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Abstract
Maladaptive changes of metabolic patterns in the lumbar dorsal root ganglion (DRG) are critical for nociceptive 
hypersensitivity genesis. The accumulation of branched-chain amino acids (BCAAs) in DRG has been implicated 
in mechanical allodynia and thermal hyperalgesia, but the exact mechanism is not fully understood. This study 
aimed to explore how BCAA catabolism in DRG modulates pain sensitization. Wildtype male mice were fed a 
high-fat diet (HFD) for 8 weeks. Adult PP2Cmfl/fl mice of both sexes were intrathecally injected with pAAV9-hSyn-
Cre to delete the mitochondrial targeted 2 C-type serine/threonine protein phosphatase (PP2Cm) in DRG neurons. 
Here, we reported that BCAA catabolism was impaired in the lumbar 4–5 (L4-L5) DRGs of mice fed a high-fat diet 
(HFD). Conditional deletion of PP2Cm in DRG neurons led to mechanical allodynia, heat and cold hyperalgesia. 
Mechanistically, the genetic knockout of PP2Cm resulted in the upregulation of C-C chemokine ligand 5/C-
C chemokine receptor 5 (CCL5/CCR5) axis and an increase in transient receptor potential ankyrin 1 (TRPA1) 
expression. Blocking the CCL5/CCR5 signaling or TRPA1 alleviated pain behaviors induced by PP2Cm deletion. Thus, 
targeting BCAA catabolism in DRG neurons may be a potential management strategy for pain sensitization.
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Introduction
Peripheral pain hypersensitivity is characterized by 
decreased sensory thresholds, increased responsiveness 
to stimuli, and allodynia, in which normally innocuous 
stimuli are perceived as painful [1, 5]. Persistent pain 
hypersensitivity causes distress to humans, interfering 
with physical and mental activities [30]. Current treat-
ments for this disorder have a modest effect, primar-
ily due to the inability to precisely target the underlying 
mechanisms. Altered metabolic states in the primary 
sensory neurons of dorsal root ganglion (DRG) have been 
shown to induce abnormal signal transduction and gene 
expression, resulting in persistent pain hypersensitivity 
[7]. Therefore, understanding the etiology of metabolic 
dysfunctions in the DRG may prompt novel therapeutic 
treatments for pain hypersensitivity.

Branched-chain amino acids (BCAAs), including leu-
cine, isoleucine, and valine, are indispensable nutrients 
for human beings. Aberrant BCAA catabolism has been 
implicated in the pathogenesis of diabetes, and one-
third of patients develop neuropathic pain [3, 4, 25]. In 
previous study, we have reported that obesity-induced 
pain hypersensitivity is coupled with an accumulation of 
BCAAs in lumbar DRG due to BCAA catabolism defi-
ciency [15], supporting a link between defective BCAA 
catabolism and pain sensitization. However, whether 
BCAA homeostasis in the DRG regulates pain behaviors 
and underlying molecular mechanisms remain elusive.

Defective BCAA catabolism promotes the release of 
proinflammatory molecules, contributing to the develop-
ment and persistence of pain hypersensitivity [46]. C-C 
chemokine ligand 5 (CCL5), also called RANTES, is a 
small secreted protein that acts as an important proin-
flammatory mediator in the pathogenesis of neuropathic 
pain [20]. CCL5 directly excites DRG neurons by activat-
ing its preferred C-C chemokine receptor 5 (CCR5) [43]. 
Studies have showed that intrathecal administration of 
CCL5 produces mechanical allodynia and thermal hyper-
algesia, and treatment with CCL5-neutralizing antibodies 
or CCR5 antagonists alleviates pain behaviors in different 
pain models [11, 16, 17, 47]. Thus, the CCL5/CCR5 sig-
naling axis in the DRG may be a critical mediator of pain 
hypersensitivity due to defective BCAA catabolism.

The transient receptor potential ankyrin 1 (TRPA1) 
channel is a pain sensor that responds to irritating chem-
icals, noxious mechanical, cold, and heat stimuli, and can 
be sensitized by endogenous proinflammatory agents 
[18, 45]. It is primarily localized to a subpopulation of 
primary sensory neurons in the DRG [33]. Animals lack-
ing TRPA1 expression or treated with TRPA1 antagonists 
exhibit reduced nociceptive behaviors upon exposure to 
noxious stimuli [28]. However, the specific role of TRPA1 
in pain manifestation induced by BCAA catabolic defect 
remains unclear.

The BCAA catabolic enzyme, mitochondrial targeted 
2 C-type serine/threonine protein phosphatase (PP2Cm), 
is highly expressed in the brain and DRG, mainly in 
all neuronal subtypes [13, 37, 48]. Genetic deletion of 
PP2Cm impairs BCAA catabolism, leading to increased 
BCAA levels [14, 40]. In this study, we observed that con-
ditional knockout of PP2Cm in DRG neurons resulted in 
pain hypersensitivity, and further investigated how defec-
tive BCAA catabolism modulates pain behaviors. Our 
results suggest that targeting BCAA catabolism in DRG 
sensory neurons may be a novel therapeutic strategy for 
pain sensitization.

Materials and methods
Animals
All procedures were approved by the Animal Ethics Com-
mittee of West China Hospital, Sichuan University, China 
(Protocol No.20230310052), and the protocols were per-
formed under strict adherence to the Animal Research: 
Reporting of in vivo Experiments (ARRIVE) guidelines. 
Animals received humane care in accordance with the 
Guide for the Care and Use of Laboratory Animals pub-
lished by the NIH. Wild-type C57BL/6J mice were pur-
chased from Vital River Laboratory Animal Technology 
Co. Ltd. (Beijing, China). The mice were housed in a con-
ventional facility at 22 ± 2 °C under a 12 h light-dark cycle 
with free access to food and water.

Male C57BL/6J mice (~ 4 weeks of age, weighed 
13–15 g) were randomly fed a high-fat diet (HFD) com-
posed of 60% kcal per kg fat (D12492, Research Diets Inc, 
New Brunswick, NJ, USA), or a chow diet (CD) com-
posed of 11.85% kcal per kg fat (SWC9101, Xietong Ltd., 
Nanjing, China) for 8 weeks. Body weight and nonfast-
ing blood glucose levels were recorded weekly. PP2C-
mfl/fl mice on a C57BL/6J background were purchased 
from Cyagen Biosciences Inc. (Guangzhou, China) and 
bred to produce littermates. Adult PP2Cmfl/fl mice (~ 8 
weeks of age, weighed 20–25 g) of both sexes were intra-
thecally injected with 5 µL of pAAV9-hSyn-Cre (3 × 1013 
VG/mL) to generate PP2Cm-cKO mice. Control mice 
(PP2Cm-ctrl) received the same volume of pAAV9-hSyn 
vector (Vigenebio, Jinan, China). After 3 weeks, the effi-
ciency of PP2Cm deletion in DRG was validated using 
Western blotting analysis. The mice were randomly 
assigned to different groups. The experimenters were 
blinded to the group assignments and treatment condi-
tions. At the end of the experimental protocol, the mice 
were anesthetized with 2% isoflurane and sacrificed to 
collect the bilateral lumbar 4–5 (L4-L5) DRGs.

Behavioral testing
On each testing day, the assay order was randomized, and 
experiments were carried out by blinded observers. Prior 
to testing, the mice were acclimated to the environment. 
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Mechanical, thermal, and cold sensitivity tests were con-
ducted at 30- to 60-minute intervals, allowing the mice to 
return to their home cages with access to food and water.

In the von Frey test [44], the mice were placed in an 
individual Plexiglas chamber on an elevated mesh grid 
floor. After 1-hour acclimation period, the mechani-
cal paw withdrawal thresholds were assessed using von 
Frey filaments with an ascending order (mice: 0.008, 0.02, 
0.04, 0.07, 0.16, 0.4, 0.6, 1.0, and 1.4 g). Each filament was 
applied 5 times to the mid-plantar surface of hind paws 
for 5 s with a 30 s interval, starting with 0.008 g and end-
ing with 1.4  g force. Abrupt paw raising, retracting, or 
licking was considered as a positive response. The abso-
lute withdrawal thresholds were determined by the up-
down method [27].

In the Hargreaves test [44], paw withdrawal latencies 
in response to thermal stimulation were examined with a 
radiant heat source (Model 37370; Ugo-Basile). In a quiet 
room, the mice were placed in a transparent chamber on 
a glass plate. After the mice adapted to the environment, 
the plantar surface of hind paws was stimulated with a 
radiant heat beam (IR = 35 mW/cm2). When the hind 
paws were moved, the light source automatically turned 
off, and the withdrawal latencies were recorded. Mea-
surements were repeated 3 times with a 10-min interval. 
The average latencies were calculated. To avoid damage 
to the hind paws, a cutoff time of 20 s was used.

In the cold plate test [2], the mice were placed on a 
cold plate apparatus (Bioseb) set at 4 ˚C. Paw withdrawal 
latencies were defined as the time at which a positive 
response occurred (e.g., jumping, shaking, or licking of 
the feet). Measurements were repeated 3 times within 
a 10-min interval. A cutoff time of 50  s was applied to 
avoid potential tissue damage. Mice showing no response 
within 50  s were removed from the apparatus, and the 
time was recorded as 50 s.

Drugs and intrathecal injection
Compound BT2 (3,6-dichlorobenzo[b]thiophene-
2-carboxylic acid, sc-276559, Santa Cruz Biotechnol-
ogy), an inhibitor of BCKDK, was diluted in the vehicle 
(5% DMSO, 10% cremophor EL, and 85% 0.1 M sodium 
bicarbonate, pH 9.0) and administered via oral gavage at 
a dose of 40 mg/kg body weight per day. A mouse neu-
tralizing antibody for CCL5 (anti-CCL5, AF478-SP, R&D 
Systems) was reconstituted in saline and intrathecally 
injected at a dose of 2.5 µg/mouse in a volume of 5 µL, 
for 2 consecutive days [19]. The CCR5 specific antago-
nist maraviroc (M1971, AbMole) was dissolved in sterile 
DMSO and diluted with saline for single intrathecal (i.t.) 
injection at a dosage of 40 µg/mouse in 5 µL volume [12]. 
The TRPA1-selective antagonist Chembridge-5861528 
(Chem-5861528, M7387, AbMole) was dissolved in ster-
ile DMSO and diluted with saline for 20 µg/5 µL/mouse 

i.t. injection [34, 35]. Normal IgG and saline were used 
as controls. The Ccr5-directed small interfering RNA 
(siCcr5, sense: 5’- C A G U A G U U C U A A U A G A C U A T T-3’; 
antisense: 5’- U A G U C U A U U A G A A C U A C U G T T-3’), 
Trpa1-directed small interfering RNA (siTrpa1, sense: 
5’- G C U A A G C U G U G U A A A U C A A T T-3’; antisense: 
5’- U U G A U U U A C A C A G C U U A G C T T-3’), and control 
small interfering RNA (siCtrl, sense: 5’-UUCUCCGAAC-
GUGUCACGUdTdT-3’; antisense: 5’-ACGUGACAC-
GUUCGGAGAAdTdT-3’) (Vigenebio, Jinan, China) were 
dissolved in RNase-free water and administered intrathe-
cally at 2 µg/µL in a volume of 5 µL.

Measurement of branched-chain amino acid 
concentrations
Fresh bilateral L4-L5 DRG tissues from CD and HFD 
mice, PP2Cm-cKO and PP2Cm-ctrl mice, PP2Cm-
cKO + Vehicle and PP2Cm-cKO + BT2 mice, were col-
lected for subsequent BCAA concentration analysis. 
DRG tissue samples were homogenized in sterile water 
and mixed with equal volumes of acetonitrile. After cen-
trifugation (at 15000 × g, 4 °C, for 10 min), the superna-
tant was collected and diluted for the detection of BCAA 
concentrations by liquid chromatography-tandem mass 
spectrometry (LC-MS, 1260–6460, Agilent).

Chromatographic separation was performed using a 
InfinityLab Poroshell HPH-C18 column (4.6 × 100  mm, 
2.7 μm, Part no. 695975-702, Agilent), and involved iso-
cratic condition with a flow rate of 0.3 mL/min and an 
injection volume of 1 µL. The column temperature was 
maintained at 30 °C. Mobile phase composition was 0.1% 
formic acid aqueous solution and acetonitrile (v/v = 95:5). 
Mass spectrometric acquisition was performed in the 
positive mode of electrospray ionization (ESI), with 
source temperature of 350  °C and capillary voltage 
of 3500  V. Multiple reaction monitoring (MRM) was 
employed as the scan mode. Standard chemicals, L-leu-
cine, L-isoleucine, and L-valine (Sigma-Aldrich) were 
used to quantify their concentrations. A series of calibra-
tion standards were analyzed to generate concentration-
response curves over a dynamic range. Three models 
were established using linear regression to back-calcu-
late the concentrations of leucine, isoleucine, and valine 
in samples, respectively. The parameters of fragmentor, 
mass-to-charge ratio (m/z), and collision energy, as well 
as representative LC-MS traces in blank, standard, and 
sample, have been provided in Supplementary Fig S1.

RNA sequencing
Bilateral L4-L5 DRG tissues from 9 mice per group were 
excised for RNA sequencing (RNA-seq). Then, the DRGs 
from 3 mice were pooled into each sample. Total RNA 
was isolated using the TRIzol Reagent (15596026CN, 
Invitrogen/ThermoFisher Scientific), after which the 
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concentration, quality, and integrity were determined 
using a NanoDrop spectrophotometer (701-058112, 
ThermoFisher Scientific). Three micrograms of RNA 
were used for RNA sample preparation. mRNA was puri-
fied from the total RNA using poly-T oligo-attached mag-
netic beads. Fragmentation was carried out using divalent 
cations at elevated temperature in Illumina’s proprietary 
buffer. Sequencing libraries were constructed with the 
VAHTS Universal V10 RNA-seq Library Prep Kit for Illu-
mina (NR606, Vazyme). The insert size for final cDNA 
library was 300–400  bp. We then performed 2 × 150  bp 
paired-end sequencing on the Illumina NovaSeq™ 6000 
platform (Personal Biotechnology Co., Ltd., Shanghai, 
China) following the manufacturer’s recommended pro-
tocol. We obtained raw read counts on each gene of each 
sample and standardized gene expression using frag-
ments per kilobase of transcript per million mapped 
reads (FPKM) method. Volcano plot, cluster heatmap, 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analyses were conducted on Person-
albio gene clouds under the following screening criteria: 
expression fold change > 1.5 and significant p value < 0.05.

Quantitative real-time PCR
Total RNA was isolated from frozen DRG tissues using 
TRIzol Reagent (15596026CN, Invitrogen/ThermoFisher 
Scientific), and cDNA was synthesized using iScript 
cDNA Synthesis Kit (170–8891, Bio-Rad). Quantita-
tive PCR (qPCR) was performed using iTaq Universal 
SYBR Green Supermix (1725124, Bio-Rad) with template 
cDNA and primers for each gene in a Bio-Rad CFX96 
real-time PCR system. The relative fold change in mRNA 
expression was calculated with the 2-ΔΔCt method with 
β-actin as the internal control. The primer sequences 
were listed in Supplementary Table S1.

Western blotting assay
Frozen DRG tissues were lysed with RIPA buffer supple-
mented with a protease inhibitor cocktail (4693116001, 
Roche), PMSF and Na2VO3. Protein samples (20–120 µg) 
were separated by SDS–PAGE and transferred onto 
PVDF membranes. The blots were blocked in 5% nonfat 
milk and incubated at 4 °C overnight with primary anti-
bodies, including anti-PP2Cm (1:1000, DF4348, Affinity 
Biosciences), anti-CCR5 (1:1000, AF6339, Affinity Biosci-
ences), anti-TRPA1 (1:1000, 19124-1-AP, Proteintech), 
anti-α-tubulin (1:5000, AF0524, Affinity Biosciences) 
and anti-GAPDH (1:5000, AF7021, Affinity Biosciences). 
After incubation with secondary antibody (1:10000, 
RGAR001, Proteintech) for 1 h at room temperature, the 
signals were visualized by a Novex™ ECL Chemilumines-
cent Substrate Reagent Kit (WP20005, ThermoFisher 
Scientific) and exposed using ChemiDoc XRS system 

(Bio-Rad) with Image Lab software. The band intensities 
were quantified with Image J software.

CCL5 enzyme-linked immunosorbent assay (ELISA)
DRG tissues were rapidly dissected and homogenized 
in 100 µL of DPBS containing protease inhibitors. The 
homogenate supernatants were isolated by centrifugation 
at 4000 × g for 10 min. CCL5 levels in the L4-L5 DRGs 
were measured using an ELISA kit (E-EL-M0009, Elab-
science) according to the manufacturer’s protocol.

Immunohistochemistry
Mice were deeply anesthetized with 2% isoflurane and 
then transcardially perfused with phosphate buffered 
saline (PBS, pH 7.4) for 5  min, followed by 4% parafor-
maldehyde until muscle twitching stopped. The L4-L5 
DRGs were fixed in 4% paraformaldehyde, followed by 
dehydration in an ascending ethanol series. Tissues were 
embedded in paraffin and cut into 5  μm sections for 
immunofluorescence staining. The sections were incu-
bated at 4 °C overnight with the following primary anti-
bodies: PP2Cm (1:100, DF4348, Affinity Biosciences), 
CCR5 (1:100, AF6339, Affinity Biosciences), TRPA1 
(1:100, DF13269, Affinity Biosciences), Neurofilament 
200 (NF200, 1:100, N0142, Sigma Aldrich), CGRP (1:100, 
ab81887, Abcam), and IB4 Alexa Fluor 488 (5  µg/µL, 
I21411, ThermoFisher Scientific). The sections, except 
for slices incubated with IB4 Alexa Fluor 488 antibodies, 
were incubated with Alexa Fluor 488 goat anti-mouse 
IgG (1:400, ab150113, Abcam), or Fluor 594 goat anti-
rabbit IgG (1:400, ab150080, Abcam) secondary antibody 
for 2  h. Fluorescence images were acquired by Olym-
pus (VS200, Tokyo, Japan), and analysis was performed 
blindly on three sections per DRG using OlyVIA digital 
software and ImageJ software.

Statistical analysis
Statistical analysis was performed with GraphPad Prism 
8 software. All data were presented as the mean ± SEM 
unless otherwise stated. The intensities of the protein 
bands and immunofluorescence were quantified using 
ImageJ software. Body weight, nonfasting blood glucose 
levels, the behavioral thresholds in CD and HFD-fed 
mice, as well as in PP2Cm-ctrl and PP2Cm-cKO mice, 
fold changes in mRNA expression of Ccl5, Ccr5, Il-1β, 
Tnf-α, Trpa1, and Trpv1, CCL5 levels, and the immu-
nofluorescence intensity were analyzed with two-tailed 
unpaired Student’s t-tests. BCAA levels, the fold changes 
in BCAA catabolic enzymes, and behavioral time course 
data for anti-CCL5, maraviroc, siCcr5, Chem-5,861,528 
and siTrpa1 treatment in PP2Cm-cKO mice were ana-
lyzed with two-way repeated measures analysis of vari-
ance (ANOVA) with Bonferroni posttests to determine 
the significance of differences between groups at each 
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individual time point. CCL5 levels after anti-CCL5 treat-
ment, Ccr5 mRNA levels after siCcr5 injection, and 
Trpa1 mRNA levels after siCcr5 and siTrpa1 injection 
were analyzed with one-way ANOVA with Tukey’s mul-
tiple comparisons test. Differences were considered sig-
nificant when P < 0.05.

Results
The catabolism of branched-chain amino acids is impaired 
in the lumbar 4–5 dorsal root ganglia of HFD-fed mice
Four-week-old male mice were fed with a standard chow 
diet (CD) or high-fat diet (HFD) for 8 weeks, as shown in 
Fig.  1a. Consistent with a previous study [15], mice fed 
a HFD for 8 weeks showed increased body weight and 
nonfasting blood glucose levels (Fig.  1b, c; body weight 
p < 0.0001, nonfasting blood glucose levels p = 0.0002). 
After 8-week HFD, male mice exhibited mechanical allo-
dynia and heat hyperalgesia, but no cold hyperalgesia 
(Fig.  1d-f; mechanical thresholds p < 0.0001, heat laten-
cies p = 0.0005, cold latencies p = 0.10). Furthermore, 
these mice showed an accumulation of BCAAs in the 
L4-L5 DRGs, along with significant decrease in the rel-
evant catabolic enzymes – Bcat2 by approximately 44%, 

and Pp2cm by ~ 37%, and a ~ 1.47-fold increase in Bckdk 
(Fig.  1g, h; leucine p = 0.02, isoleucine p = 0.67, valine 
p = 0.001; Bcat1 p = 0.07, Bcat2 p = 0.006, Bckdha p = 0.05, 
Bckdhb p = 0.17, Pp2cm p = 0.03, Bckdk p = 0.02). Collec-
tively, our results indicate impaired BCAA catabolism in 
the L4-L5 DRGs of HFD-fed mice, which exhibit hyperal-
gesic phenotypes.

Conditional knockout of PP2Cm in DRG neurons leads to 
pain hypersensitivity
Next, we investigated whether impaired BCAA catabo-
lism in the L4-L5 DRGs contributed to the develop-
ment of pain sensitization. PP2Cm, which regulates the 
rate limiting step of BCAA degradation, was knocked 
out to impair BCAA catabolism. To delete PP2Cm in 
DRG neurons, pAAV9-hSyn-Cre or pAAV9-hSyn was 
intrathecally injected into the subarachnoid space of 
male and female PP2Cmfl/fl mice to generate conditional 
knockout (PP2Cm-cKO) and control (PP2Cm-ctrl) mice, 
respectively (Fig. 2a). The efficiency of PP2Cm knockout 
was confirmed on day 21 post-injection. PP2Cm pro-
tein expression in the L4-L5 DRGs of PP2Cm-cKO mice 
was reduced by ~ 80% compared to PP2Cm-ctrl mice of 

Fig. 1 Impaired BCAA catabolism in lumbar 4–5 DRG of 8-week HFD mice
 a, Schematic of high-fat diet (HFD) model, showing male 4-week-old C57BL/6J mice were fed with either standard chow diet (CD) or HFD for 8 weeks. b, 
c, Body weight (b) and nonfasting blood glucose levels (c) were measured after 8 weeks of CD or HFD feeding. n = 10 mice/group. d-f, Mechanical with-
drawal thresholds (d), withdrawal latencies to heat (e), and cold stimulus (f) were measured after 8 weeks of feeding with CD or HFD. n = 10 mice/group. 
g, BCAA concentrations in the lumbar 4–5 (L4-L5) DRGs of mice after an 8-week feeding of CD or HFD. n = 5 mice/group. h, Relative mRNA expression of 
BCAA catabolic enzymes, Bcat1, Bcat2, Bckdha, Bckdhb, Pp2cm, and Bckdk (to β-actin) in the L4-L5 DRGs after 8 weeks of CD or HFD feeding. n = 3–4 ex-
perimental repeats (8 mice)/group. Data are shown as the mean ± SEM. Statistical tests used were unpaired two-tailed Student’s t-test (b-f), and two-way 
repeated-measures ANOVA with Bonferroni’s post hoc test (g, h). *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001
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both sexes (Fig. 2b; male p = 0.006, female p = 0.01). This 
reduction was not observed in the L4-L5 dorsal spinal 
cord (DSC), heart, brain, liver, muscle or adipose tissue 
(Fig. S2a). Body weight and nonfasting blood glucose 
levels in PP2Cm-cKO mice were comparable to these in 
PP2Cm-ctrl mice, irrespective of sex (Fig. S2b, c). Behav-
ioral assessments showed that PP2Cm-cKO mice of both 

sexes exhibited mechanical allodynia, and heat and cold 
hyperalgesia on 21 d post-injection (Fig.  2c-e, mechani-
cal thresholds p < 0.0001, heat latencies p < 0.001, cold 
latencies p < 0.001; Fig. S2d-f ). Because no difference was 
observed in pain phenotype between male and female 
PP2Cm-cKO mice, subsequent experimental results were 
obtained from mice of both sexes. Additionally, BCAA 

Fig. 2 Conditional knockout of PP2Cm in DRG neurons induces pain hypersensitivity
 a, Representative cartoons of pAAV9-hSyn-(Cre) injection. Intrathecal injection of pAAV9-hSyn-Cre or pAAV9-hSyn into male and female PP2Cmfl/fl mice 
resulted in the generation of PP2Cm-cKO and PP2Cm-ctrl mice. b, Representative immunoblots of PP2Cm in the L4-L5 DRGs on day 21 post-injection 
in PP2Cm-cKO and PP2Cm-ctrl mice of both sexes. male n = 3 experimental repeats (6 mice)/group, female n = 3 experimental repeats (6 mice)/group. 
c-e, Mechanical withdrawal thresholds (c), withdrawal latencies to heat (d) and cold stimulus (e) in PP2Cm-cKO and PP2Cm-ctrl mice. n = 10 mice/group, 
both sexes. f, BCAA concentrations in the L4-L5 DRGs of PP2Cm-cKO and PP2Cm-ctrl mice. n = 5 mice/group, both sexes. g-i, Mechanical withdrawal 
thresholds (g), withdrawal latencies to heat (h) and cold stimulus (i) in PP2Cm-cKO mice with or without BT2 supplementation after 7 consecutive days, 
PP2Cm-cKO + Vehicle vs. PP2Cm-cKO + BT2. n = 6 mice/group, both sexes. j, BCAA concentrations in the L4-L5 DRGs of PP2Cm-cKO + Vehicle and PP2Cm-
cKO + BT2 mice. n = 6 mice/group, both sexes. Data are shown as the mean ± SEM. Statistical tests used were unpaired two-tailed Student’s t-test (c-e, 
g-i), one-way ANOVA with Tukey’s multiple comparisons test (b), and two-way repeated-measures ANOVA with Bonferroni’s post hoc test (f, j). *p < 0.05, 
**p < 0.01, ***p < 0.005, and ****p < 0.001
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concentrations in the L4-L5 DRGs of PP2Cm-cKO mice 
were significantly elevated (Fig.  2f; leucine p = 0.04, iso-
leucine p = 0.44, valine p < 0.0001).

To further determine whether BCAA accumulation in 
PP2Cm-cKO mice was responsible for pain hypersensi-
tivity, we promoted BCAA catabolism via daily gavage 
of BT2, an activator of BCKDH, for 7 consecutive days. 
Systemic BT2 treatment substantially prevented the 
decreases in nociceptive thresholds to mechanical, heat, 
and cold stimulation, and markedly eliminated BCAA 
concentrations in the L4-L5 DRGs (Fig.  2g-j; mechani-
cal thresholds p = 0.04, heat latencies p = 0.004, cold 
latencies p = 0.002; leucine p < 0.0001, isoleucine p = 0.07, 
valine p = 0.0006). These results indicate that defec-
tive BCAA catabolism in the DRG contributes to pain 
hypersensitivity.

BCAA catabolic defects in DRG neurons activate the CCL5/
CCR5 axis
To better understand how BCAA catabolic defects 
induce pain sensitization, we performed RNA sequenc-
ing of the L4-L5 DRGs of PP2Cm-ctrl and PP2Cm-cKO 
mice. Transcriptional landscape analysis identified 
498 upregulated genes and 37 downregulated genes in 
PP2Cm-cKO mice compared to -ctrl mice (Fig.  3a, Fig. 
S3a). By KEGG pathway analysis, multiple proinflamma-
tory pathways, including the B-cell receptor, extracellular 
matrix (ECM) receptor interaction, cytokine-cytokine 
receptor interaction, P53 and chemokine signaling were 
recognized as the significantly and heavily enriched 
pathways in PP2Cm-cKO mice (Fig.  3b, Supplementary 
Table S2). In this study, we compared the FPKM values 
of a large scope of chemokines, which contribute to the 
pathogenesis of pain. Ccl5 was predicted to be the most 
significantly altered gene in PP2Cm-cKO mice (Fig. S3b). 
Subsequently, qPCR confirmed a ~ 65-fold increase in 
Ccl5 and a ~ 3.2-fold increase in Ccr5 mRNA expression 
in the L4-L5 DRGs of PP2Cm-cKO mice (Fig. 3c, d; Ccl5 
p < 0.001, Ccr5 p < 0.001). The expression of proinflam-
matory cytokines, such as Tnf-α and Il-1β, were also 
upregulated (Fig. 3e, f; Tnf-α p = 0.05, Il-1β p = 0.001). An 
8-week HFD also increased the mRNA levels of Ccl5, 
Ccr5, Tnf-α, and Il-1β in the L4-L5 DRGs (Fig. S3c-f; Ccl5 
p < 0.0001, Ccr5 p = 0.03, Tnf-α p < 0.0001, Il-1β p = 0.01). 
To further determine if promoting BCAA catabolism 
could suppress DRG inflammation, BT2 was adminis-
tered to PP2Cm-cKO and HFD-fed mice, respectively. 
Notably, BT2 significantly reversed the upregulation 
of Ccl5, Ccr5, Tnf-α and/or Il-1β in the L4-L5 DRGs of 
PP2Cm-cKO and HFD-fed mice (Fig. 3g-j, Ccl5 p = 0.04, 
Ccr5 p = 0.01, Tnf-α p = 0.03, Il-1β p = 0.03; Fig. S3g-j, 
Ccl5 p = 0.03, Ccr5 p = 0.03, Tnf-α p = 0.03, Il-1β p = 0.04). 
These results indicate that PP2Cm deletion leads to the 

activation of CCL5/CCR5 axis and a proinflammatory 
status in the DRG.

Targeting the CCL5/CCR5 axis alleviates pain behaviors in 
DRG specific PP2Cm-knockout mice
Elevated CCL5 levels in the L4-L5 DRGs of PP2Cm-cKO 
mice were confirmed by ELISA kits (Fig. 4a; p < 0.001). To 
determine if elevated CCL5 was involved in the develop-
ment of pain hypersensitivity, PP2Cm-cKO mice were 
intrathecally administered an anti-CCL5 neutralizing 
antibody for 2 consecutive days (Fig. 4b). One day after 
injection with the anti-CCL5 antibody, PP2Cm-cKO 
mice exhibited decreased CCL5 levels, along with ame-
liorative mechanical allodynia and cold hyperalgesia, 
without an effect on heat hyperalgesia. However, at 3 d, 
these mice had recovered to a hypersensitive state with 
restored CCL5 levels in the L4-L5 DRGs (Fig. 4c-f ).

The amount of CCR5 protein was elevated by 1.2-fold 
in the L4-L5 DRGs of PP2Cm-cKO mice, as compared 
to the PP2Cm-ctrl mice (Fig. S4a; p = 0.005). We further 
detected the expression of CCR5 in DRG neurons using 
immunohistochemistry. CCR5 expression was markedly 
upregulated in PP2Cm-cKO mice (Fig. 4g-i). To investi-
gate the role of CCR5 in PP2Cm-cKO mice, we inhibited 
CCR5 increase via intrathecal injection of maraviroc, a 
specific antagonist, or Ccr5-directed small interfering 
RNA (siCcr5) (Fig.  4j). Maraviroc alleviated mechani-
cal allodynia and thermal (heat and cold) hyperalgesia 
in PP2Cm-cKO mice within 1  h post-injection, but the 
analgesic effect disappeared 24 h later (Fig. 4k-m). Intra-
thecal administration of siCcr5 significantly decreased 
Ccr5 mRNA levels in the L4-L5 DRGs and amelio-
rated mechanical allodynia and thermal hyperalgesia 
in PP2Cm-cKO mice on day 2 post-injection. However, 
Ccr5 expression and nociceptive hypersensitivity in 
these mice had returned to baseline levels on day 8 post-
injection (Fig. 4n-q). Furthermore, we measured chemo-
kine and cytokine mRNA levels after siCcr5 treatment 
in PP2Cm-cKO mice. Consequently, Ccr5 knockdown 
reduced the mRNA levels of Ccl5, Tnf-α and Il-1β in the 
L4-L5 DRGs (Fig. S4b-d). Therefore, our data indicate 
that pharmacological inhibition or genetic knockdown 
of the CCL5/CCR5 pathway can mitigate hyperalgesia in 
PP2Cm-cKO mice accompanied by decreased expression 
of chemokines and cytokines.

Upregulated TRPA1 expression mediates pain 
hypersensitivity in DRG specific PP2Cm-knockout mice
Inflammatory signals alter the expression of TRPA1 
and TRPV1, contributing to hyperalgesia [6]. We inves-
tigated whether the expression of TRPA1 and TRPV1 
were upregulated in PP2Cm-cKO mice. Quantitative 
PCR revealed that the mRNA level of Trpa1, but not 
Trpv1, was increased by 1.9-fold in the L4-L5 DRGs 
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of PP2Cm-cKO mice (Fig.  5a, Trpa1 p = 0.03; Fig. S5a, 
Trpv1 p = 0.43). TRPA1 protein expression was also 
elevated by 1.3-fold in the L4-L5 DRGs of PP2Cm-cKO 
mice, as compared to those in PP2Cm-ctrl mice (Fig. 5b, 
p = 0.04). We further characterized TRPA1 expression 
in sensory neurons. In the L4-L5 DRGs of PP2Cm-cKO 
and PP2Cm-ctrl mice, TRPA1 was most likely expressed 
in CGRP-positive neurons, as well as in IB4-positive 
neurons (Fig.  5c, d), but was absent in NF200-positive 

neurons (Fig. S5b). Importantly, systemic BT2 treatment 
reversed the upregulation of Trpa1 mRNA in the L4-L5 
DRGs of PP2Cm-cKO mice (Fig. 5e; p < 0.001). Intrathe-
cal siCcr5 administration also reduced Trpa1 mRNA 
level in the L4-L5 DRGs of PP2Cm-cKO mice on day 2 
post-injection (Fig.  5f ). Additionally, in 8-week HFD-
fed mice, the Trpa1 mRNA level was increased by 1.7-
fold, and this upregulation was blunted by systemic BT2 
administration (Fig. S5c, d).

Fig. 3 The neuron-specific deletion of PP2Cm in DRG induces the upregulation of CCL5/CCR5 pathway and other proinflammatory cytokines
 a, Volcano plot illustrated the transcriptomics analysis of the L4-L5 DRGs from PP2Cm-cKO and PP2Cm-ctrl mice. Significantly upregulated genes are 
colored in red, downregulated genes are in blue, and unchanged genes are in grey. n = 3 experimental repeats (9 mice)/group. b, Top 9 significantly 
enriched pathways identified in KEGG enrichment analysis of L4-L5 DRGs from PP2Cm-cKO and PP2Cm-ctrl mice. c-f, The mRNA levels of Ccl5 (c), Ccr5 
(d), Tnf-α (e), and Il-1β (f) in the L4-L5 DRGs of PP2Cm-ctrl and PP2Cm-cKO mice (to β-actin). n = 8 experimental repeats (16 mice)/group. g-j, The mRNA 
levels of Ccl5 (g), Ccr5 (h), Tnf-α (i), and Il-1β (j) in the L4-L5 DRGs of PP2Cm-cKO + Vehicle and PP2Cm-cKO + BT2 (to β-actin). n = 4 experimental repeats (8 
mice)/group. Data are shown as the mean ± SEM. Statistical tests used were unpaired two-tailed Student’s t-test (c-j). *p < 0.05, **p < 0.01, and ***p < 0.005
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Fig. 4 Inhibiting the CCL5/CCR5 signaling pathway attenuates hyperalgesia in DRG PP2Cm-deficient mice
 a, Quantification for release of CCL5 in the L4-L5 DRGs of PP2Cm-ctrl and PP2Cm-cKO mice, as detected by ELISA. n = 4 mice/group. b, Illustrative cartoon 
depicting the intrathecal administration of an anti-CCL5 neutralizing antibody. c, Quantification for release of CCL5 in the L4-L5 DRGs of PP2Cm-cKO + IgG, 
PP2Cm-cKO + anti-CCL5 1d and PP2Cm-cKO + anti-CCL5 3d mice. n = 4 mice/group. d-f, Mechanical withdrawal thresholds (d), withdrawal latencies to 
heat (e) and cold stimulus (f) on day 0 (baseline, BL), 1, and 3 post-injection in PP2Cm-cKO mice treated with IgG or anti-CCL5 neutralizing antibody. 
n = 5–6 mice/group. g, The L4-L5 DRGs from PP2Cm-ctrl and PP2Cm-cKO mice were double stained with PP2Cm (green) and CCR5 (red). The corner 
image in white square is the zoomed-in image of the area in the smaller white square. Scale bar: 20 μm. h, i, Fluorescent quantifications for PP2Cm (h) and 
CCR5 (i) in DRG sections from PP2Cm-ctrl and PP2Cm-cKO mice. n = 3 sections from 3 mice/group. j, A representative cartoon illustrating the intrathecal 
injection of CCR5 antagonist maraviroc or Ccr5 small interfering RNA (siCcr5). k-m, Mechanical withdrawal thresholds (k), withdrawal latencies to heat 
(l) and cold stimulus (m) at BL, 1 h, and 24 h post-injection in PP2Cm-cKO mice treated with Vehicle or maraviroc. n = 6 mice/group. n, The mRNA levels 
of Ccr5 in the L4-L5 DRGs from PP2Cm-cKO + siCtrl, PP2Cm-cKO + siCcr5 2d, and PP2Cm-cKO + siCcr5 8d mice (to β-actin). n = 3 experimental repeats (6 
mice)/group. o-q, Mechanical withdrawal thresholds (o), withdrawal latencies to heat (p) and cold stimulus (q) at BL, 2d, and 8d post-injection in PP2Cm-
cKO mice treated with siCtrl or siCcr5. n = 5–6 mice/group. Data are shown as the mean ± SEM. Statistical tests used were unpaired two-tailed Student’s 
t-test (a, h, i), one-way ANOVA with Tukey’s multiple comparisons test (c, n), and two-way repeated-measures ANOVA with Bonferroni’s post hoc test (d-f, 
k-m, o-q). *p < 0.05, **p < 0.01, and ***p < 0.005
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Fig. 5 Increased TRPA1 expression mediates pain hypersensitivity in DRG specific PP2Cm-knockout mice
a, The Trpa1 mRNA level in the L4-L5 DRGs of PP2Cm-ctrl and PP2Cm-cKO mice (to β-actin). n = 8 experimental repeats (16 mice)/group. b, Representa-
tive immunoblots and protein levels of TRPA1 in the L4-L5 DRGs from PP2Cm-cKO and PP2Cm-ctrl mice (to GAPDH). n = 3–6 experimental repeats (6–12 
mice)/group. c, d, Double-labelled immunofluorescent staining of TRPA1 (red) with calcitonin gene-related peptide (CGPR, green, c) or isolectin B4 (IB4; 
green, d) in the L4-L5 DRGs from PP2Cm-ctrl and PP2Cm-cKO mice. White arrowheads indicate double positive neurons. n = 4–5 sections from 5 mice/
group. Scale bar: 20 μm. e, The Trpa1 mRNA level in the L4-L5 DRGs of PP2Cm-cKO + Vehicle and PP2Cm-cKO + BT2 mice (to β-actin). n = 4 experimental 
repeats (8 mice)/group. f, The Trpa1 mRNA level in the L4-L5 DRGs of PP2Cm-cKO + siCtrl, PP2Cm-cKO + siCcr5 2d, and PP2Cm-cKO + siCcr5 8d mice (to 
β-actin). n = 7 experimental repeats (14 mice)/group. g, A representative cartoon illustrating the intrathecal injection of TRPA1 inhibitor chem-5,861,528 
or Trpa1 small interfering RNA (siTrpa1). h-j, Mechanical withdrawal thresholds (h), withdrawal latencies to heat (i) and cold stimuli (j) at baseline (BL), 1 h, 
and 24 h post-injection in PP2Cm-cKO mice treated with Vehicle or chem-5,861,528. n = 6–10 mice/group. k, The Trpa1 mRNA level in the L4-L5 DRGs of 
PP2Cm-cKO + siCtrl, PP2Cm-cKO + siTrpa1 2 d and PP2Cm-cKO + siTrpa1 8 d mice (to β-actin). n = 3 experimental repeats (6 mice)/group. l-n, Mechanical 
withdrawal thresholds (l), withdrawal latencies to heat (m) and cold stimuli (n) at BL, 2d, and 8d post-injection in PP2Cm-cKO mice treated with siCtrl or 
siTrpa1. n = 5–6 mice/group. Data are shown as the mean ± SEM. Statistical tests used were unpaired two-tailed Student’s t-test (a, b, e), one-way ANOVA 
with Tukey’s multiple comparisons test (f, k), and two-way repeated-measures ANOVA with Bonferroni’s post hoc test (h-j, l-n). *p < 0.05, **p < 0.01, 
***p < 0.005, and ****p < 0.001
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Finally, in order to determine whether upregulated 
TRPA1 in DRG contributed to pain hypersensitivity in 
PP2Cm-cKO mice, we intrathecally administered Chem-
5,861,528, a specific TRPA1 inhibitor, or Trpa1-targeting 
siRNA (siTrpa1) to these mice (Fig. 5g). Chem-5,861,528 
effectively attenuated mechanical allodynia, heat, and 
cold hyperalgesia within 1  h post-injection in PP2Cm-
cKO mice, but these antinociceptive effects disappeared 
24 h after administration (Fig. 5h-j). The siTrpa1, but not 
siCtrl, effectively blocked PP2Cm-cKO-induced increase 
in Trpa1 mRNA level in the L4-L5 DRGs, and miti-
gated the PP2Cm-cKO-induced mechanical, heat, and 
cold hyperalgesia on day 2 post-injection (Fig.  5k-n). In 
addition, siTrpa1 treatment substantially inhibited the 
Tnf-α and Il-1β mRNA expression (Fig. S5e, f ). Together, 
the above results indicate that the upregulated TRPA1 
expression in DRG mediates PP2Cm deletion-induced 
pain hypersensitivity.

Discussion
Our previous studies have shown a correlation between 
BCAA accumulation and pain hypersensitivity, but 
the exact mechanism remains elusive [15]. In the pres-
ent study, we demonstrated that high-fat diet induced 
nociceptive hypersensitivity in male mice, and BCAA 
catabolism was impaired in their L4-L5 DRGs. Addi-
tionally, conditional deletion of PP2Cm in DRG neurons 
led to mechanical allodynia, heat and cold hyperalge-
sia in both sexes. Mechanistically, genetic knockout of 
PP2Cm resulted in the upregulation of CCL5/CCR5 axis 
and a proinflammatory status in the L4-L5 DRGs, and 
increased TRPA1 expression. Pharmacological inhibi-
tion and genetic intervention of the CCL5/CCR5 axis or 
TRPA1 can attenuate pain behaviors induced by PP2Cm 
knockout. Therefore, our results reveal a novel mecha-
nism by which BCAA catabolism in the L4-L5 DRGs reg-
ulates pain behaviors.

The current understanding of the relationship between 
BCAA metabolism and aberrant nociception is very lim-
ited. We first identified that 8-week HFD induced noci-
ceptive hypersensitivity and impaired BCAA catabolism 
in the L4-L5 DRGs. Subsequently, we extended our 
research to investigate the hypothesis that BCAA meta-
bolic dysfunction in DRG contributes to pain hyper-
sensitivity. The conditional deletion of PP2Cm in DRG 
neurons increased nociceptive responses to mechanical 
and thermal (heat and cold) stimuli, and these hyper-
sensitivities could be mitigated by promoting BCAA 
catabolism via BT2 treatment. The AAV9 vector is char-
acterized by its efficient transduction of DRG neurons 
following intrathecal delivery [39]. In this study, intrathe-
cal delivery of pAAV9-hSyn-Cre preferentially deleted 
PP2Cm in the L4-L5 DRGs rather than the dorsal spinal 
cord. This preference may be attributed to the following 

two factors: (1) limited transduction efficiency of spinal 
cord dorsal horn neurons via intrathecal delivery [31, 32]; 
(2) the hSyn promoter’s inability to drive expression in a 
subset of dorsal horn neurons, despite its pan-neuronal 
profile [24].

Elevated BCAAs activate inflammatory pathways 
and increase the release of proinflammatory mediators 
[23, 46]. Transcriptional profiling revealed a proinflam-
matory state in the L4-L5 DRGs of PP2Cm-cKO mice, 
with Ccl5 mRNA being the most significantly upregu-
lated chemokine. Then, we found that the mRNA lev-
els of Ccl5, Ccr5, Tnf-α, and Il-1β were increased in 
the L4-L5 DRGs of PP2Cm-cKO and HFD-fed mice. 
Enhancing BCAA catabolism with systemic BT2 treat-
ment markedly reduced the expression of these genes, 
supporting the notion that BT2 can be a promising anti-
inflammatory agent for clinical pain management [41]. 
Proinflammatory mediators sensitize afferent neurons 
and consequently lead to hyperalgesia [38]. CCL5 is rec-
ognized as a potential target for modulating the migra-
tion of inflammatory cells and controlling hyperalgesia at 
peripheral injured sites in chronic pain models [16, 19]. 
CCR5, which is expressed in sensory neurons, acts as a 
pathological regulator in the pathogenesis of pain and 
directly enhances pain sensitivity [21, 26]. In this study, 
we intrathecally administered anti-CCL5 neutralizing 
antibody, maraviroc, or Ccr5-directed small interfering 
RNA to PP2Cm-cKO mice, which could alleviate noci-
ceptive hypersensitivity. Thus, our results suggest that 
the CCL5/CCR5 axis in DRG is involved in the genesis of 
pain hypersensitivity induced by PP2Cm knockout.

CCL5-induced hyperalgesia is associated with TRPA1 
sensitization [6]. Inflammation induces TRPA1 traf-
ficking to cell membrane and increases its membrane 
expression [18, 36, 42]. The findings comparing TRPA1 
expression in obese and lean mice are seemingly para-
doxical: some studies reporting increased expression 
in obese mice [33], while others reporting no altera-
tion [29]. In this study, we found that Trpa1 expression 
was increased in the L4-L5 DRGs of HFD-fed mice. In 
PP2Cm-cKO mice, TRPA1 protein expression was also 
elevated and present in CGRP- and IB4-positive neurons 
[8]. TRPA1 channel is involved in the maintenance of 
pain hypersensitivity [9, 22]. Studies have demonstrated 
that systemic administration of Chem-5,861,528, a selec-
tive TRPA1 channel antagonist, or TRPA1 gene deletion, 
can attenuate nociceptive hypersensitivity in pain mod-
els [9, 10, 35]. In this study, intrathecal administration of 
Chem-5,861,528 produced anti-nociceptive effects, and 
knockdown of TRPA1 in the L4-L5 DRGs also alleviated 
nociceptive hypersensitivity in PP2Cm-cKO mice.

Our study builds upon previous findings and extends 
to investigate the role for BCAA catabolism in regulat-
ing pain behaviors. Further work is needed to address 
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the limitations of the present study. First, we used small 
interfering RNA to silence the expression of CCR5 and 
TRPA1 genes; however, siRNA may have potential off-
target effects and lack the cell type transfection selectiv-
ity, thus additional PP2Cm-CCR5 and PP2Cm-TRPA1 
double knockout mice are required to ascertain the role 
of these genes in pain hypersensitivity. Furthermore, 
the results indicated that upregulated TRPA1 expres-
sion in the DRG mediated PP2Cm deletion-induced pain 
hypersensitivity, and more electrophysiology studies are 
needed to measure TRPA1 currents. Future research 
incorporating electrophysiology can better elucidate the 
roles of ion channels in pain sensitization induced by 
DRG-specific PP2Cm knockout.

Conclusions
We identified that conditional deletion of PP2Cm in 
DRG neurons led to mechanical allodynia, heat and 
cold hyperalgesia. Genetic PP2Cm knockout activated 
the CCL5/CCR5 axis and upregulated TRPA1 expres-
sion. Inhibiting elevated CCL5/CCR5 axis or TRPA1 can 
attenuate pain behaviors induced by PP2Cm knockout. 
The present study unveils a critical role of BCAA catabo-
lism in pain sensitization, which may serve as a basis for 
pain pathogenesis, as well as a potential target for pain 
therapy.
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