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Background: Chronic pain is a global health issue that affects as many as 20% of the population. Inflammatory pain, an important
form of chronic pain, negatively impacts patients’ quality of life. Indolepropionic acid (IPA), a metabolite derived from the gut
microbiota, has anti-inflammatory properties. However, its effect on inflammatory pain has not yet been explored. This study aims to
investigate the impact of IPA on CFA-induced inflammatory pain.

Methods: A mouse model of inflammatory pain was established by injection of Complete Freund’s Adjuvant (CFA) into the hind
paw, and treated with the IPA supplement. Behavioral assessments were conducted using the Von Frey test, cold or hot plate tests. The
expression of pain-related transcripts, such as transient receptor potential vanilloid 1 (TRPV1) and calcitonin gene-related peptide
(CGRP) was evaluated. Degree of inflammation was assessed by the thickness of paws, degree of inflammatory infiltration and the
changes of serum tumor necrosis factor (TNF)-a, interleukin(IL)-6 and IL-1f.

Results: TPA supplement improved the CFA-induced decrease of the mechanical withdrawal threshold and cold and thermal with-
drawal latency. Meanwhile, IPA inhibited the CFA-induced upregulation of TRPV1 and CGRP in DRGs. In addition, IPA treatment
also suppressed the CFA-induced local and systemic inflammation, including the swelling and thickening of the paw, local infiltration
of inflammatory cells, and increased serum levels of TNF-q, IL-6, and IL-1f.

Conclusion: Our results show that IPA can improve pain-related behavior and alleviate inflammation in the CFA-treated mice,
which provides new insight into potential strategies for inflammatory pain management.
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Introduction
Chronic pain affects more than 30% of people worldwide and imposes a substantial burden on individuals and society.'~
Accumulating evidence suggests that inflammation plays an important role in the pathogenesis of chronic pain conditions.’
Currently, oral nonsteroidal anti-inflammatory drugs (NSAIDs) are considered as the first-line treatment for chronic inflam-
matory pain, such as neck pain, back pain and osteoarthritis.*> However, the adverse effects of NSAIDs and poor patient
compliance often limit their long-term efficacy.” It is still urgent to find novel therapeutic strategies for inflammatory pain.
Indolepropionic acid (IPA), a gut microbiota-produced tryptophan metabolite, has attracted increasing attention for its
beneficial role in health and diseases.®’ IPA has shown good safety and low toxicity in both in vitro and in vivo studies.®
and it is involved in the regulation of various physiological functions, including inflammation, metabolism, immune
responses, redox state and neurological function.”'® Recent evidence suggests that IPA exerts not only an anti-
inflammatory influence but also antioxidative action against oxidative damage.'''® IPA may have a beneficial effect
on inflammatory pain, but this possibility has not been thoroughly investigated. Therefore, a mouse model of inflam-
matory pain was established by injection of Complete Freund’s Adjuvant (CFA) into hind paw as previously described."*
Our study aimed to examine the role of IPA in inflammatory pain.
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Materials and Methods
Animal and Drug

Male C57BL/6J mice, aged 10 weeks, were purchased from the Animal Experimental Center of Nanfang Hospital,
Southern Medical University, China. The animals were maintained at standard conditions with a strict 12 h:12 h light:
dark cycle, humidity at 50 + 15%, temperature at 22 + 2 °C. Food and water were available ad libitum. Mice were
allowed to adapt to these conditions for at least 7 days before all experiments. The experiments were conducted following
the Animal Research Reporting In Vivo Experiments (ARRIVE) guidelines. All animal experiments were approved by
the Nanfang hospital animal ethic committee (IACUC-LAC-20241210-003). CFA was purchased from Sigma-Aldrich
(St. Louis, MO). IPA was purchased from Macklin Biochemical Corp. (Shanghai, China), and diluted in sterile phosphate
buffered saline (PBS) at a concentration of 0.5 mg per 200 uL."> The welfare and treatment of laboratory animals follow
the GUIDE FOR THE CARE AND USE OF LABORATORY ANIMALS and the China and Nanfang hospital policies

for health and well-being of laboratory animals.

Experimental Procedures

Mice were randomly divided into three groups (n=7 per group): (1) The Control group, in which the animals were
injected 10uL of saline subcutaneously into the right paw. (2) The CFA group, in which mice were injected 10uL. of CFA
subcutaneously into the right paw for three days and received daily PBS treatment by gavage for the next seven days (3)
The CFA + IPA group, in which mice were injected 10uL of CFA subcutaneously into the right paw for three days, and
received 20 mg/kg IPA per day by gavage for next seven days. The experiment was conducted as shown in Figure 1A.

Saline
Injection Sacrifice Von Frey
Control ' t 1 CRTE
0 3 10 Days % ek -~ Control
2 I w  _m CFA
PBSig. o
CFA 20mg/kg/d sacrif |.§ 10-4 CFA+IPA
Injection ¢ PN acrifice N
CFA ' } i 3
0 3 4 56 7 8 9 10 Days gs- \
— IPAig. g S G L
CFA 20mg/kg/d s OO g o o
Injection y o oL *Sacriﬁce ) T T T T T T T T
CFA +IPA I } | & 0 1 2 3 4 5 6 7 8 9 10
y 0 3 456 7 8 9 10Days CFA injection IPA i.g. treatment
— (day) (day)
C D
Cold plate Hot plate
@ 15+ @ 8-
= -o- Control < N ok L T -o- Control
3 . ko . .
g T e CFA Sed s g b g bt mom
5 10_;%‘1/1_1\14—1/1—14/3 CFA+PA 5 CFA+IPA
K] K \T
s \ 44\ A -
o N ria 1 : Lirjxl‘"i*”;\pi
2 5 —& 3 J\i,l»—/‘\I/ s g ) HoHE -
s ## # S 24
E P w S
3
E 0 T T T T T T T 1T T 1 g 0 T | | T T 1
0 1 2 3 4 5 6 7 8 9 10 01 2 3 4 5 6 7 8 9 10
CFA injection IPA i.g. treatment CFA injection IPA i.g. treatment
(day) (day) (day) (day)

Figure | IPA alleviated inflammatory pain induced by CFA. (A) Schematic diagram of the experimental procedure. (B)The alterations in the mechanical withdrawal
threshold. (C and D) The alterations in the paw withdrawal latency of cold plate and hot plate. ***p < 0.001, Control group vs CFA group; *p < 0.05, *p < 0.0, CFA group
vs CFA + IPA group.
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Assessment of Behavior

The mechanical withdrawal threshold was tested by using electronic Von Frey filaments (Ugo Basile, Italy) as previously
described.'® Briefly, mice were placed in a plastic box on a metal frame for 15 minutes to get used to their surroundings
before testing. A filament was then pressed on their paw, and the peak force of stimulation was recorded. A positive
response was defined as abrupt paw away or licking. This procedure was repeated five times with an inter-test period of
15 min, and the average value of the peak force was regarded as the paw withdrawal threshold (PWT) of the mice. The
Von Frey tests were conducted daily after a three-day injection of CFA.

Cold or hot sensitivity was assessed by measuring the latency of the hind paw withdrawal response to cold or hot
stimulation as previously described.'® Briefly, mice were put on a platform for 30 minutes to get used to their surroundings
before testing. They were subjected to cold and hot stimulation on a ZH-6C Plate at 4°C or 50°C, with a wall to stop them
from escaping. Any behavioural changes like paw licking or jumping were noted, and the latency to display such behaviour
was recorded. The cutoff time was set at 20s, and the procedure was repeated 5 times at 30-minute intervals, and the average
value was taken as the paw withdrawal latency (PWL). All behavioral baseline data were assessed before the injection of CFA.

Hematoxylin and Eosin (H&E) Staining

Right hind foot tissue was collected from mice, fixed in 4% paraformaldehyde (PFA) for 24 hours, and then stored in
PBS for 24 hours. Samples were then subjected to dehydration and paraffin embedding. Sections of 5-pum thickness were
cut from the paraffin-embedded tissue, and the paraffin sections were dewaxed and rehydrated according to standard
procedures, followed by H&E staining as previously described.'”

Measure of Footpad Thickness
The foot pad thickness was measured by a vernier calliper as previously described.'® Briefly, the foot pad thickness was
measured in the area 3mm away from the distal end of the ankle tip and the base of the first toe. Each animal was
measured five times and the average value was taken as the pad thickness. The baseline data of the foot pad thickness
were assessed before the injection of CFA.

Immunofluorescence Staining

L3-L5 dorsal root ganglia (DRGs) were collected from mice and fixed in 4% PFA for 4-6 hours. They were then transferred to
30% sucrose for a 16—18 hour dehydration process. Subsequently, samples were embedded in OCT and immediately frozen at
—80°C to solidify the OCT. The OCT-embedded tissues were sectioned into 10um slices using a cryostat (Leica CM1950).
Immunofluorescence staining included the following steps: First, the tissues were blocked with 10% goat serum at room
temperature for half an hour. Then, they were incubated overnight at 4°C with primary antibodies: TRPV1 (1:100, Absin,
Shanghai, China), CGRP (1:100, Cell Signaling, USA), and co-incubated with NeuN (1:250, Cell Signaling, USA). Afterwards,
the sections were incubated with secondary antibodies for 1 hour at room temperature: Goat anti-Rabbit Alexa Fluor 488 (1:200,
Abcam, UK) and Goat anti-Rat Alexa Fluor 594 (1:200, Abcam, UK). Images were acquired using a Zeiss Imager D2
microscope and analyzed with ZEN software (Zeiss). The analysis was performed using the arithmetic mean intensity recorded
in Zeiss Zen 3.8. The overall data were tested to determine whether they followed a normal distribution. If the fluorescence signal
distribution was uneven or if there were outliers, it might be necessary to consider using the median or geometric mean to
calculate the relative fluorescence intensity. The data from the Control group were used as the reference value “1” for comparison
of relative fluorescence intensity.

Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA kits were used to detect the concentrations of tumor necrosis factor (TNF) — o (Jingmei, Beijing, China),
interleukin (IL)-6 (Abebio, Wuhan, China), and IL-1B (Mreda, Beijing, China) in serum. All tests were performed
according to the manufacturer’s instructions. Six hippocampal samples were measured in each group, and each sample
was tested in triplicate.
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Statistical Analysis

All statistical data in this study are presented as Mean + Standard Deviation. We conduct statistical analysis of the data
using one-way ANOVA, two-way ANOVA, or two-sample -test, with data being paired whenever possible. The P value
< 0.05 was considered to indicate a statistically significant difference. Statistical analyses were performed using
GraphPad Prism version 10.4.

Results
IPA Alleviated the Inflammatory Pain Induced by CFA

CFA-induced inflammatory pain lasts for at least several weeks.'® To explore the effects of IPA on inflammatory pain, the
behavioral performance of mice was observed within one week after a three-day injection of CFA (Figure 1A). As shown
in Figure 1B-D, the mechanical withdrawal threshold, thermal withdrawal latency and cold withdrawal latency were
significantly reduced in the CFA group compared with the Control group. However, after receiving IPA treatment, the
CFA-induced decrease of mechanical withdrawal threshold was noticeably improved, and both thermal withdrawal
latency and cold withdrawal latency were significantly prolonged in the CFA + IPA group. These results indicated that
IPA is effective in alleviating inflammatory pain induced by CFA.

IPA Inhibited CFA-Induced Upregulation of TRPVI and CGRP in DRGs

The TRPV1 channel and CGRP play a crucial role in pain response. The activation of the TRPV1 channel and up-
regulation of CGRP in DRGs are often associated with increased sensitivity to pain.>?? As shown in Figure 2A-D, the
fluorescence intensity of TRPV1 and CGRP in the DRGs was significantly higher in the CFA group than in the Control
group, suggesting that CFA induced the up-regulation of TRPV1 and CGRP expression. Meanwhile, IPA treatment
significantly inhibited the CFA-induced up-regulation of TRPV1 and CGRP expression. The downregulation of these
pain mediators indicated a potential neuromodulatory mechanism underlying the analgesic effect of IPA.

IPA Attenuated the CFA-Induced Inflammation

Reducing inflammation can potentially help relieve pain.*** As shown in Figure 3A, the injection of CFA triggered an
inflammatory response, including redness and edema. CFA injection increased the footpad thickness of mice compared
with the control mice, and the IPA treatment reduced the CFA-induced swelling of the paw (Figure 3B). Meanwhile, the
massive infiltration of inflammatory cells in the plantar region was observed in the CFA group, but these local
inflammatory manifestations were alleviated after IPA treatment (Figure 3C and D). Furthermore, serum levels of
TNF-a, IL-6, and IL-1B were significantly higher in the CFA group than in the Control group, and IPA treatment
decreased the serum levels of TNF-a, IL-6, and IL-1B (Figure 3E—-G). These results indicated that IPA can aid in
alleviating inflammation and pain.

Discussion

Inflammatory pain is a prevalent condition, leading to progressive dysfunction and reduced quality of life.?
Inflammation and overexcitation of DRG neurons that innervate inflamed tissues were the main causes of inflammatory
pain.?®* In our study, CFA injection induced swelling of hind paws, invasion of inflammatory cells and hyperalgesia.
The local release of inflammatory mediators, such as inflammatory cytokines and neurogenic factors, can also trig-
ger neurogenic inflammation in peripheral and central sensitization, eventually resulting in pain.?*>° Reducing inflam-
mation played a crucial role in relieving pain conditions.?*-** In this study, we demonstrated that IPA administration can
alleviate CFA-induced pain and inflammatory response in mice.

The activation of the TRPV1 channel and the release of CGRP play a key role in inflammatory, neuropathic, and
cancer pain.’'* In our study, CFA injection led to increased expression of TRPV1 and CGRP in the DRGs, which are
associated with decreased mechanical, hot and cold pain thresholds in the CFA model mice. Activation of TRPV1 can
cause a burning sensation and plays an important role in inflammatory pain. However, reports of adverse reactions in
human trials have hindered the widespread efforts to develop TRPV1 antagonists as new types of analgesic drugs in
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Figure 2 IPA inhibited CFA-induced upregulation of TRPVI and CGRP in DRGs. (A) Representative images of TRPV | co-stained with Neun in the L3-L5 DRGs of the Control,
CFA and CFA + IPA groups. Scale bar, 200 um. (B) Relative fluorescence of TRPV | among the three groups. (C) Representative images of CGRP co-stained with Neun in the L3-
L5 DRGs of the Control, CFA and CFA + IPA groups. Scale bar, 100 um. (D) Relative fluorescence of CGRP among the three groups. *p < 0.05, **p < 0.01, ***p < 0.001.

clinical settings.***> Meanwhile, CGRP is primarily released from sensory nerves and is an important substance
associated with pain pathways. CGRP antagonists were proven to have the ability to alleviate migraines and were also
involved in the treatment of other types of pain.*®

IPA can exert its anti-inflammatory effects by reducing the release of inflammatory factors and regulating inflam-
matory responses. It was reported that IPA markedly decreases the level of serum inflammatory cytokines, reduces
cartilage destruction and synovitis inflammation, thus showing a protective effect on the progression of osteoarthritis.'?
IPA can also improve intestinal barrier damage, and alleviate the reactivity of intestinal fibroblasts to injurious stimuli,
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Figure 3 IPA attenuates CFA-induced inflammation. (A) Macroscopic images of both left and right hind paws of mice from the Control, CFA and CFA + IPA groups. Scale bar,
5mm. (B) Changes in footpad thickness of mice during the experimental process. (C) H&E staining of hind paw tissues. Scale bar, 100 um. (D) Scores of inflammation in the hind
paw tissues. (E-G) Serum levels of TNF-a, IL-6 and IL- | among the three groups. *p < 0.05, *¥p < 0.01, ***p < 0,001, Control group vs CFA group; *p < 0.05, #p < 0.01, CFA
group vs CFA + IPA group.

thereby reducing the release of inflammatory mediators and alleviating the manifestations of intestinal inflammation and
fibrosis.”’® Furthermore, IPA can act in conjunction with IFN-I to suppress inflammation in the central nervous
system.”” In our study, IPA supplement can alleviate the local and systemic inflammation induced by CFA, which is
similar to the anti-inflammatory effects of IPA shown in other studies.

Recent research shows that NGF is a crucial pain-inducing substance that transmits pain signals by binding to the TrkA
receptor. Anti-NGF drugs are considered one of the key targets for the treatment of chronic pain. A novel anti-NGF
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monoclonal antibody, DS002, has shown significant pain-relieving effects. DS002 primarily affects the metabolism of
aromatic amino acids, and targeted metabolomics analysis in studies has indicated that changes in indolepropionic acid
may be associated with the analgesic effects of DS002.* Additionally, in a study on rosacea, it was found that inflammatory
symptoms of rosacea, such as stinging and itching, are related to the increased expression of TRPV 1, NGF, and TrkA in DRGs,
and the expression levels of CGRP are also elevated. The activation of the NGF-TrkA-TRPV1 pathway can lead to cutaneous
neurogenic inflammation and angiogenesis.*' In this study, the downregulation of TRPV1 and CGRP in DRGs by IPA was
observed, and whether this effect is achieved through the inhibition of the NGF-TrkA pathway, which may be one mechanism by
which IPA alleviates pain caused by CFA, requires further research to confirm.

Above all, our results show that IPA can improve pain-related behavior and alleviate inflammation in a mouse model
of CFA-induced inflammatory pain. These findings also offer new insight into potential strategies for inflammatory
pain management.
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