day 3
after CFA injection (Fig. 1A). Furthermore, the levels of PDK2
and PDK4 protein were significantly enhanced in the CFA in-
jected hindpaw tissues at day 3 after injection (Fig. 1B). We also
confirmed the substantial upregulation of PDK2 and PDK4 ex-
pression in the hindpaw tissues following CFA administration by
immunofluorescence analysis (Fig. 1C,D). PDKs were found to
be colocalized with Iba-1-positive macrophages, Ly6G-positive
neutrophils, myosin heavy chain (MYH)-positive skeletal muscle

<«

(Figure legend continued.) by real-time RT-PCR. Results for mRNA expression are displayed as
thefoldincrease of gene expression normalized to GAPDH. *p << 0.05 versus the vehicle-treated
control animals. *p << 0.05 between indicated groups (Student’s ¢ test). n = 3. Data are
mean == SEM. IR, Inmunoreactivity; ND, not detected. Scale bars, 200 rem. Images show the
representative results of at least three independent experiments.
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or 33 tubulin-positive nerves (data not shown). As PDKs inhibit
PDH activity by site-specific phosphorylation on the Ela sub-
units, we assessed the phosphorylation of PDH-Ela. The degree
of phosphorylated PDH-Ela (such as p-S**>-PDH and p-S°*°-
PDH) in the hindpaw tissue following the CFA injection was
notably increased compared with those of vehicle-injected con-
trol animals (Fig. 2A). Immunostaining of CFA-injected hind-
paws revealed highly upregulated p-S***-PDH and p-S°°°-PDH
immunoreactivities compared with the vehicle-injected control
hindpaws (Fig. 2B). Thus, the increased PDK2 and PDK4
expression may be responsible for the enhanced PDH-Ela phos-
phorylation and possibly downregulated PDC activity in the
CFA-injected hindpaw tissues. Assessment of PDC activity in the
hindpaw tissues showed the decreased enzyme activity after CFA
injection, and PDC activity in CFA-injected hindpaw of the WT
was lower than that of Pdk2/4 DKO mice (Fig. 2C). The phos-
phorylated PDH-Ela (p-S***-PDH and p-$°°°-PDH) was found
to be partially colocalized with infiltrated neutrophils (Fig. 2D)
and macrophages (Fig. 2E) in the hindpaw tissues, suggesting that
PDK expression and activity in these inflammatory cells were
increased following the CFA injection.

Pdk2/4 deficiency diminished inflammatory infiltration and
proinflammatory cytokine expression following exposure to
chronic inflammatory insult

As the expression and activity of PDKs were enhanced in the
CFA-injected hindpaw tissues, we next investigated the ongoing
pathophysiological changes at the site of inflammation. The his-
topathological evaluation of CFA-injected hindpaws revealed in-
filtration of inflammatory cells and tissue damage, which were
notably attenuated in the Pdk2/4 DKO mice. Any mentionable
inflammatory infiltration was not detected in the contralateral
sides (data not shown) or vehicle-injected control animals. Fur-
thermore, extensive accumulation of Ly6G-positive neutrophils
and infiltration of Iba-1-positive macrophages were observed in
the hindpaw tissues at 1 d after injection in WT mice, whereas the
number of these infiltrated inflammatory cell types was reduced
in Pdk2/4-deficient mice. Similarly, substantially increased in-
ducible nitric oxide synthase (iNOS) immunoreactivity, which
was observed at 3 d after injection in the hindpaw tissues of the
WT animals, was diminished in the Pdk2/4-deficient mice. The
iNOS expression was found to be partly colocalized with Iba-1-
positive macrophages. Infiltration of neither neutrophils nor
macrophages was observed in the hindpaw tissues of vehicle-
injected control mice (Fig. 3A; quantifications and statistical
analyses are presented in adjacent graphs). The Iba-1 immuno-
reactivity in CFA-injected WT hindpaws persisted until day 7
after injection, indicating the substantial infiltration of macro-
phages (Fig. 3B; quantifications and statistical analyses are pre-
sented in adjacent graphs). Furthermore, CFA administration
prominently increased the expression of TNF-a, IL-13, and IL-6
mRNAs in the hindpaws at 6 h (Fig. 3C) and 3 d (Fig. 3D) after
injection in the WT mice, and CFA-induced proinflammatory
cytokine expression was significantly reduced in the Pdk2/4 DKO
mice. The crucial role of macrophages and macrophage-derived
proinflammatory cytokines in the pathogenesis of chronic in-
flammatory pain was demonstrated by a macrophage depletion
experiment. Clodronate-mediated depletion of macrophages re-
duced the CFA-induced pain behavior. Intraperitoneal adminis-
tration of clodronate liposomes 48 h before and after the CFA
administration depleted macrophages in the hindpaw tissue, as
confirmed by Iba-1 (a macrophage marker) immunohistochem-
istry (data not shown). Macrophage-depleted mice exhibited sig-
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nificantly attenuated CFA-induced paw
edema, thermal hyperalgesia, and me-
chanical allodynia at least from days 1 to 6
following CFA administration, compared
with vehicle-injected control mice (Fig.
4A). Moreover, the clodronate-mediated
macrophage depletion significantly re-
duced the CFA-induced expression of
TNF-«, IL-1B, and IL-6 mRNAs in the
hindpaws (Fig. 4B). These data suggest
that proalgesic mediators, such as proin-
flammatory cytokines derived from tissue-
infiltrating inflammatory neutrophils (at
the very early stage of inflammation) and
macrophages (proinflammatory macro-
phages in particular) in the peripheral tis-
sue, may play an important role in the
sensitization of peripheral nociceptors and
the subsequent initiation and persistence
of inflammation-induced chronic pain
hypersensitivities.

Role of PDKs in skewing macrophages
toward proinflammatory phenotypes
The immense infiltration of proinflamma-
tory macrophages and increased expression
of proinflammatory cytokines in ipsilateral
hindpaws following CFA injection led us to
speculate that PDKs may regulate macro-
phage functional polarization. Macrophage
polarization to an M1 phenotype is often
accompanied by a cellular metabolic shift
from oxidative phosphorylation to aerobic
glycolysis as well as nitric oxide (NO) and
citrulline production (Orihuela et al., 2015).
This metabolic switch increases glucose up-
take, which leads to enhanced lactic acid
production (Rodriguez-Prados et al., 2010).
Conversely, M2 macrophages experience
substantially decreased glucose consump-
tion (Rodriguez-Prados et al., 2010), as
macrophages of these phenotypes primarily
use fatty acid oxidation and oxidative respi-
ration for energy production (Odegaard
and Chawla, 2011). M1 macrophages pro-
duce proinflammatory cytokines (IL-la,
IL-1B, IL-6, IL-12, IL-23, TNF-«), chemo-
kines, scavenger receptors, costimulatory
proteins, and MHC-II (Orihuela et al.,
2015). Moreover, immune cell-derived NO
is reported to inhibit the enzyme PDH
(Klimaszewska-Lata et al., 2015). M2 mac-
rophages exhibit mRNA profiles for Arg-1,
Mrc, Ym-1, Fizzl, and Ppar-vy (Orihuela et
al., 2015). To investigate the role of PDKs in
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Figure 5.  Role of PDK2/4 in regulating the phenotypes of cultured macrophages. Peritoneal macrophage cultures
prepared from WT and Pdk2/4 DKO mice were treated with M1-phenotype inducer mixture [LPS (100 ng/ml) plus IFN--y (50
U/ml)] for 8 h. A, The mRNA levels of M1-related genes TNF-c, IL-183, and IL-6 were assessed by real-time RT-PCR (left).
Similarly, peritoneal macrophage cultures prepared from WT and Pdk2/4 DKO mice were treated with M2-phenotype
inducer [IL-4 (10 ng/ml)] for 8 h, and the mRNA levels of M2-related genes Ym-1, Arg-1, and IL-10 were then assessed by
real-time RT-P(R (right). B, The expression of IRF8 or IRF4 mRNAs in the cultured peritoneal macrophages (prepared from
WT and Pdk2/4 DKO mice) following stimulation with LPS (100 ng/ml) plus IFN-+y (50 U/ml) or IL-4 (10 ng/ml) for 8 h was
assessed by real-time RT-PCR. C, The expression of Pdk2 and Pdk4 mRNAs in the WT peritoneal macrophages following
stimulation with LPS (100 ng/ml) plus IFN-y (50 U/ml) for 8 h was assessed by real-time RT-PCR. Results for mRNA
expression are displayed as the fold increase of gene expression normalized to GAPDH. *p << 0.05 versus the control group.
#p < 0.05 between indicated groups (Student’s t test). n = 3. Data are mean = SEM.

the proinflammatory phenotypic polarization of macrophages, peri-
toneal macrophage cultures prepared from Pdk2/4*"" and Pdk2/
47’ mice were challenged with either LPS plus IFN-vy or IL-4, well-
known inducers of the M1 and M2 phenotypes, respectively, for 8 h,
and then the expression of M1- or M2-related genes was assessed.
The mRNA levels of M1-related genes TNF-c, IL-13, and IL-6 were
higher in macrophages isolated from Pdk2/4"’* mice compared
with those of Pdk2/4~/~ animals, whereas the mRNA levels of M2-

related genes Ym-1, Arg-1, and IL-10 were lower in Pdk2/4™*"* mac-
rophages compared with Pdk2/4~’~ macrophages (Fig. 5A). These
results suggest that PDK2/4 play an important role in the induction
of the proinflammatory phenotype and inhibition of the anti-
inflammatory phenotype of peripheral macrophages. Interferon
regulatory factor-8 (IRF8) and IRF4 are the phenotype-determining
transcription factors, which determine whether macrophages will
adopt classically activated or alternatively activated phenotypes, re-
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Figure 6.  Role of PDK2/4 in glial activation and expression of proinflammatory cytokines in the spinal cord after intraplantar

administration of CFA. 4, Iba-1 (red, a microglia marker) immunoreactivity was significantly increased in the ipsilateral, but not in
the contralateral, dorsal horn of the lumbar segment of the spinal cord at 1-3 d. The increased Iba-1immunoreactivity persisted at
a low level for 7 d after CFA injection. However, CFA-induced Iba-T immunoreactivities were markedly attenuated in the Pdk2/4
DKO mice at all the time points. B, GFAP (red, an astrocyte marker) immunoreactivity was significantly increased in the ipsilateral,
but not in the contralateral, dorsal horn of the lumbar segment of the spinal cord at 3—7 d after CFA injection. The CFA-induced
GFAP immunoreactivities were markedly attenuated in the Pdk2/4 DKO mice at these time points. Insets, Magnified images
(original magnification X 200). Quantifications and statistical analyses of stained images are presented in adjacent graphs. C, The
relative mRNA expression of TNF-c, IL-1/3, and IL-6 in the lumbar segment of the spinal cord at 3 d after injection was evaluated
by real-time RT-PCR. Results formRNA expression are displayed as the fold increase of gene expression normalized to GAPDH. *p <
0.05 versus the vehicle-treated control animals. *p << 0.05 between indicated groups (Student’s t test). n = 3. Data are mean =
SEM. Scale bar, 200 um. Images show the representative results of at least three independent experiments.
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spectively, during the early differentiation
(Lawrence and Natoli, 2011). In the current
study, following exposure to LPS plus
IFN-v, the mRNA level of Irf8 was higher in
macrophages isolated from Pdk2/4™/" mice
compared with those of Pdk2/4~" animals,
whereas following the exposure to IL-4,
the mRNA level of Irf4 was lower in Pdk2/
4" macrophages compared with Pdk2/
4~ macrophages (Fig. 5B). Furthermore,
an exposure to inflammatory stimuli (LPS
plus IEN-v) increased the expression of
Pdk2 and Pdk4 in cultured peritoneal mac-
rophages (Fig. 5C). The inhibition of PDKs
by using their inhibitor, DCA, significantly
lessened the expression of proinflammatory
cytokines TNF-« (by 65.49 = 7.06%, p <
0.05 vs the LPS-stimulated group; one-way
ANOVA followed by Bonferroni correc-
tions; n = 3; mean = SEM) and IL-1 (by
66.38 * 3.11%, p < 0.05 vs the LPS-
stimulated group; one-way ANOVA fol-
lowed by Bonferroni corrections; n = 3;
mean = SEM) as well as nitric oxide (nitrite
levels in control, 2.08 = 0.11 uMm; LPS only,
16.29 £ 1.90 um, p < 0.05 vs the control
group; and LPS + DCA, 10.20 = 0.41 um,
p < 0.05 vs the control group and p < 0.05
vs the LPS-stimulated group; one-way
ANOVA followed by Bonferroni correc-
tions; n = 3; mean = SEM). These findings
further advocate that PDKs contribute to
skewing macrophages toward the proin-
flammatory phenotypes.

Pdk2/4 deficiency attenuated the
peripheral inflammation-induced glial
activation and proinflammatory
cytokine expression in spinal cord

We next examined the effect of PDK2/4
on glial activation in the dorsal horn of
lumbar segment of spinal cord following
the intraplantar injection of CFA. Al-
though CFA-induced peripheral inflam-
mation did not cause any significant
changes in the expression as well as activ-
ity of PdkI—4isoforms in the DRG and the
spinal cord (data not shown), a substan-
tial increase in the number of Iba-1-
positive microglial cells was found in the
ipsilateral dorsal horn of the lumbar seg-
ment of the spinal cord in the CFA-
injected mice. Those microglia had short
and thick processes and exhibited intense
Iba-1 immunoreactivity, which was in-
creased from baseline within 1 d, peaked
at 3 d, and subsided at 7 d following CFA
administration. These morphological fea-
tures of the microglia and the increased
Iba-1 immunoreactivity were attenuated
in the Pdk2/4 DKO spinal cord. No signif-
icant changes in microglial morphology
or Iba-1 immunoreactivity were observed
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further evaluate PDK2/4 functions. PDK-
mediated inflammatory reactions in CFA-
injected hindpaws and the subsequent
spinal glial activation led us to compare
the development of localized inflamma-
tion and nociceptive responses between
WT and Pdk2/4-deficient mice. Before the
assessment of nociceptive behaviors and
edema formation, the open field test and
the RotaRod test were performed to deter-
mine any possible impact of Pdk2/4 gene deletion on motor co-
ordination, which is an important prerequisite for proper
behavioral testing. Pdk2/4-deficient mice revealed unchanged ve-
locity and distanced traveled in the open field test (Fig. 7A). In
addition, Pdk2/4-deficient mice showed no difference in their
ability to balance on the rotating rod compared with WT mice
(Fig. 7B), demonstrating that the genetic modifications did not
impair their motor functions. RotaRod experiment was per-
formed to confirm the data obtained from the open field test. A
cutoff time of 90 s was used for RotaRod experiments as practiced
previously (Holland et al., 2011; Moser et al., 2015). Moreover,
Nicol etal. (2015) have recently reported that WT and GPR84 KO

Figure7.

Impact of Pdk2/4 gene knock-out on motor coordination, mechanical as well as thermal nociception, and peripheral
nerve function. A, Open field test was performed to measure the mean velocity and distance traveled. B, Ability of mice to balance
on the rotating rod was assessed by RotaRod test. C, E, The frequency of paw withdraw in response to von Frey monofilaments of
forces 2.0 g as well as 4.0 g and the time required to withdraw tail from 45°C, 50°C, and 55°C were assessed. D, F, PWT to force and
PWL to heat were measured in hindpaws. G, Motor nerve conduction velocity was measured and expressed in m/s. H, Cross-
sections of sciatic nerve were stained with H&E. All of these behavioral/basal studies were performed in unmanipulated WT and
Pdk2/4 DKO mice. *p << 0.05 (Student's t test). NS, Not significant. n = 5. Data are mean == SEM. Scale bars, 50 ,um. Images show
the representative results of at least three independent experiments.

mice were unable to remain on the RotaRod apparatus for >100
s at a similar rate of rotation, supporting that 90 s is long enough
to determine a motor deficit. Paw withdrawal frequency and tail
flick test were used to assess the impact of the genetic modifica-
tions on acute mechanical and thermal nociception, respectively.
The frequency of paw withdraw in response to von Frey mono-
filaments of forces 2.0 g as well as 4.0 g (Fig. 7C) and time re-
quired to withdraw tail from 45°C, 50°C, and 55°C (Fig. 7E) were
found unchanged, indicating that the physiologically important
response to acute noxious mechanical and thermal stimulation is
unaffected in the Pdk2/4-deficient mice. In addition, the basal
level of mechanical and thermal hypersensitivities, which were
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Figure8.  Pdk2/4 DKO mice displayed attenuated paw edema and pain responses to chronic
inflammatory insult. To induce local inflammation, CFA was injected into the plantar surface of
the left hindpaws (ipsilateral side). A, Paw thicknesses were assessed after injection and were
found to be significantly greater in the ipsilateral sides than contralateral sides. The paw edema
persisted for >1 week. No change in thickness was observed in the contralateral sides. Pdk2/4
deficiency significantly reduced the CFA-induced increase in paw thickness compared with that
of WT animals. PWT to force and PWL to heat were measured in contralateral and ipsilateral
sides. In the ipsilateral sides, CFA injection reduced PWT to force (B) and PWL to heat (().
The chronicinflammation-induced pain hypersensitivities were attenuated in Pdk2/4 DKO mice
compared with WT animals. No significant change in pain-related behavior was observed in the
contralateral sides. *p << 0.05 between ipsilateral sides of WT and DKO mice (one-way ANOVA
with Dunnett’s procedure for paw thickness and PWL, Mann—Whitney test for PWT).n = 7.
Data are mean = SEM.

assessed by measuring PWTs and PWLs, respectively, were found
to be unchanged by genetic deletion of Pdk2/4 (Fig. 7 D, F). As per
some recent reports, mitochondrial metabolism in Schwann cells
is necessary for proper function of peripheral nerves (Beirowski
etal.,, 2014; Pooya et al., 2014; Duregotti et al., 2015). This led us
to analyze conduction velocity and histological features of nerve
to determine any possible impact of Pdk2/4 genetic deletion on
peripheral nerve conduction. We measured the basal level mo-
tor nerve conduction velocity of WT and DKO mice (Fig. 7G)
and found no significant difference between the two geno-
types, demonstrating that ablation of Pdk2/4 genes did not
affect the nerve function. Furthermore, we also performed the
H&E staining of the sciatic nerves from WT and DKO mice
and found no remarkable difference in their histological fea-
tures between the two genotypes (Fig. 7H ), which ruled out
the possibility that knock-out of Pdk2/4 affects the proper
nerve function and that the nerves themselves mediate pain in
this model of inflammatory pain.
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Figure 9.  Pdk2 or Pdk4 single knock-out mice showed attenuated paw edema and pain
responses to chronicinflammatory insult. 4, CFA was injected into the plantar surface of the left
hindpaws (ipsilateral side) to induce local inflammation. Paw thicknesses were significantly
greater in the ipsilateral sides than contralateral sides. Pdk2 or Pdk4 single-gene deficiency
significantly reduced the CFA-induced increase in paw thickness compared with that of WT
animals. PWT to force and PWL to heat were measured in contralateral and ipsilateral sides. In
the ipsilateral sides, CFA injection reduced PWT to force (B) and PWL to heat (C). The chronic
inflammation-induced pain hypersensitivities were attenuated in Pdk2 or Pdk4 single-gene KO
mice compared with WT animals. No significant change in pain-related behavior was observed
in the contralateral sides. *p << 0.05 between ipsilateral sides of WT and Pdk2 KO mice. p <
0.05 between ipsilateral sides of WT and Pck4 KO mice (one-way ANOVA with Dunnett's proce-
dure for paw thickness and PWL, Mann—Whitney test for PWT). n = 7. Data are mean = SEM.

Based on the enhanced expression of PDK2 and PDK4 in the
hindpaw tissues following CFA injection, we next compared the
localized inflammation and pain behaviors of WT, Pdk2 KO,
Pdk4 KO, and Pdk2/4 DKO mice at 6 h to 15 d after CFA injection
because the unilateral intraplantar injection of CFA induces
chronic/persistent pain hypersensitivity as well as edema forma-
tion (Dimitrov et al., 2013). An intraplantar administration of
CFA led to the induction of paw edema, which became detectable
from 6 h after injection and remained for ~2 weeks, indicating
localized inflammation. This induction of paw edema, as mea-
sured by dorsoventral paw thickness, was unilateral (i.e., no sig-
nificant change was observed in the contralateral sides). The paw
edema was significantly reduced in the Pdk2/4 DKO (Fig. 8A) and
Pdk2 KO and Pdk4 KO (Fig. 9A) mice compared with WT mice.
We also confirmed the significantly reduced CFA-induced edema
formation in Pdk2/4 DKO compared with WT by assessing the
paw area (thickness X width) (data not shown). Similarly, the
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deficiency of Pdk2 and/or Pdk4 substan- A

tially attenuated, but did not completely

abolish, unilateral mechanical allodynia

(Figs. 8B, 9B) and thermal hyperalgesia 5 -
(Figs. 8C, 9C) from 6 h to at least 1 week
after injection. It is worth mentioning that
the CFA administration slightly, but not
significantly, upregulated the expression
of Pdk2 (1.27-fold of control, p = 0.14 vs
the control, Student’s t test; n = 3;
mean * SEM) at 6 h after injection. The
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genetic deletion of Pdk2 ameliorated the
CFA-induced pain hypersensitivities even
at 6 h after injection. The slight increase of
Pdk2 expression at 6 h following CFA ad-
ministration might be sufficient to inhibit
the PDH synergistically with Pdk4 to ini- B
tiate the inflammatory cascade in the pe-
ripheral tissue, thereby driving the pain
pathogenesis. These findings suggest the
potential involvement of PDK2/4 in the
localized inflammation and abnormal
pain hypersensitivity following exposure
to inflammatory insults.
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To further confirm the pivotal role of
PDKs in inflammation-driven chronic
pain pathogenesis, we investigated the
effect of pharmacological inhibition of
PDKs. Injection of DCA into the hind-
paws of WT mice daily after CFA ad-
ministration significantly diminished
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paw edema formation (Fig. 10A) and %
the development of mechanical allo- &
dynia as well as thermal hyperalgesia beg

(Fig. 10B). Paw edema, withdrawal
threshold to mechanical stimuli, and
withdrawal latency to thermal stimuli
were unchanged in the contralateral
hindpaws following CFA/DCA treat-
ment (data not shown). Because DCA
has been previously reported to cause a
reversible peripheral neuropathy in a
dose- and duration-dependent manner
(Calcutt et al., 2009), we confirmed that
the dosage regimen we practiced was
safe. The intraplantar injection of DCA
alone did not induce paw edema or pain behavior (Fig.
10A, B). Furthermore, we also performed the H&E staining of
the sciatic nerves from control and DCA-injected mice (data
not shown) and found no remarkable difference in their his-
tological features between the two groups, which again con-
firmed that the dosage regimen was not directly affecting the
nerve. The intraplantar administration of DCA significantly
lessened the expression of proinflammatory cytokines TNF-,
IL-13, and IL-6 mRNAs in the CFA-injected hindpaw tissues
(Fig. 10C). These results obtained from the pharmacological
inhibition of PDKs support the crucial role of PDKs in chronic
inflammatory pain.

Figure 10.
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T 97 o A

Pharmacological inhibition of PDKs attenuated CFA-induced paw edema, pain behaviors, and expression of proin-
flammatory cytokines. A, B, To examine the role of PDKs, DCA (10 mg/kg body weight, 10 wl) or vehicle (saline, 10 wl) was
administered daily to the CFA-injected hindpaws. A group of animals received only DCA in left hindpaws. CFA-induced increase in
paw thickness (4), PWT to force, and PWL to heat (B) was assessed up to 7 d after CFA injection. €, Hindpaw tissues were collected
at day 3 after CFA administration from vehicle or DCA-treated animals to assess the expression of proinflammatory cytokines. The
relative mRNA expression of TNF-«, IL-1(3, and IL-6 in the hindpaw tissues was evaluated by real-time RT-PCR. Results for mRNA
expression are displayed as the fold increase of gene expression normalized to GAPDH. *p << 0.05, between CFA+DCA and
CFA+Vehicle groups, or versus the control animals. *p << 0.05 between indicated groups (Student’s ¢ test, Mann—Whitney test for
PWT). 4, B,n = 6; (,n = 3. Data are mean == SEM. A, B, Arrows indicate the time points of DCA or vehicle administration.

A key role of lactic acid in the inflammation-mediated
chronic pain

An enhanced expression of PDKs and the subsequent inhibition
of PDH favor a cellular metabolic shift from oxidative phosphor-
ylation to aerobic glycolysis, which leads to augmented lactate
production (Kim et al., 2006; Rodriguez-Prados et al., 2010; Jha et
al., 2012). Thus, an increase in PDK in the inflamed tissue might
cause the metabolic shift toward lactate production. When we
measured the lactate level in hindpaw tissues following CFA in-
jection, the lactate level in the CFA-injected hindpaws of WT
mice was significantly increased by more than threefold com-
pared with the vehicle-injected hindpaws. Pdk2/4 deficiency di-
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levels in the CFA-injected hindpaws (Fig.
11B). The crucial role of macrophages and
their release of lactic acid in inflammatory
pain were further supported by LPS-
induced increase of ECAR (Fig. 11C). To
further demonstrate the role of lactic
acid surge in the inflammation and the
subsequent pain pathogenesis, a small-
molecule inhibitor (FX11) of LDHA was
used. LDHA favors the conversion of py-
ruvate to lactate, and FX11 has been pre-
viously shown to block lactate production
by inhibiting LDHA (Le et al., 2010). In-

C E -e—Control traplantar administration of FX11, but
5 80 » —e—CFA+Vehicle  not vehicle, daily after CFA injection sig-
" g 604 Lps 1.6 - —aCFA+EX11 r%lﬁcan‘.dy diminished paw eFlema forma-
- + tion (Fig. 11D) anq .m.e.cham.cal as well as
g5 B 40 - i T 12 thermal hypersensitivities (Fig. 11E). The
mg = i g CFA/FX11 administration did not induce
S E 20+ : g 2 0.8 4 or affect paw edema, mechanical allo-
2 0 I ; 8 dynia, or thermal hyperalgesia in the
0 20 40 60 8 100 &% 04 - contralateral side of hindpaws (data not
Time (min) shown.).. These findings strongly support
0.0 the critical role of PDK-PDH-lactic acid
D —e-Control axis in chronic inflammation and the re-
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g 5 &= sensitivities, reinforcing the connection
v vy v vy between metabolism and inflammation. In-
0 (] duction of local inflammation significantly
Q;\\& RO é\& @ WD 42 0 DD D3 upregulated the expression of PDK2, PDK4,
&£ : S & : S and phosphorylated-PDH-Ela. Further-
< Time post CFA injection < Time post CFA injection more, CFA-induced infiltration of immune
Figure 11.  Role of lactic acid in the CFA-induced paw edema and pain hypersensitivities. 4, The lactate assay was performed to cells, augmented expression of inflamma-

compare the relative accumulation of lactate in the hindpaw tissues of WT and Pdk2/4 DKO mice at 3 d after CFA injection. B, The
lactate assay was performed to measure the relative accumulation of lactate in the hindpaw tissues at 3 d after CFA injection
(following either DCA or clodronate administration). The results presented are the fold change relative to control. Control animals
were injected with either DCA alone (left) or vehicle (right). C, ECAR was recorded for RAW264.7 cells during LPS (100 ng/ml)
stimulation and is presented as percentage change to unstimulated control. D, E, FX11 (a small-molecule inhibitor of lactate
dehydrogenase A) (2 mg/kg body weight) or vehicle (2% [v/v] DMSO) was administered intraplantar daily to CFA-injected mice for
2d. CFA-induced increase in paw area (D), PWT to force, and PWL to heat (E) was assessed up to 7 d after CFA injection. *p << 0.05
versus the vehicle-treated control animals, between CFA+-Vehicle and CFA+FX11 groups. *p < 0.05 between indicated groups
(Student's t test). A, B,n = 3; (,n = 5; D, E, n = 4. Data are mean == SEM. Arrows indicate the time points of FX11 or vehicle

administration.

minished the inflammation-induced lactic acid surge in the
hindpaw tissues (Fig. 11A). CFA-induced inflammation is a lo-
calized inflammation. We speculate that this process of localized
insult, at least in this inflammation model, may not induce the
production of lactic acid in the contracting muscle. However,
contracting/overworking muscle cells undergo anaerobic energy
production, which results in the accumulation of lactic acid. It
creates acidic microenvironment surrounding the muscle cells,
disrupts other metabolites, and results in the painful burning
sensation. Lactic acid has been previously reported to play a key
role in the exercise-related pains, including exercise-induced
muscle pain, soreness, and cramps (Miles and Clarkson, 1994).
Furthermore, DCA-mediated PDK inhibition and clodronate-
mediated macrophage depletion significantly decreased lactate

tory mediators, and production of lactic
acid in hindpaws were attenuated in Pdk2/4
DKO mice. In addition, the CFA-induced
activation of glial cells and the expression of
proinflammatory cytokines in the spinal
cord were reduced in Pdk2/4 DKO mice.
Moreover, Pdk2/4 deficiency skewed the
phenotype of macrophages toward M2 (al-
ternative activation), whereas the enhanced
expression of PDK2/4 shifted their pheno-
type toward M1 (classical activation). Our
study using Pdk2/4 DKO mice revealed that
the absence of PDK2/4 attenuated localized inflammation and pain
hypersensitivities following exposure to inflammatory insult. In ad-
dition, enhanced expression of PDKs in hindpaw tissues augmented
the lactic acid accumulation via inhibition of PDH. Subsequent
studies using pharmacological inhibitors of PDKs and lactic acid
production supported the crucial role of a PDK-PDH-lactic acid axis
in chronic inflammation and pain hypersensitivities. It is worth
mentioning that this study is limited to CFA-induced inflammation
model. Hence, it is not completely certain that the results obtained in
this study are true for all inflammation. These findings suggest that a
PDK-PDH-lactic acid axis plays an imperative role in the pathogen-
esis of chronic/persistent inflammatory pain via multiple proinflam-
matory events: (1) local enhancement of proinflammatory
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cytokines and augmentation of lactic
acid production; (2) functional polar-
ization of macrophages toward the
proinflammatory phenotype; and (3)
activation of spinal glial cells (Fig. 12).

Following the administration of CFA,
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the expression of PDK2 and PDK4 as well as
phosphorylated PDH-E1« were found to be
significantly upregulated in the hindpaw tis-
sues. An intraplantar injection of CFA re-
sults in the edema formation from the
interactions of various inflammatory medi-
ators with local tissues, which potently in-
creases vascular permeability and/or blood
flow (Sautebin et al., 1995). In this study,
H&E staining revealed a significant differ-
ence between the WT and Pdk2/4 DKO
animals with respect to the infiltration of
inflammatory cells, suggesting the pivotal
role of local PDK2/4-PDH axis in recruit-
ment of the inflammatory cells. Further
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positive macrophages in the CFA-injected
hindpaws. These observations are consis-
tent with previous findings suggesting the
crucial role of neutrophils and macropha-
ges in the onset and the chronification of
inflammation-induced pain, respectively
(Jha et al., 2014). Moreover, our own data
advocate the crucial role of macrophages in
the pathogenesis of chronic inflammatory
pain as the clodronate-mediated depletion
of macrophages attenuated the CFA-
induced nociceptive behaviors, lactic acid
accumulation, and expression of proinflammatory cytokines. We
have also observed the colocalization of iNOS with infiltrated mac-
rophages. Interestingly, the CFA-induced infiltration of neutrophils
and macrophages was substantially reduced in Pdk2/4 DKO mice,
supporting the proinflammatory nature of PDK2/4 induction in the
inflammatory sites and the connection between metabolism and
local inflammation.

In our in vitro studies, the peritoneal macrophages isolated
from Pdk2/4 DKO mice showed an M2-biased phenotype, as the
Pdk2/4-deficient macrophages expressed significantly higher lev-
els of M2-related genes (Ym-1, Arg-1, and IL-10) and lower levels
of M1-related genes (TNF-a, IL-18, and IL-6) compared with
WT macrophages. In addition, DCA inhibited LPS-induced pro-
inflammatory cytokines and nitric oxide in primary macro-
phages. These findings led us to speculate that PDK2/4 may play
an important role in inducing the functional polarization of the
macrophages toward the proinflammatory phenotype. Macro-
phage functional polarity is important in the development of
hyperalgesia during chronic inflammation (Godai et al., 2014).
Phenotypic switch of muscle macrophages with an increased
frequency of the M1 phenotype (proinflammatory) and reduced
frequency of the M2 phenotype (anti-inflammatory) has also
been reported following carrageenan exposure (da Silva et al.,
2015). As macrophages are the major infiltrating cell type to the
site of inflammation after CFA injection, PDK2/4-mediated
functional polarization of macrophages toward the classical/pro-
inflammatory M1 phenotype at the inflammatory scene provides
a mechanistic basis for the interactions between metabolism, in-

Figure 12.

A proposed schematic outlining the implications of a PDK-PDH-lactic acid axis in the pathogenesis of chronic
inflammatory pain. Inflammatory stimulus enhances the expression and activity of PDK2 and PDK4 at the site of inflammation,
thereby decreasing the oxidation of pyruvate and increasing its conversion into lactate via phosphorylation/inhibition of PDH. This
metabolic shift-associated lactic acid production and resulting acidic microenvironment favor the recruitment of inflammatory
cells to the site of inflammation and amplify the local inflammation ensuing the nociceptive responses. Enhanced PDK2/4 skew
macrophages toward the M1 (proinflammatory) phenotype via activation of proinflammatory phenotype-determining transcrip-
tion factor IRF8, resulting in the increased secretion of proinflammatory mediators, such as TNF-«, IL-13,iNOS, and IL-6 as well as
nitric oxide. The proalgesic mediators thus released activate nociceptors and spinal glia to cause peripheral and central sensitiza-
tions, respectively. These findings suggest that the PDK-PDH-lactic acid axis plays a key role in the pathogenesis of inflammation-
induced chronic pain via the modulation of multifaceted proinflammatory events.

flammation, and chronic pain. Moreover, IRFs play pivotal and
functionally diverse roles in the transcriptional regulation of the
immune system (Honda and Taniguchi, 2006). The M1 macro-
phage phenotype is controlled by IRF8 and IRF5, whereas M2
macrophage polarization is regulated by IRF4. The expression of
IRF5 in CNS resident macrophages is reported to be regulated by
IRF8 (Masuda et al., 2014). The IRF5 is well acknowledged to
induce the expression of proinflammatory cytokines (Takaoka et
al., 2005) and M1 polarization of macrophages (Krausgruber et
al., 2011). Conversely, IRF4 is a key transcriptional factor that
controls the M2 macrophage polarization (El Chartouni et al.,
2010). In the current study, the Pdk2/4/~ macrophages revealed
significantly enhanced expression of Irf4 in response to M2 in-
ducer and substantially reduced expression of Irf8 in response to
M1 inducer compared with Pdk2/4 *'* macrophages, suggesting
that PDK2/4 potentially contribute to the switching of macro-
phage phenotype toward M1.

The PDK inhibitor DCA has been well documented to manage
lactic acidosis (Morten et al., 1998; Abdelmalak et al., 2013), in-
hibit proliferation/activation of immune cells, and hinder the
progression of inflammation (Ohashi et al., 2013). In the current
study, intraplantar administration of DCA significantly attenu-
ated the CFA-induced paw edema and pain hypersensitivities,
suggesting that the PDKs are of pivotal importance in the patho-
genesis of inflammation-driven persistent pain. Acidic microen-
vironment is a hallmark of the pain-generating pathological
states (Loike et al., 1993; Wemmie et al., 2013). The metabolic
shift leading to augmented lactic acid production has been impli-
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cated in the pathogenesis of peripheral neuropathy. During
phagocytosis, macrophages primarily use the glycolysis pathway
to regenerate their energy stores (Loike et al., 1993) and secrete
lactate (Young and Zygas, 1987). Similarly, activated neutrophils
and macrophages were shown to be the source of lactate in a
murine wound model (Sheikh et al., 2000). Ischemia/reperfusion
injury-induced allodynia in rat hindpaw has been associated with
increased muscle lactic acid production (Laferriere et al., 2008).
Under diverse chronic pain conditions, including fibromyalgia
syndrome (Bengtsson, 2002) and chronic trapezius myalgia
(Larsson et al., 2004), lactate concentration is increased due to
insufficient oxygen supply and anaerobic state. In the acidic en-
vironment, lactic acid has been shown to induce the release of
IL-1B and TNF-« in macrophages and glial cells, suggesting that
the local levels of lactic acid may be a regulator of cytokine secre-
tion (Jensen et al., 1990). In line with this, lactic acid and low pH
have been reported to boost NF-«kB-dependent inflammatory
gene expression (Samuvel et al., 2009; Gerry and Leake, 2014).
The metabolic shift-associated elevated lactate level has been re-
ported to be a marker of the progression of inflammatory condi-
tions (Finn and Oerther, 2010). The increased level of lactate has
been detected in synovial fluids after carrageenan or CFA injec-
tion in rodents, suggesting that lactate, as a biomarker of inflam-
matory processes, plays a central role in cellular, regional, and
whole-body metabolism (Gladden, 2004). In the present study,
CFA-induced inflammation caused an increased production of
lactic acid at the site of inflammation, which was significantly
diminished in Pdk2/4-deficient animals as well as DCA-treated or
macrophage-depleted mice, demonstrating the role of PDK2/4 in
the lactic acid production and subsequent occurrence of the
chronic inflammatory pain. These findings are consistent with
previous studies reporting that CFA injection causes acidosis in
the hindpaw tissues, leading to hyperalgesia (Nagae et al., 2006),
and that macrophages cultured in the presence of PDH stimula-
tor or PDK inhibitor show reduced lactate formation (Youngand
Zygas, 1987). Furthermore, the acidic pH seen in the inflamed
tissues (Lee et al., 2005; Eisenhut and Wallace, 2011) has been
reported to play a dominant role in the inflammatory excitation
and sensitization of nociceptors (Steen et al., 1995). Several stud-
ies have demonstrated that an acidic microenvironment, at least
in part, contributes to the induction of pain hypersensitivity
(Birklein et al., 2000; Julius and Basbaum, 2001; Nagae et al.,
2006; Kim et al., 2007; Nagae et al., 2007). ASICs are important
transducers for nociception and mechanosensation (Wemmie et
al.,, 2013). The elevated lactic acid level activates ASICs by facili-
tating their response to low pH (Sluka et al., 2009) and has similar
effects on other receptors expressed by muscle primary afferent
fibers, such as transient receptor potential vanilloid (Tominaga et
al., 1998; Vriens et al., 2009). Meanwhile, the crucial role of lactic
acid in inflammatory pain pathogenesis and the subsequent no-
ciceptive behaviors was confirmed by using an inhibitor of lactic
acid production. The application of LDHA inhibitor, which ki-
netically favors the conversion of pyruvate to lactate (Le et al.,
2010), ameliorated the CFA-induced inflammation and pain hy-
persensitivities. Nevertheless, it should be noted that the inhibi-
tion of LDHA also inhibits the production of pyruvate by
indirectly suppressing glycolysis at the level of GAPDH. To-
gether, these findings advocate that the PDK-PDH-lactic acid
axis governs the pathogenesis of inflammation-driven chronic
pain.

In conclusion, our results suggest that PDK2/4 are indispens-
ably involved in the pathogenesis of chronic inflammatory pain.
At sites of local inflammation, the enhanced expression and ac-
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tivity of PDK2/4 mediate the activation and recruitment of in-
flammatory cells, biasing the infiltrated macrophages toward the
proinflammatory phenotype, and they concurrently increase the
production of lactic acid and other proinflammatory mediators
that further amplify the localized inflammation. As a direct con-
sequence of PDK-PDH-lactic acid axis-modulated peripheral in-
flammation, the activation of spinal glia and their production of
proalgesic mediators contribute to the central sensitization. This
study substantiates the PDK2/4-PDH-lactic acid axis as an essen-
tial link between metabolism and chronic inflammation-driven
pain hypersensitivities. Therefore, these findings identify the
PDK2/4-PDH-lactic acid axis as a promising novel therapeutic
target for inflammatory pain.
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