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Platelet-rich plasma improves chronic inflammatory pain by
inhibiting PKM2-mediated aerobic glycolysis in astrocytes
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Background: Astrocytes are highly glycolytic cells that play a crucial role in chronic pain. Recently it has
been found that inflammation and metabolism are related to the inflammatory stimuli closely that cause
cellular metabolic changes. Pyruvate kinase M2 (PKM2) is a critical metabolic kinase in aerobic glycolysis
or the Warburg effect. Besides, it also plays a crucial role in cell proliferation and signal transduction, but its
role in astrocytes is still unclear.

Methods: The chronic inflammatory pain model was set up by intraplantar injection of complete Freund’s
adjuvant (CFA) in Sprague Dawley (SD) rats as well as the cell model was constructed by lipopolysaccharide-
treated primary astrocytes. Von Frey filament stimulation was used to continuously observe the changes of
pain behavior in rats after modeling. Then, immunofluorescence staining and Western blot tests were used
to observe the expression levels of glial fibrillary acidic protein (GFAP), pyruvate kinase (PKM2), signal
transducers and activators of transcription 3 (STAT3) and high mobility group box-1 protein (HMGBI).
After that, specific kits measured lactate contents. Finally, we observed the platelet-rich plasma’s (PRP) effect
on mechanical hyperalgesia in rats with inflammatory pain induced by CFA and its effect on related signal
molecules.

Results: We found that in the CFA-induced inflammatory pain model, astrocytes were significantly
activated, GFAP was increased, PKM?2 was significantly up-regulated, and the glycolytic product lactate
was increased. Also, intrathecal injection of PRP increased the pain threshold, inhibited the activation
of astrocytes, and decreased the expression of PKM2 and aerobic glycolysis; in LPS-activated primary
astrocytes as an in vitro model, we found PKM?2 translocation activationSTAT?3 signaling resulted in
sustained activation of astrocyte marker GFAP, and the expression level and localization of p-STAT?3 were
correlated with PKM2. PRP could inhibit the activation of astrocytes, reduce the expression of PKM2 and
the expression levels of glycolysis and GFAP, GLUT1, and p-STAT?3 in astrocytes.

Conclusions: Our findings suggest PKM?2 not only plays a glycolytic role in astrocytes, but also plays
a crucial role in astrocyte-activated signaling pathways, and PRP attenuates CFA induced inflammatory
pain by inhibiting aerobic glycolysis in astrocytes, providing a new therapeutic target for the treatment of
inflammatory pain.
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Introduction

Chronic pain is a common disease in clinical practice, but
there is no effective treatment, of which inflammatory pain
is the most representative type. Inflammatory pain is a
pathological pain induced by tissue inflammatory response
due to infection, trauma, chemical stimulation, and other
causes, with spontaneous pain, hyperalgesia, and abnormal
pain at the injury site, which can also cause secondary pain
in peripheral tissues (1). Persistence of inflammatory pain
can cause pain and emotional abnormalities, and even lead
to other serious complications (2). Thus, it is vital to give
certain drugs to relieve pain for improving the quality of life
and stabilize patients’ moods.

The spinal dorsal horn is the site of the primary
integration site of nociceptive information transmission,
and neuron-glial cell interactions are critical to developing
and progressing chronic pain (3). Recent studies have
shown that glial cells play an essential role in the
occurrence and development of neuropathic pain (4,5).
Activation of glial cells and the production of inflammatory
mediators are primary events in neuroinflammation (6).
Synaptic remodeling and central sensitization mediated
by glial cells and inflammatory mediators are essential
for neuropathic pain (7). Recent studies have found that
metabolic reprogramming plays a crucial role in immune
cell responses (8). Under sufficient oxygen, cells still
consume a considerable amount of glucose and support
active glycolysis. This abnormal metabolic mode is called
aerobic glycolysis (9). Studies have shown that activation
of immune cells in response to inflammatory stimuli also
shows a shift in aerobic glycolysis as the primary functional
mode. Compared with the oxidative phosphorylation of
mitochondria, although the glycolysis pathway is inefficient
in the utilization of glucose, it can generate more energy
per unit time in the process of immune cell biosynthesis
to adapt to the rapidly increasing ATP demand (10).
Like immune cells, when stimulated by inflammation,
activated astrocytes switch from predominantly oxidative
phosphorylation to predominantly aerobic glycolysis to
meet biosynthetic needs and produce sufficient energy (11).
Astrocytes are highly glycolytic cells and the primary site of
glycolytic activity in the central nervous system, and they
supply energy substrates to neurons through a lactic acid
shuttle. Enhanced glycolysis in cells provides a biosynthetic
barrier for pro-inflammatory factors (12). Glial cells may
synthesize and secrete many inflammatory factors and
cytokines through aerobic glycolysis, which can combine
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with the corresponding receptors of neurons and enhance
the excitability of neurons, thus playing a critical role in
chronic pain

Pyruvate kinase, a rate-limiting enzyme of the glycolytic
pathway, can catalyze the formation of pyruvate and ATP
from phosphoenolpyruvate and ADP (13,14), and pyruvate
kinase M2 (PKM?2) is highly expressed in astrocytes (15).
The metabolism of cells must match their functional
needs. In chronic pain, activated glial cells will release
inflammatory factors and cytokines to bind to neurons’
corresponding receptors, so they need more energy (14).
The conversion from oxidative phosphorylation to glycolytic
metabolism can better adapt to this metabolic need (16). It
is well-known that PKM2 plays a vital role in the final stage
of glycolysis, regulating the synthesis of lactate, affecting
the intracellular environment pH and cellular function (17).
Under pathological conditions, lactate accumulation leads
to a decrease in intracellular PH and tissue acidification,
resulting in pain; therefore, PKM2 is considered playing
a pivotal role in pain initiation or modulation. With the
deepening of research, the researchers also found that
increased glucose uptake and glycolytic flux can promote
the production of mitochondrial reactive oxygen species,
which in turn promote the dimerization of PKM?2 and
translocate it into the nucleus, combining with various
transcription factors, and aggravating the inflammatory
reaction. For example, p300 acetyltransferase can catalyze
PKM2 acetylation into the nucleus and bind to histone 3
(H3) and signal transducer and activator of transcription
(STAT?3) (18); EGF can induce PKM2 to enter the nucleus,
phosphorylate tyrosine at 333 aa of B-Catenin, and promote
the binding of PKM?2 and B-catenin, thereby enhancing
cell proliferation and subsequent transcription of related
genes (19). Nuclear PKM2 enhances STAT3 transcriptional
activity through phosphorylating STAT3 and leads to the
transactivation of MEKS; up-regulation of MEKS5 can
further promote PKM2-mediated cell proliferation (20).
These signaling pathways activate spinal glial cells after
nerve injury and promote neuropathic pain (21). Taga
et al. (22) suggested that the activation of astrocytes
depends largely on IL-6 family cytokine-mediated
STAT3 activation due to STAT?3 binding elements in the
promoter region of the astrocyte marker GFAP gene (23).
Although PKM2 plays a crucial role in metabolism, gene
transcription, and inflammation, whether it is involved in
chronic inflammatory pain by regulating astrocytes remains
unknown.

It has recently been reported that platelet-rich plasma
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(PRP) can relieve pain in patients with a tendon injury,
but the mechanism of this effect is unknown. PRP is a
supernatant containing various growth factors that are
involved in the healing of damaged tissues by simply
centrifuging the whole blood and removing red blood cells,
which are involved in the healing of damaged tissues (24),
and can regulate cellular processes including chemotaxis,
angiogenesis, mitosis, differentiation, and metabolism (25).
As an emerging adjuvant therapy in surgical treatment, PRP
has been widely used in clinical practice (26). Whether PRP
has an analgesic effect on inflammation-induced pain has
not been reported.

In this study, we analyzed the expression of GFAP,
PKM2, STAT3, and HMGBI after intraplantar injection
of complete Freund’s adjuvant (CFA) in rats. In this study,
we investigated the role of PKM2 in LPS-stimulated
aerobic glycolysis in primary astrocytes, we hypothesized
that PRP effectively inhibited the inflammatory response
and HMGBI1 expression by regulating PKM2-mediated
glycolysis and STAT3 signaling-mediated astrocyte
activation, thereby alleviating CFA induced pain in rats,
which is essential for clinical treatment, to find new targets
for inflammatory pain treatment.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-6502).

Methods
Animal model and intrathecal administration

The Animal Experimental Ethics Committee approved
the experimental protocol and surgical procedures of
Soochow University (No.: 2017-185). All experiments were
performed following the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and the
guidelines of the International Association for the Study of
Pain. CFA was injected into the plantar subcutaneously to
construct a rat model of inflammatory pain. Healthy, male
Sprague-Dawley (SD) rats weighing 200+20 g and neonatal
rats (aged 1-2 days)were used in this study and acquired
from Shanghai Slack Laboratory Animal Company. They
were kept under a controlled condition (temperature of
24-26 °C, relative humidity 40-60%, 12 h light-dark cycle;
free access to food and water). After isoflurane anesthesia,
100 pL. CFA was injected into the sole of left hind foot in
the CFA group, and the same volume of normal saline was
injected into the control (CON) group.
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Intrathecal administration was performed as previously
described (27). Briefly, SD rats were anesthetized and
placed in a prone sitting position. The L4-5 spinous process
space was used as the puncture point. After probing the hip
tubercle with the left hand, the thumb and middle finger
were placed on both sides of the L4-5 spinous process space
of rats and were positioned with the index finger; The
microsyringe was held in the right hand to insert the needle
vertically from the space slowly. When the tail-flick action
occurred, the syringe was withdrawn with cerebrospinal
fluid and then injected. After injection, the tail-flick
action often occurred, which was a successful intrathecal
administration.

Experimental design

This experiment includes two parts: in vitro and in vive
experiments. A computer-generated random table was used
to divide cells or rats into different groups. All experiments
in this study were independently repeated 3 times.

In vivo experiment

% Part I: rats were randomly divided into CON and CFA
groups. 100 pL. CFA was injected into the metatarsals
of the left hind foot of CFA, and the CON group was
injected with the same amount of saline.

Part 2: to investigate the role of astrocytes in CFA induced
inflammatory pain, the role of molecules involved in

X3

o

astrocyte activation in CFA induced inflammatory pain
was assessed. SD rats were randomly divided into two
groups: CON and CFA group.
% Part 3: to investigate the role of PRP in inflammatory
pain. Rats were randomly divided into three groups:
CON, CFA and CFA + PRP group (intrathecal
injection of 20 pLL PRP).
Part 4: to investigate the role of PKM2 in
inflammatory pain, PKM2-IN-1, a specific inhibitor

X3

o

of PKM2, was assessed. Rats were randomly divided
into three groups: CON, CFA and CFA + IN-1 group
(intrathecal injection of 20 pL PKM2-IN-1).

In vitro experiment

% Part 5: neonatal rat primary astrocytes were randomly
divided into CON and three LPS groups, and CON
group received normal culture. At LPS, they were
treated with (10, 100, 1,000 ng/mL) LPS for 12 h.
Next to investigate the effect of PRP on LPS-induced
primary astrocytes injury. Cells were randomly divided
into three groups: CON, LPS and LPS + PRP group

Ann Transl Med 2020;8(21):1456 | http://dx.doi.org/10.21037/atm-20-6502



Page 4 of 16

(incubated with 10% PRP for 2 h before 100 ng/mL
LPS treatment).

%  Part 6: to investigate whether PKM?2 can continuously
activate astrocytes by activating STAT3. The cells
were randomly divided into three groups: CON,
LPS and LPS + IN-1 group (incubated with 3
pmol/L PKM2-IN-1 for 2 h before 100 ng/ml LPS
treatment).

Pain bebavior

Mechanical thresholds of plantar pain sensation in rats were
measured with the von Frey filaments (28). In other words,
rats were individually placed in a clear Plexiglas box before
the experiment, allowed to acclimate to the environment
for 15 minutes, and then a series of the von-Frey filaments
with increasing pressure (2.0, 4.0, 6.0, 8.0, 10.0, 15.0, and
26.0 g) were applied to the plantar surface of the right
hind paw until the rats exited the paw. 1.0 g of filaments
were applied vertically from below the mesh to stimulate
the plantar surface, and each trial lasted 5 to 6 seconds.
We recorded the force applied upon withdrawal, and the
response was expressed in grams. Set the cut-off threshold
at 26 g. Stimulation was performed in an up-down method,
and results were converted to values that represent a 50%
withdrawal threshold.

Hematoxylin and eosin (H&E) staining

Rats were deeply anesthetized with pentobarbital and were
transcardially perfused with 37 °C normal saline followed by
4% paraformaldehyde in 0.1 M PBS (pH, 7.4; 4 °C). Then,
the tissues were removed at once and fixed in 10% buffered
formalin for 48 hours and prepared for routine paraffin
histology. The paraffin-embedded 5-pm-thick sections from
separate groups were stained by H&E.

Primary astrocyte culture

Newborn (1-2 days) Sprague-Dawley rats were disinfected
with 75% ethanol solution, decapitated, and the collected
cortex was cut into fragments, digested with 0.25% trypsin
for 20 minutes, centrifuged at 1,500 rpm for 10 minutes,
and the supernatant was discarded. The cells were washed
three times with PBS solution, suspended in DMEM/
F12 medium, and seeded on a culture dish to grow until
fusion. Astrocytes were purified by shaking at 37 °C for
8 hours. Purified astrocytes were cultured in the DMEM/
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F12 culture medium at 37 °C in an incubator with 5% CO,.

Preparation of PRP

Under aseptic conditions, a 10 mL sterile syringe was
flushed with 1 mL of 10% sodium citrate and then used to
withdraw 10 mL of blood for venipuncture under direct
vision in anesthetized rats. The blood was placed into a
15 mL centrifuge tube. Then, the PRP was extracted
following the Aghaloo method (29), and platelets were
counted and stored in a refrigerator at -80 °C for future use.
It is activated with a mixture of thrombin and 10% calcium
chloride before use.

Immunofluorescence

For double immunofluorescence, the frozen sections were
rinsed with 0.01 mol/L PBS for 3x10 minutes and then
sealed with a blocking buffer containing 5% BSA and
0.1% Iriton X-100 at room temperature (RT) for 2 hours.
Then, monoclonal antibody (Ab) mouse anti-GFAP (1:400,
#3670, Cell Signaling Technology), rabbit anti-PKM?2
(1:400, 15822-1-AP, Proteintech) were added. PBS was
used instead of the primary Ab as a negative control and
incubated overnight at 4 °C. After rinsing with 0.01 mol/L
PBS for 3x10 minutes, Alexa Fluor® 488-labeled donkey
anti-mouse secondary Ab and Alexa Fluor® 594-labeled
goat anti-rabbit secondary Ab was added, respectively. The
slides were incubated at RT for 2 hours and then rinsed
with 0.01 mol/L. PBS for 3x10 minutes. The slides were
mounted in the dark, dried with a fluorescent sealing agent,
and photographed under a fluorescent confocal microscope.

Western blot

The procedure was like the method described previously (30).
The rats were killed under anesthesia. About 100 mg of
lumbar spinal cord tissue was cut into pieces. After adding
protein lysate into a homogenizer, the homogenate was
ground, and centrifuged supernatant was the total protein
extracted. Then we used the BCA method to determine
the protein concentration of each group. Each sample was
loaded with 30 pg and boiled with a loading buffer for
15 minutes. Then 10% of SDS-PAGE gel electrophoresis
was used to isolate the protein and transferred to the PVDF
membrane. The 5% skim milk powder was sealed at RT for
two hours. Then the first Ab (anti GFAP 1:1,000, #3670,
Cell Signaling Technology, anti-p-STAT3 1:1,000, #9145,
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Figure 1 Morphological, behavioral, and histochemical analyses of CFA model rats. (A,B) Hindfoot morphological changes (anterior
and posterior views) in CON and CFA rats. (C,D) Mechanical and thermal hyperalgesia in the hindfoot of CON and CFA rats. (E,F)
Histopathological images of hematoxylin-eosin (H&E) staining of knee joint specimens from rats in the two groups (G,H), hematoxylin-

eosin (H&E) stained histopathological images of plantar muscle specimens from rats in both groups. The data are presented as the mean =

SEM in all figures and throughout the text. CFA, complete Freund’s adjuvant.

Cell Signaling Technology, anti-PKM2 1:1,000, 15822-
1-AP, Proteintech, anti-GLUT1, 1:1,000, 21829-1-AP,
Proteintech, anti-Lamin B1 1:1,000, MULTISCIENCES,
anti-B-actin 1:1,000, MULTISCIENCES) were incubated
overnight at 4 °C. On the second day, TBST was used to
wash the membrane 3x10 minutes, and the corresponding
horseradish peroxidase-labeled secondary Ab (1:4,000) was
added respectively, incubated on the shaker for 2 hours.
Finally, ECL chromogenic fluid was added for exposure,
and the image was taken and analyzed in the gel imaging
system, and each band was calculated with Image ] software.

Lactic acid test

Rat L4-5 spinal cords, as well as treated cell culture
media, were collected, samples were evaluated according
to the manufacturer’s instructions, and lactate levels were
normalized to control samples. (Lactic Acid assay kit, A019-
2-1, Nanjing Jiancheng).

Statistical analysis

SEM. The withdrawal

Results are expressed as mean =
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thresholds between separate groups over time were
evaluated with two-way analysis of variance (ANOVA)
followed by Bonferroni post hoc tests. For Western blot and
immunohistochemistry assays, data were analyzed using the
two-tailed 7-test for the two groups’ comparison and one-
way ANOVA for multi-group comparisons.

Results

Establishment of an animal model of CFA inflammatory
pain (Figure 1)

Mononuclear arthritis developed within 72 hours after SD
rats received 100 pL. CFA. After injection of CFA, swelling
and enlargement appeared on the third day after injection
(Figure 1B). However, the CON group injected with saline
showed no significant size change (Figure 14). Mechanical
hyperalgesia and thermal hyperalgesia were assessed in the
animals’ hind limbs to assess the chronic pain in the CFA
model (Figure 1C,D). In the CON group, there was no
difference in the pain threshold of the hind paw at all time
points, but in the CFA model, CFA rats were lower than
the CON group at most time points and reached the lowest
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level on day3, suggesting that CFA caused hindfoot pain in
rats (n=8. *, P<0.05, **, P<0.01, compared with the CON).
The pathological results of the knee joint (Figure 1E,F)
showed that the chondrocytes in the knee joint of rats in the
CON group were normal. The chondrocytes were closely
arranged, the thickness of the cartilage layers was standard,
there was no cartilage loss, and the bone structure and
morphology were tight and regular. Further, the knee joint
surfaces of rats in the CFA group were damaged, showed
shedding, articular cartilage necrosis, extensive meniscus
loss, subchondral bone sclerosis, bone sparsely fragmented,
and the structure was disordered. Pathological results
of muscle tissue (Figure 1G,H). In the CON group, the
structure of muscle fibers was clear, and the muscle fibers
were arranged neatly with uniform intervals; in the CFA
group, many inflammatory cells infiltrations were observed,
muscle fibers were disorganized, and the thickness of the
intervals varied. The above results show that the CFA
model was successfully set up.

Activation of astrocytes in spinal dovsal horn induced by
CEA (Figure 2)

Unilateral injection of 100 pL. CFA into a hindpaw of rats
produces rapid and persistent

inflammatory pain. To detect the activation of astrocytes,
we collected the spinal cord (LL4-6) 7 days after CFA
or saline injection. As shown in Figure 2, we detect the
expression of GFAP, PKM2, p-STAT3, and HMGBI1
was studied in the spinal cord of the CON group and
CFA group. Immunofluorescence staining showed that
compared with the CON group, GFAP, PKM2, p-STAT3,
and HMGBI1 in the CFA group increased significantly
on the 7th day after plantar injection of CFA, and the
activated astrocytes became larger and thicker. The
immunofluorescence intensity of GFAP, PKM2, p-STAT?3,
and HMGBI increased (Figure 2A4,C,E,G). Besides, Western
blot analysis further showed CFA significantly increased
GFAP, PKM2, p-STAT3, and HMGBI protein levels in the
spinal dorsal horn on day 7 (Figure 2B,D,FH). These results
suggest CFA induces the activation of astrocytes in the
dorsal horn.

Intrathecal injection of PRP can reduce mechanical
analgesia caused by CFA (Figure 3)

If astrocyte activation can lead to pain, then the intervention
of astrocytes can reduce pain hypersensitivity. 20 pL. PRP
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was injected intrathecally (31) daily for seven days starting
from 3 days after surgery to test whether PRP ameliorates
CFA induced pain by inhibiting astrocyte activation.
Intrathecal administration of PRP can increase the
mechanical pain threshold in CFA rats compared with the
CON group (Figure 34); Meanwhile, to determine whether
the analgesic effect of PRP acts through inhibition of spinal
astrocytes. In immunofluorescence staining analysis, the
results indicated the expression of GFAP and PKM?2 was
significantly enhanced in the spinal dorsal horn of CFA
rats on day 7, and the level of PKM2 in the spinal dorsal
horn was significantly reduced in the CFA+PRP group
compared with CFA group after PRP treatment, especially
in astrocytes (Figure 3B). Western blot analysis further
showed that CFA+PRP resulted in a significant reduction
in PKM2 protein levels in the spinal dorsal horn on day 7.
Immunofluorescence data were further confirmed in
Western blot analysis. Since the STAT?3 pathway is involved
in spinal astrocyte activation and neuroinflammation under
several pathological pain conditions, the expression of
p-STAT?3 andHMGBlin the spinal dorsal horn was tested in
different groups on day seven after modeling. Western blot
analysis showed CFA resulted in a significant upregulation
of p-STAT3. This upregulation of STAT3 signaling was
reversed after PRP injection (Figure 3C, *P<0.05 compared
with the CON group).

Intrathecal injection of PKM?2-IN-1 can alleviate the
mechanical byperalgesia induced by CFA (Figure 4)

To investigate whether astrocyte activation by CFA is
related to the glycolytic pathway, we detected a significant
increase in the expression of PKM?2 in the spinal dorsal
horn of the CFA model group, so whether inhibition of
PKM?2 reduces astrocyte activation thereby improving
CFA induced pain, We intrathecally injected 20 pL. PKM?2-
IN-1, an inhibitor of PKM2, from 5 to 7 days after surgery.
The results indicated that intrathecal administration of
PKM2-IN-1 could increase the mechanical pain threshold
in CFA rats compared with the CON group (Figure 4A4);
CFA induced a significant increase in lactate level in 1L4-6
spinal cord (P<0.05). PRP and PKM2-IN-1 inhibited
the increased lactate level (P<0.05) (Figure 4B). Glucose
transporter 1 (GLUT1) expression was quantified using
immunoblotting to investigate potential causes of the
increased lactate. Western blot analysis further showed CFA
+ PKM2-IN-1 resulted in a significant decrease in GFAP
and PKM2 protein levels in the spinal dorsal horn on day
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Figure 2 CFA induces the expression of GFAP, PKM2, p-STAT3, and HMGBI protein in the spinal cord. (A) Immunostaining shows the
expression of GFAP in the spinal cord of CON and CFA rats. GFAP was enhanced at seven days after CFA. n=3 rats/group. (B) Western
blot shows the increase of GFAP protein expression in the spinal cord after CFA injection. n=3 rats/group. (C) Immunostaining shows the
expression of PKM2 in the spinal cord of CON and CFA rats. PKM2 was enhanced at seven days after CFA. n=3 rats/group. (D) Western
blot shows the increase of PKM2 protein expression in the spinal cord after CFA injection. n=3 rats/group. (E) Immunostaining shows
the expression of p-STAT?3 in the spinal cord of CON and CFA rats. p-STAT3 was enhanced at seven days after CFA. n=3 rats/group.
(F) Western blot shows the increase of p-STAT?3 protein expression in the spinal cord after CFA injection. n=3 rats/group.
(G) Immunostaining shows the expression of HMGBI in the spinal cord of CON and CFA rats. HMGB1 was enhanced at seven days after
CFA. Scale bar: 100 pm. n=3 rats/group. (H) Western blot shows the increase of HMGB1 protein expression in the spinal cord after CFA
injection. n=3 rats/group. *, P<0.05 compared to CON; **, P<0.01 compared to CON. CFA, complete Freund’s adjuvant.
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Figure 3 Intrathecal injection of PRP reduced CFA induced mechanical hyperalgesia and the expression of related proteins. (A) Intrathecal
injection of 20 pL. PRP reversed mechanical hyperalgesia induced by CFA, **, P<0.01 compared with CON, *, P<0.05 compared with CFA,
n=6 rats/group. (B) Immunofluorescence shows that PRP inhibits the expression of GFAP (green) and PKM2 (red). Scale bar: 100 pm. N=3.
(C.D) Western blot showed that PRP partially reversed the CFA induced increase in GFAP, PKM2, p-STAT3, HMGBI protein levels in
the spinal cord. N=4. *, P<0.05, **, P<0.01, ***, P<0.001, compared with CON, ¥, P<0.05, * P<0.01 compared with CFA. PRP, platelet-rich

plasma; CFA, complete Freund’s adjuvant.

7, as well as a reversal of the upregulation of p-STATS3,
GLUT1, and HMGB1 (Figure 4C,D, *P<0.05 compared
with the CON).

PRP inhibits LPS-induced glycolytic in primary astrocytes
(Figure 5)

To further investigate the relationship between PKM2-
mediated glycolysis and astrocyte activation, we used
an astrocyte inflammatory model cultured in vitro. The
purified cells after repeated passages were identified by
GFAP and DAPI immunofluorescence double labeling. The
astrocytes were then stained with DAPI, and the nucleus
was highly specific, presenting with blue fluorescence and
a discernible nucleus (Figure 54, a). The GFAP-labeled
positive cells had large and irregular cell bodies and
were interlaced to form a reticular structure, presenting
significant green fluorescence (Figure 5A, b). The purity
of astrocytes was more than 95%, indicating that the
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cultured cells were SD rat astrocytes (Figure 54, c) and
could be used for subsequent experiments. Scale bars: 40
(top) 100 (middle), and 200 pm (bottom) Astrocytes were
then stimulated with different concentrations of LPS (10,
100, 1,000 ng/mL) to mimic the stimulatory effect of
inflammation on astrocytes. GFAP, PKM2, p-STAT3, and
GLUTT levels were significantly increased by 100 ng/mL
LPS treatment, indicating that PKM?2-mediated glycolysis
is related to post-LPS stimulation (Figure 5B,C). However,
the release of lactic acid did not increase (Figure 5D). These
results show the glycolytic of astrocytes increase after
LPS stimulation. Next, we studied whether PRP exerts
its effect on astrocytes; we employed PRP to treat LPS-
stimulated astrocytes in vitro. The expression changes of
PKM2 protein in astrocytes after LPS and PRP treatment
were detected by fluorescence. Immunofluorescence results
showed PKM?2 was present in the CON astrocytes. After
stimulation with LPS, the expression of PKM?2 protein
was significantly increased, while after treatment with

Ann Transl Med 2020;8(21):1456 | http://dx.doi.org/10.21037/atm-20-6502
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PRP, the expression of PKM2 protein was significantly
decreased compared with the LPS group. (Figure SE) (scale
bar =100 pm, green: GFAP, red: PKM?2). We also detected
the expression of GFAP, PKM2, p-STAT3, GLUTI,
and HMGB1 by Western blotting, which showed LPS
significantly activated PKM2-mediated glycolysis, while
PRP treatment significantly decreased it compared with
the LPS group (Figure SEG). These results show that
astrocytes’ glycolytic level increases after LPS stimulation;
PRP, however, can inhibit these effects.

Inhibition of PKM?2 by PKM?2-IN-1 attenuates
LPS-activated glycolysis (Figure 6)

Pyruvate kinase plays a crucial role in glycolysis; with
an in-depth study, it has been discovered that increased
glucose uptake and glycolytic flux. In turn, the promotion
of PKM2 translocation into the nucleus and exerting

© Annals of Translational Medicine. All rights reserved.

different effects in combination with various transcription
factors. It is known there are STAT?3 binding elements in
the gene promoter region of the astrocyte marker GFAP.
Earlier results have shown that CFA leads to a significant
up-regulation of phosphorylated STAT?3; therefore, we
will investigate whether PKM?2 can activate astrocytes by
activating STAT3 subsequently. We used an inflammation
model in which astrocytes were stimulated with LPS
(100 ng/mL) in vitro. The results of immunofluorescence
staining indicated the expression of PKM2 and p-STAT3
was significantly enhanced in the nucleus after LPS
treatment, while 3pmol/L PKM2-IN-1, an inhibitor of
PKM2, significantly decreased the effect (Figure 64). Also,
we verified by Western blotting and got consistent results
(Figure 6B,C). We further examined the localization of
PKM2 in primary astrocytes after LPS stimulation in vitro.
Immunofluorescence analysis was performed on astrocytes
after LPS stimulation. Similarly, PKM2 was located
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within the nucleus 12 hours after LPS administration.
However, there was no change in the CON and PKM2-
IN-1 groups. (Figure 6D). Besides, Western blot analysis
was performed on astrocytes after LPS stimulation, as
predicted, the expression of PKM2 was up-regulated in
the nucleus (Figure 6E,F) while decreased in the cytoplasm
at 12 hours after LPS exposure (Figure 6G,H). These data
suggest LPS stimulation of astrocytes up-regulates PKM?2-
mediated glycolysis, while PKM2-IN-1 can inhibit PKM?2
to attenuate LPS-activated glycolysis.

Discussion

Inflammatory pain is a chronic pain mediated by

© Annals of Translational Medicine. All rights reserved.

inflammatory or pain-causing factors, with pathological
manifestations, including redness and swelling of
inflammation and pathological pain characteristics including
hyperalgesia, paresthesia, and spontaneous pain (32).
In this study, the animal model of inflammatory pain was
reproduced by injecting CFA into the rat’s foot. After
four hours of CFA administration, the paw withdrawal
reflex threshold of mechanical stimulation in rats was
significantly reduced, indicating that this animal model of
inflammatory pain was successfully reproduced. However,
after PRP treatment, the paw withdrawal reflex threshold
of mechanical stimulation in rats with inflammatory pain
was significantly increased, which suggests that PRP has
a specific alleviating effect on inflammatory pain induced
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by CFA. However, the mechanism of action of PRP in
relieving inflammatory pain is still unclear.

PRP is an autologous blood product, so there is no
immune rejection and no risk of disease transmission when
treated with PRP; moreover, PRP has the advantages of the
simple preparation process, small patient wound surface,
low treatment cost, and biological therapeutic potential,
and has been widely used in various clinical fields (33-35).
Studies have shown that PRP injection can promote
functional improvement and relieve pain by inhibiting
the inflammatory response. The rabbit tenocyte in vitro
model and rabbit Achilles tendon iz vive study by Zhang
et al. demonstrated that the anti-inflammatory effect of
PRP is closely related to HGF (36). Meanwhile, PRP can

up-regulate the expression of hepatocyte growth factor and

© Annals of Translational Medicine. All rights reserved.

TNF-a of which hepatocyte growth factor and TNF-a
can inhibit the inflammatory response by blocking the
expression of NF-kB (37). Studies conducted on both glial
cells and pain have demonstrated that pharmacological
inhibition of the inflammatory response in the central
nervous system not only down-regulates the high expression
of inflammatory factors but also inhibits the activation
and proliferation of glial cells. Also, it has been found to
alleviate neuropathic pain significantly.

Further, In the inflammatory pain model of rats injected
with CFA in the hind paw, the improvement of pain
behavior was accompanied by the inhibition of activated
glial cells in the spinal dorsal horn. From these findings,
we hypothesize that PRP can significantly inhibit or reduce
the hyperreactivity and pain response of spinal dorsal

Ann Transl Med 2020;8(21):1456 | http://dx.doi.org/10.21037/atm-20-6502



Page 12 of 16

horn neurons induced by inflammatory responses during
spinal glial cells’ activation phase. Our results suggest
that intrathecal PRP can alleviate CFA induced pain in
rats, inhibit the activation of astrocytes, and downregulate
the high expression of PKM2, p-STAT3 and HMGBI.
Studies have shown that fibroblast growth factor (38,39)
and hepatocyte growth factor (40,41) can reduce pain by
inhibiting the activation of astrocytes in the spinal cord; and
PRP contains various growth factors, including fibroblast
growth factor and hepatocyte growth factor (42), so a long-
term higher concentration of PRP acts on cells or may
make such inhibitory effects more obvious

Traditional studies have suggested that peripheral and
central sensitization causes chronic pain due to changes
in neuronal plasticity. However, recent studies have found
that glial cells, especially astrocytes, play an essential role
in maintaining chronic pain (43,44). The nociceptive
stimulus signals were transmitted to the spinal cord, and
high central sites through primary afferent fibers after
tissue injury can activate astrocytes. Then, the activated
glial cells were transformed from oxidative phosphorylation
to aerobic glycolysis to meet the increased energy demand
metabolic mode (45). The activation of these cells resulted
in the release of various inflammatory cytokines that induce
pain and promote neuronal sensitization (46), thus further
aggravating central sensitization.

However, pain can be reduced by inhibiting glial cells
(47,48). Previous studies have shown that metabolic
activity and glucose utilization in the spinal dorsal horn
is significantly improved in CCI pain model rats (49). A
recently published study examined the potential role of
pyruvate kinase isoenzyme M2 (PKM?2) in neuropathic pain
and showed that inhibition of PKM?2 expression effectively
reduced neuropathic pain and inflammatory responses
in a rat model by modulating ERK and STAT3 signaling
pathways (50). With the deepening of research, PKM2 was
found to play an essential role between metabolism and
inflammation (51). Therefore, whether PKM?2 takes part
in inflammatory pain has attracted our greatest attention.
Our study found that PKM2 expression was increased in
the spinal cord after CFA injection and was accompanied
by altered pain behavior. Simultaneously, we detected an
increase in GLUT1 and glycolysis product lactic acid levels,
which may be due to increased glucose uptake and increased
glycolysis activity (52). These results show that PKM2 may
be involved in the development of CFA inflammatory pain.
To demonstrate our speculation, we performed intrathecal
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injection of PKM2-IN-1, an inhibitor of PKM2, in rats, and
the results showed an inhibitor of PKM?2 markedly alleviated
pain hypersensitivity and glycolysis level caused by CFA.
However, we found inconsistent results in LPS-treated
primary astrocytes. Astrocytes are highly glycolytic cells that
release substantial amounts of lactate in the extracellular
space. In the brain, surrounding neurons can absorb these
lactates, converted back to pyruvate, and used as an energy
substrate to maintain high energy requirements (53).
Although LPS significantly increased astrocyte glucose
utilization in this study (54), no increase in lactate release
was observed. These findings were consistent with data
from other combinations of inflammatory cytokines treated
for 48 hours (55). The findings are possible because they
increased glucose utilization, increased TCA cycle activity,
increased PPP activity (both combined), and decreased
glycogen content, which can be stored as the energy
released from lactate without significantly affecting lactate
release (56).

Activation of the astrocyte marker GFAP may be
associated with JAK/Stat-mediated enhanced expression
of the GFAP gene. A potential STAT3 binding site
(TTCCGAGAA) was found at the rat GFAP promoter (57).
The JAK2/STAT3 pathway is a cascade of astrocyte (AST)
responses to tissue or nerve injury (58). In general, cytokines
activate JAK2 kinase by binding to cytokine receptors and
then activate STAT3, and activated STAT3 enters the nucleus
to regulate the expression of the GFAP gene. These activated
and translocated into the nucleus STAT3, combined with
specific sequences, can regulate the expression of GFAP target
genes and exert its transcriptional regulation. Some studies
have shown that blocking the JAK-STAT?3 pathway can
effectively relieve pain (59). Our study found that activated
STAT3 expression increased after CFA and PRP could inhibit
its expression. Recent studies have also reported HMGB1
also plays a vital role in chronic pain models in rodents,
including the spinal dorsal horn and dorsal root ganglion
(DRG) in animal models of cancer pain and neuropathic
pain (60). Under conditions of inflammation and stress,
HMGBI can also be actively secreted from nerve cells and
glial cells, which, in turn, is involved in the development and
maintenance of pain (61). Under pain conditions, astrocytes
in the spinal dorsal horn are widely activated, which in turn
causes the production and release of various inflammatory
mediators, and the secretion of HMGBI can also trigger
the release of cytokines from inflammatory cells, causing

positive feedback, which further causes the release of HMGB1
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Figure 7 The primary mechanism of PRP improves chronic inflammatory pain. Astrocyte activation after CFA or LPS stimulation. The

uptake of more glucose by activated astrocytes increases aerobic glycolysis and promotes sustained activation of living astrocytes and

secretion of HMGBI1 through the STAT?3 signaling pathway. PRP ameliorates inflammatory pain by inhibiting PKM2-mediated aerobic

glycolysis and the STAT?3 signaling pathway to reduce activation of astrocytes and HMGB1 secretion. PRP, platelet-rich plasma; CFA,

complete Freund’s adjuvant. LPS, lipopolysaccharide.

and the maintenance of the inflammatory cascade (62).
In our study, the expression of HMGBI protein in the
spinal cord of CFA rats was significantly up-regulated,
while inhibition of astrocytes could reduce the expression
of HMGB1 and produce an analgesic effect, suggesting
that the mechanical hyperalgesia of inflammatory pain was
significantly inhibited after reducing the level of HMGBLI in
the spinal cord. Thus, our results suggest that spinal HMGB1
takes part in the maintenance of mechanical hyperalgesia in
inflammatory pain.

Conclusions

In conclusion, our data showed CFA induced astrocyte
activation in the spinal dorsal horn, PKM2-mediated
glycolysis was significantly increased, and PRP effectively
inhibited the inflammatory response and HMGBI1
expression by regulating PKM2-mediated glycolysis and
STAT3 signaling-mediated astrocyte activation, thereby
alleviating CFA induced pain in rats (Figure 7).
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