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A B S T R A C T

Phenylacetylglycine (PAGly) is a small molecule derived from phenylalanine in the gut via glycine degradation 
and conjugation. It has been associated with both the progression of atherosclerosis and protective effects on the 
myocardium. This study evaluated the function and the underlying mechanisms of PAGly in a rat cerebral 
ischemia/reperfusion (I/R) injury model. The results indicated that PAGly markedly alleviated cerebral infarct 
volume (P = 0.0024) and improved the neurobehavioral outcomes (P = 0.0149) after I/R injury. PAGly is 
structurally analogous to catecholamines and binds to β2-adrenergic receptors (β2AR) on microglia without 
altering the expression of these receptors (P = 0.9137), but instead inhibiting their activity. It was also observed 
that when β2AR was engaged in microglia, PAGly suppressed the release of TNF-α (P = 0.0018), IL-1β (P =
0.0310), and IL-6 (P = 0.0017), thereby reducing neuronal apoptosis (P = 0.000003). Furthermore, the pro-
tective effect of PAGly diminished after the administration of β2AR-specific agonist fenoterol (P = 0.0055). These 
data indicate that PAGly mitigates cerebral I/R injury by inhibiting microglial inflammation via β2AR, high-
lighting its potential as a therapeutic agent. These findings position PAGly as a promising candidate for thera-
peutic intervention in cerebrovascular injuries, warranting further exploration in clinical settings.

1. Introduction

Stroke is a leading cause of mortality worldwide and is primarily 
caused by cerebral ischemia (Fan et al., 2023). Cerebral ischemia/ 
reperfusion (I/R) injury is characterized by temporary obstruction in the 
cerebral circulation and can cause irreversible neurological damage. 
Furthermore, it can also result in thrombosis, embolism, or reduced 
blood flow, which can potentially result in fatal outcomes or persistent 
impairment (Prabhakaran et al., 2015). Currently, the most commonly 
employed therapeutic agent for ischemic stroke is recombinant human 
tissue-type plasminogen activator (rt-PA), which can stimulate revas-
cularization in a short period and thus achieve therapeutic goals. 
However, rt-PA has an extremely narrow therapeutic window, and most 
patients lose the optimal treatment time (Hacke et al., 2004). Alterations 
in energy metabolism, the induction of oxidative stress and inflamma-
tory responses, as well as the activation of apoptotic pathways are 
critical for the development of cerebral I/R injury following ischemic 
strokes (Jin et al., 2013). Moreover, neuroinflammation and oxidative 
stress are the primary mechanisms driving neuronal injury and pro-
grammed cell death during these events (Wang et al., 2024; Wu et al., 

2020). Therefore, rt-PA therapy, as well as the suppression of post-stroke 
neuroinflammation, are important research directions for the treatment 
of cerebral I/R injury.

With the burgeoning interest in the brain-gut axis research, the role 
of intestinal microbiota and their metabolites in modulating neuro-
inflammation subsequent to cerebral I/R injury has garnered significant 
attention and appreciation (Benakis et al., 2016; Hu et al., 2022). In-
testinal microbiota can convert phenylalanine in the diet into phenyl-
acetic acid, which, in conjunction with glycine, synthesizes 
phenylacetylglycine (PAGly) (Romano et al., 2023). The literature has 
indicated that PAGly is a bioactive metabolite that can enhance the 
adhesion of platelets with collagen, increase Ca2+ elevation in response 
to platelet stimuli, and promote dose-dependent platelet aggregation 
(Nemet et al., 2020). However, it has also been suggested that PAGly 
promotes protective effects during myocardial I/R injury as its admin-
istration has been observed to reduce apoptosis and infarct size, 
although high doses are linked with increased mortality (Xu et al., 
2021). Furthermore, during acute liver failure, PAGly production is an 
effective pathway for ammonia detoxification (Kristiansen et al, 2014). 
Moreover, supplementing probiotics to animals can influence the serum 
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concentration of PAGly by altering the gut microbiota, indicating its 
relevance in gut health and broader metabolic functions (Adeyemi et al., 
2020).

Overall, the research on PAGly remains in its early stages. Although 
the research on the gut-brain axis has advanced rapidly in recent years, 

the specific role of PAGly in the nervous system remains unknown. 
Therefore, this investigation aimed to elucidate the impact of PAGly on 
the central nervous system, its neuroprotective or neuroactive roles in 
brain injury, and the related underlying processes using a rat cerebral I/ 
R model.

Fig. 1. PAGly attenuates cerebral injury after I/R. A. Flow chart of animal experiment. B. Dynamic flowmetry results after suture insertion. Region 1 represents 
the healthy side, while region 2 depicts the site of suture insertion, which is indicated by the yellow coloration due to the reduction in blood flow. C. TTC staining 
results of brain tissues obtained from the four groups with different treatments, the white areas are defined as infarcted areas. D. Statistical analysis of infarcted area. 
E. Neurological impairment function scores of rats in the four groups after treatment respectively (For all panels, *P < 0.05, ***P < 0.01, n.s., no significance, n = 3). 
Results are represented as means ± S.D. by ANOVA.
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2. Methods and materials

2.1. Animals & groups

The weight range of 200–220 g for male Sprague-Dawley rats ensures 
suture compatibility in middle cerebral artery occlusion (MCAO) 
models, aiding in the avoidance of estrogen’s potential confounding 
effects (Merchenthaler et al., 2003). Rats were sourced from Jinan 
Pengyue (SCXK-Lu-2022–0006), acclimatized for 7 days prior to 
experimentation. Animal handling was carried out following the Guide 
for the Care and Use of Laboratory Animals (National Institutes of Health 
publication 86–23, 1985 revision). The rats were housed in cages (n =
2–3 animals/cage) under a 12-hour light/dark cycle at a constant tem-
perature of 23–25 ◦C and 35 ± 5 % humidity. All the rats were randomly 
categorized into 4 groups: Sham, I/R, Vehicle (I/R + PBS treatment), 
and PAGly (I/R + PAGly treatment) groups. All experiments were con-
ducted by investigators who were blinded to the group assignments. 
Fig. 1A indicates the detailed protocol of the animal experiments. All the 
animal protocols were authorized by the Animal Care Committee of 
Jining Medical University (Approval No. JNMC-2023-DW-085) and 
followed the Guide for the Care and Use of Laboratory Animals.

2.2. tMCAO/reperfusion (I/R)

The suture occlusion technique was employed to operate the tran-
sient MCAO (tMCAO), as described in our previous study (Xu et al., 
2021). The rats were anesthetized with a Small animal anesthesia system 
(R550, RWD, China). Briefly, the rats were placed in the anesthesia in-
duction box, which was turned on to let isoflurane in the environment. 
The isoflurane gas induction volume was 4–5 % with an oxygen flow rate 
of 1–2 L/min for several mins. The depth of anesthesia was assessed by 
pinching the rat’s tail and observing the presence or absence of nerve 
reflexes. For the maintenance phase, the isoflurane concentration was 
reduced to 1–1.5 %, with an oxygen flow rate of 0.5–1 L/min (Gargiulo 
et al., 2012). The heart rate of the rats was maintained between 250–450 
bpm. Body temperature was maintained during and after surgery. Dur-
ing the surgery, the common carotid artery (CCA) was exposed by 
making a mid-cervical incision. Then, after careful separation, an L3200 
wire suture (Jialing, China) was inserted (approximately 22 mm) into 
the internal carotid artery (ICA) via the external carotid artery (ECA). 
Reperfusion was initiated by removing the suture after 90 min of oc-
clusion, then the ECA was secured, and the surgical site was sutured 
closed. Sham-operated rats also received a similar surgical protocol, 
excluding the suture insertion and subsequent removal. Animals with 
failed model induction or incomplete brain extraction were excluded 
from the analysis. All animals were housed individually after surgery, 
with the incision site disinfected and body temperature maintained 
using heating pads. Soft food was provided, and the animals were 
continuously monitored.

2.3. Drug administration

PAGly (MFCD00021744, MACKLIN) dose of 20 mg/kg was selected 
for in vivo experiments based on a previous study (Xu et al., 2021). 
Preliminary results showed that this dose was safe for animals. Briefly, 
PAGly was dissolved in PBS and then intraperitoneally injected into the 
rats immediately after pulling out the suture. The second dose was given 
1 h later at half the original amount. Then, the dose was halved every 1 h 
for a total of 6 injections. The vehicle group received the same treat-
ment, but instead of PAGly, they were injected with PBS. Sham and I/R 
groups were left untreated after the surgery was completed.

2.4. Assessment of neurological scores

The neurological assessments were conducted 24 h post-reperfusion, 
succeeding a 90-min ischemic period, and followed the methodology 

outlined by Longa et al. (Longa et al., 1989).

2.5. Brain extraction and TTC staining

Drug administration was completed 5 h after suture removal, and the 
rats were euthanized after 2 h of the drug administration. The rat skulls 
were carefully dissected to obtain intact brains. For euthanasia, the 
animals were overdosed with pentobarbital sodium (P3761, Sigma) in-
jection, decapitated, and their brain tissues were collected. For TTC 
staining, the brains of most rats were harvested 24 h after reperfusion. 
Post-decapitation, brains were sectioned (2 mm), incubated in 2 % TTC 
(R20618, Yuanye) at 37 ◦C for 30 mins, then preserved at 4 ◦C in 4 % 
paraformaldehyde for 24 h (Chen et al., 2022). Image handling and 
analysis were blinded, under controlled lighting, using Image-Pro Plus 
6.0 software.

2.6. Western blot analysis

The extracted ischemic penumbra proteins were subjected to the 
BCA method, 10 % SDS-PAGE separation, transferred to the membrane, 
occluded in 5 % BSA for 2 h, and treated with primary antibody against 
AKT (1:1000, ab8805, Abcam), pAKT (1:1000, ab66138, Abcam) PTEN 
(1:1000, 9559, CST), β2AR (1:1000, AG1054, Beyotime), and β-actin 
(1:4000, K200058M, Solaibio) at room temperature 20 min and then at 
4 ◦C overnight. The membranes were then probed with HRP goat anti- 
rabbit or rat IgG (1:1000, SE134, SE132, Solarbio) antibody, and the 
blots were detected using the Invitrogen iBright CL1500 imaging 
system.

2.7. Molecular docking

The PAGly’s SDF file and β2-adrenergic receptors (β2AR) structure 
were acquired from the PubChem and PDB databases, respectively. The 
Pymol software was employed to optimize the target by removing small- 
molecule ligands and water molecules. Furthermore, the AutoDock 
Tools were utilized for charge processing and hydrogenation, which 
were saved in the pdbqt format. Molecular docking was performed via 
the Vina package of the Pyrx software, using the key target as the re-
ceptor and its corresponding active ingredient as the ligand to evaluate 
the binding energy and result file output. The PyMol software was 
employed to visualize the results. The affinity value (kcal/mol) indi-
cated the binding ability of the two ligands and the receptor, where the 
lower binding capacity represented a more stable ligand-receptor 
binding. For the 3D visualization and 2D plots analysis, PyMol and 
Discovery Studio 2020 Client were employed, respectively.

2.8. Cell culture and RT-qPCR

BV2 cells were procured from Wuhan Pricella Biotechnology Co., 
Ltd. and cultured per the manufacturer’s guide. Total cellular RNA was 
isolated using the RNAfast 200 purification kit (220011, Fastagen), 
reverse transcribed with HiScript IV RT SuperMix for qPCR (+gDNA 
wiper) (R423-01, Vazyme), and subjected to RT-qPCR analysis using the 
FastSYBR Mixture (CW0955M, CWbio) on a Bio-rad CFX96 instrument. 

Table 1 
Primer Sequences.

Primer Sequence

IL-1β 5′-CTATGGCAACTTCCCTGAA-3′ 
5′-GGCTTGGAAGCAATCCTTAATC-3′

TNF-α 5′-TTCTGTCTACTGAACTTCGGGGTGATGGGTCC-3′ 
5′-GTATGAGATAGCAAATCGGCTGACGGTGTGGG-3′

IL-6 5′-GACTGATGTTGTTGACAGCCACTGC-3′ 
5′-TAGCCACTCCTTCTGTGACTCTAACT-3′

GAPDH 5′-TGGTGAAGGTCGGTGTGAACGG-3′ 
5′-ACTGTGCCGTTGAATTTGCCG-3′
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Table 1 enlists the sequences of primers utilized for RT-qPCR.

2.9. Enzyme-linked immunosorbent assay (ELISA)

ELISA was carried out per the guidance of the kits (MM-0390R1, 
MM-0160R1, MM-0807R1, Meimian, China). Briefly, the supernatant of 
the BV2 culture was aspirated and centrifuged for 10 mins at 3000 rpm. 
Then, the samples and the standards were added to the plate wells and 
treated with HRP-labeled antibodies for 60-mins at 37 ◦C, washed, and 
then incubated with substrate solution at 37 ◦C for 15 mins in the dark. 
After the reaction termination, the optical density (OD) values were 
measured at 450 nm, and a standard curve was drawn to assess the 
concentrations (Lin et al., 2021).

2.10. Conditioned medium assays

The neuroprotective effect of PAGly was investigated using the 
conditioned medium system. Briefly, the BV2 cells were inoculated and 
pretreated with PAGly or PBS (50 µM) for 24 h and then stimulated for 8 
h with LPS (0.1 µg/mL, L2880, Sigma). The fenoterol (1 μM, HY-B0976, 
MCE) was added based on the animal grouping (Wang et al., 2016). 
Following treatment, each group was co-cultured with primary neurons 
using respective conditioned media.

2.11. Primary neuron culture

Primary rat neurons were isolated from embryonic rat brains. After 
the dissection process, samples were subjected to enzymatic dissociation 
using 0.25 % trypsin for 15 min at 37 ◦C, followed by mechanical trit-
uration to further dissociate the cells. The acquired cell suspension was 
then filtered and centrifuged for cell purification. The neurons were 
resuspended in a neurobasal medium enriched with L-glutamine, B27 
supplement, and antibiotics. The resultant suspension was then cultured 
in poly-D-lysine pre-coated plates (which enhanced cell adhesion) at 
37 ◦C and 5 % CO2. For optimal growth conditions, half of the medium 
was replaced every 3–4 days to provide fresh nutrients and remove 
cellular debris (Wang et al., 2024).

2.12. Cell immunofluorescence

This experiment was carried out by following a previously described 
protocol (Onasanwo et al., 2016). Briefly, the cells were preserved with 
4 % PFA for 10 min, permeabilized with 0.5 % Triton X-100 for 10 min, 
blocked for 2 h in 5 % BSA-PBS, treated overnight with primary anti-
bodies at 4 ◦C, and then probed with secondary antibodies at room 
temperature for 1 h. The cells were then stained with DAPI for 5-min, 
coverslipped, and then observed and imaged via a confocal micro-
scope (Leica STELLARIS5, Germany).

2.13. Detection of neuronal apoptosis by flow cytometry

The Annexin V-FITC Apoptosis Detection Kit (556547, BD) was 
employed to assess the apoptosis rate. Briefly, the cells were pre-treated 
with the conditioned medium, digested for 3 mins with 0.25 % trypsin, 
neutralized with 10 % FBS medium, gently pipetted, and centrifuged. 
Then, the cells were adjusted to 106/mL concentration, washed with 
PBS, resuspended in 1 × binding buffer, dyed with PI and Annexin, and 
diluted in the banding buffer (500 μL) before analysis with flow 
cytometry (BECKMAN COULTER, CA, USA). Finally, the percentage of 
PI positives was assessed (Wu et al., 2022).

2.14. Statistical analysis

For all the statistical measurements, GraphPad Prism 9.0 software 
was employed, and the measured values are indicated as means ± SD. 
Multigroup comparisons was carried out using ANOVA with post hoc 

contrasts by Tukey’s tests, comparisons between two groups were made 
using the Student-t test. Group assignments were blinded to the statis-
ticians involved in the data analysis. Differences were deemed statisti-
cally significant at P < 0.05.

3. Results

3.1. PAGly significantly diminished infarct size and improved 
neurological function

The dynamic monitoring of the cerebral blood flow indicated that the 
blood flow at the suture-inserted side was maintained at the baseline 
level of 210 perfusion unit (PU), and the site was yellow, whereas the 
healthy side was red with the blood flow was about 450 PU, which 
indicated that the blood flow decreased significantly, and the modeling 
was successful (Fig. 1B). To visualize the changes in the ischemic region 
after PAGly application, TTC staining was performed on the brains of 
different rat groups. The results indicated a lack of infarct area in the 
Sham group. Whereas white infarct areas were observed in the I/R, 
Vehicle, and PAGly groups (Fig. 1C). Furthermore, compared with the I/ 
R group, no significant changes were observed in the percentage of 
infarct volume after PBS application (P = 0.8953); however, there was a 
significant decrease in the percentage of infarct volume after the PAGly 
treatment (P = 0.0024, Fig. 1D). Moreover, compared with the I/R 
group, the Longa score results showed no significant difference in 
neurological deficits in the Vehicle group (P = 0.8452) but had reduced 
neurological impairment in the PAGly group (P = 0.0149, Fig. 1E). This 
indicates that PAGly can reduce the infarct volume in cerebral I/R and 
enhance neurological behavioral functions, thereby exerting a protec-
tive effect on injury brain.

3.2. PAGly increases cell survival without altering β2AR expression

To further evaluate how PAGly promotes these protective effects, 
Western blot analyses were conducted on the brain tissue samples from 
the ischemic penumbra. These samples were collected because, during 
the I/R process, salvageable neurons are predominantly located within 
the penumbra. Therefore, the penumbra represents a critical area for 
implementing neuroprotective strategies (Ermine et al., 2021). The 
pAKT to AKT ratio is commonly employed to indicate cellular survival 
(Yang et al., 2016). The Western blot was carried out to determine the 
contents of AKT and pAKT in the ischemic penumbra (Fig. 2A). 
Compared with the Sham group, pAKT/AKT was notably reduced in the 
I/R group (P = 0.00005). Furthermore, there was no significant change 
in the Vehicle group relative to the I/R group (P = 0.9914); however, the 
I/R + PAGly group had an increased ratio compared with the I/R group 
(P = 0.0008, Fig. 2B). The previous literature has demonstrated that the 
inhibition of PTEN during I/R promotes neuroprotection (Liu et al., 
2010; Zhang et al., 2020). Therefore, the PTEN expression was also 
assessed in this study, which revealed markedly increased PTEN 
expression in the I/R group compared with the Sham group (P =
0.0001). Whereas there was no significant difference in the PTEN 
expression between the I/R and PBS-treat groups (P = 0.3233). In 
contrast, the PTEN expression was reduced in the PAGly-treat group 
compared with the I/R group (P = 0.0017, Fig. 2C). This outcome is 
consistent with the results of prior studies.

Since PAGly has been observed to act through β2AR (Xu et al., 2021), 
this investigation also evaluated the expression of β2AR. The data 
indicated that the expressions did not change among the four groups (P 
= 0.9984, P = 0.7015, P = 0.9137, respectively. Fig. 2D, E), suggesting 
that PAGly does not alter the protein levels of β2AR. The comparison of 
the molecular structure of PAGly with other adrenergic hormones 
revealed significant similarities (Fig. 2F). In addition, the molecular 
docking of PAGly with β2AR using the Discovery Studio 2020 software 
indicated that PAGly has a strong binding capacity with β2AR, with the 
affinity value of − 6.7 kcal/mol. (Fig. 2G).
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3.3. PAGly regulates microglia polarization through β2AR

Since β2AR can bind PAGly, how PAGly exerts its effects within brain 
tissue following administration was assessed. Microglia in brain tissue 
express β2AR (Sugama et al., 2019; Damo et al., 2023). During the early 
stages of I/R injury, activated microglia secrete various inflammatory 
factors, including IL-1β, IL-6, and TNF-α, which exacerbates the local 
pathological processes (Liu et al., 2020). Therefore, the present study 

investigated whether PAGly exerted a protective effect by modulating 
the microglial inflammatory processes. After 24 h of PAGly pretreat-
ment, the expression of TNF-α, IL-1β, and IL-6 mRNA in microglia 
showed varying degrees of reduction upon subsequent LPS stimulation 
(P = 0.0016, P = 0.0009, P = 0.0409, respectively. Fig. 3A, B, C). INOS is 
recognized as a marker of the inflammatory state of microglia (Zhou 
et al., 2021). Here, the immunofluorescence staining revealed markedly 
increased iNOS expression in BV2 cells after LPS stimulation (P =

Fig. 2. PAGly does not alter β2AR expression but increases penumbra cell viability. A. Western blot showing PTEN, pAKT and AKT expressed in different 
groups. B. The statistics of the ratio of pAKT to total AKT showed that the expression of pAKT was reduced by the I/R treatment (***P < 0.01 vs sham, n = 3), PBS had 
no significant effect (n.s., no significance vs I/R, n = 3), and the PAGly treatment reversed the reduction of the expression caused by the I/R (***P < 0.01 vs sham, n 
= 3). All results are represented as means ± S.D. by ANOVA. C. PTEN expression was significantly increased following I/R (***P < 0.01 vs sham, n = 3); PBS 
injection had no effect on PTEN expression following I/R (n.s., no significance vs I/R, n = 3), which was significantly reduced following PAGly injection (**P < 0.05 
vs I/R, n = 3). D. The statistics of the β2AR expression showed that no significant difference was observed in the comparison among the four groups (n.s., no 
significance, n = 3). D. Western blot result of β2AR under different treatment. E. The expression of β2AR was not altered following different treatments. F. Chemical 
structure of norepinephrine, adrenaline, isoprenaline and PAGly. G. Results of the protein-small molecule docking of the β2AR with PAGly. The protein structure 
shown in the Fig. is β2AR, and the small molecule shown in gray is PAGly.
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0.0001), which was reduced after pretreatment with PAGly (P =
0.0004). Moreover, LPS stimulation induced enlargement and rounding 
of BV2 cell bodies, indicating morphological polarization, which can be 
reversed by PAGly treatment (Fig. 3D, E). ELISA analysis of inflamma-
tory factors in BV2 supernatants following various treatments demon-
strated that the levels of IL-1β, IL-6, and TNF-α exhibited varying 
degrees of attenuation following pretreatment with PAGly (P = 0.0310, 
P = 0.0017, P = 0.0018, respectively. Fig. 3F, G, H).These data are 
consistent with the hypothesis, suggesting that PAGly promotes a neu-
roprotective effect following I/R, which might be mediated by inhibiting 
microglial polarization.

3.4. PAGly protects neurons by reducing the inflammatory response via 
β2AR

To validate that PAGly works in conjugation with β2AR, thereby 
inhibiting its activity, the effect of fenoterol, a β2AR-specific agonist, 
was investigated (Wang et al., 2022) to examine whether the former 
anti-inflammatory effect was diminished. Briefly, primary neurons were 
co-cultured for 12 h with the conditioned medium of BV2 treated 
differently. The immunofluorescence staining of these cells revealed that 
the control group neurons had regular morphology with long and well- 
defined axons, while the neurons in the PBS group had impaired 
morphology and shorter axons. Furthermore, the PAGly group neurons 

had partially restored morphology and distinct axons; however, the 
number of cells was lower relative to the control group. Moreover, the 
concomitant use of PAGly and fenoterol reduced the initially observed 
protective effect and decreased the cell survival (Fig. 4A). This implies 
that PAGly mitigates the inflammatory response in BV2 cells via β2AR 
and, thus, confers a neuroprotective effect. However, this protective 
mechanism is counteracted by the specific agonist fenoterol.

This study also carried out flow cytometry to elucidate the apoptosis 
rate of neurons following different treatments. The data revealed that 
the LPS-treated microglial medium markedly increased the apoptotic 
rate, characterized by the increased number of cells in the Q2 region (P 
= 0.000072). However, this damaging effect was mitigated by PAGly 
treatment, which decreased the number of apoptotic cells (P =

0.000003), but the addition of fenoterol neutralized this protective ef-
fect (P = 0.0055) (Fig. 4B, C).

4. Discussion

Phenylalanine in food undergoes microbial action to transform into 
phenylacetate, which then combines with glycine to synthesize phe-
nylacetylglutamine, also known as PAGly. PAGly has a molecular weight 
of < 200, which allows it to cross the blood–brain barrier (BBB) and 
perform direct action (Nair et al., 2018). Here, it was observed that 
PAGly administration reduced the infarct size and improved the 

Fig. 3. PAGly alleviates microglial inflammatory response after LPS stimulation. A-C. RT-qPCR analysis of TNF-α, IL-1β, and IL-6 (n = 3 from three independent 
experiments) mRNA expression in BV2 microglia pretreated with PBS or PAGly followed by treatment with LPS for 8 h. D. Representative image showing immu-
nofluorescence staining of iNOS, Iba-1, and DAPI in BV2 microglial cells interventioned with PBS or PAGly and treated with PBS or LPS for 4 h. Scale bars, 10 μm (n 
= 6 from 6 individual biological samples). LPS stimulation significantly increased microglial cell size and iNOS expression, and the addition of PBS did not alter their 
inflammatory characteristics. iNOS expression decreased and cell size was smaller after PAGly intervention. E. Immunofluorescence statistical results of iNOS. F-H. 
ELISA results for the detection of IL-1β (F), IL-6 (G) and TNF-α (H) in BV2 supernatants after different treatments.
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neurological behavioral scores in I/R rats. Since PAGly has been 
observed to exert protective effects in myocardial ischemia through 
β2AR(Xu et al., 2021), it was evaluated whether PAGly acts through 
β2AR during cerebral I/R processes. The data revealed that the β2AR 

expression did not change before and after the administration of PAGly. 
This raises the question of whether PAGly is unable to bind to β2AR. 
Comparative structural analysis revealed similarities between the mo-
lecular structure of PAGly and β2AR hormones. Furthermore, molecular 

Fig. 4. PAGly reduces apoptosis of primary neurons by suppressing microglial inflammation via β2AR. A. Representative immunofluorescence staining of 
MAP2 in primary cortical neurons. Scale bars, 100 μm (n = 6 from six individual biological samples). After LPS treatment of BV2, the conditioned medium reduced 
the number of neurons, shortened axons, and aused irregular morphology. The morphologic damage was ameliorated by PAGly intervention. The neuroprotective 
effect of PAGly was reversed by the addition of the β2AR-specific agonist fenoterol. B. Flow assay for neuronal apoptosis after co-culture in conditioned media with 
different treatment. C. Statistical results of early apoptosis rate of neurons after different treatments in four groups.
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docking indicated that PAGly could bind β2AR. Moreover, PAGly 
diminished the secretion of inflammatory cytokines in LPS-induced BV2 
cells, thereby reducing neuronal apoptosis; however, this effect was 
attenuated by the addition of a β2AR agonist.

Several studies have highlighted that association of neuro-
inflammation mediated by activated microglia with the pathogenesis of 
ischemic stroke (Wang et al., 2020; Peng et al., 2022). Upon activation, 
microglia can be polarized into two phenotypes, M1 and M2 (Jin et al., 
2023). During acute stress, microglia within various brain regions, such 
as the hippocampus, thalamus, and cerebellum, are activated and 
enhance the expression of β1AR and β2AR. This microglial activation 
results in an increased number of microglia, which are characterized by 
enlarged cell bodies and enhanced IL-1β secretion (Tanaka et al., 2002; 
Sugama et al., 2019); this phenomenon represents the M1 type of 
transformation. The literature has revealed that PAGly exerts its effects 
via the β2AR (Xu et al., 2021). Therefore, the present study also inves-
tigated whether the observed brain-protective effects were mediated by 
the β2AR in microglia. However, the acquired data indicated that β2AR 
expression levels after I/R were independent of PAGly used. Since the 
molecular docking indicated that PAGly has a strong binding affinity 
with β2AR, it was inferred that PAGly can inhibit microglial inflam-
mation. Following LPS stimulation, inflammatory factors secreted by 
BV2 exhibited differential elevation, indicative of microglial M1-type 
transformation. Furthermore, after PAGly therapy, the levels of in-
flammatory cytokines, as well as iNOS expression in microglia, were 
reduced markedly. These observations collectively indicated the 
occurrence of M2-type transitions.

Numerous studies have demonstrated that early inhibition of 
microglial M1 polarization in cerebral I/R injury can reduce the secre-
tion of inflammatory mediators, promote M1 to M2 transition, decrease 
infarct volume, and confer neuroprotection (Liao et al., 2020; Zhu et al., 
2021; Liang et al., 2023; Xu et al., 2023). Moreover, β-blockers have 
been observed to markedly reduce brain infarct size in rat’s cerebral I/R 
model. However, they promote antioxidative stress, anti-apoptotic 
benefits, and protective effects in the rat cardiac damage model (Han 
et al., 2009; Harima et al., 2015; Lin et al., 2020). To evaluate whether 
PAGly acts by inhibiting the β2AR, fenoterol was employed (Maciag 
et al., 2023). Fenoterol reverses the protective effect of microglia- 
conditioned medium on neurons after PAGly intervention and aggra-
vates nerve injury, thereby increasing neuronal apoptosis that was 
already reduced. Overall, the data validated that PAGly attenuates 
microglial inflammation and exerts neuroprotection by inhibiting β2AR 
(Fig. 5). However, when β2AR is reactivated, this protective effect is lost, 

implying that PAGly can only suppress β2AR, which is an active inhib-
itor, rather than regulate its expression level.

Crossing the BBB is a significant challenge for pharmacotherapies for 
potent central nervous system effects. PAGly is a small molecule that can 
freely cross the BBB and exert therapeutic effects within the brain’s 
parenchyma. Furthermore, it can attenuate microglial-mediated in-
flammatory responses and diminish neuronal apoptosis, which distin-
guishes it from ready-availability therapeutic drugs in its efficacy and 
cost-effectiveness. These attributes render PAGly a compelling candi-
date for early-stage intervention in cerebral I/R injuries, highlighting its 
potential to address a critical need within CNS pharmacotherapy.

There are certain limitations of this study. First, our study focused 
exclusively on the role of PAGly during the acute phase of cerebral I/R 
injury, and its long-term effects remain insufficiently explored. Second, 
the pharmacokinetics of PAGly following administration, as well as the 
precise mechanisms by which it modulates β2AR, have not been thor-
oughly investigated. Future research with expanded sample sizes will 
aim to address these gaps and further assess the therapeutic potential of 
PAGly.
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microglia, PAGly effectively suppresses the production of inflammatory cytokines, consequently safeguarding neurons.
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