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Pregabalin mitigates microglial activation 
and neuronal injury by inhibiting HMGB1 
signaling pathway in radiation‑induced brain 
injury
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Abstract 

Background:  Radiation-induced brain injury (RIBI) is the most serious complication of radiotherapy in patients with 
head and neck tumors, which seriously affects the quality of life. Currently, there is no effective treatment for patients 
with RIBI, and identifying new treatment that targets the pathological mechanisms of RIBI is urgently needed.

Methods:  Immunofluorescence staining, western blotting, quantitative real-time polymerase chain reaction (Q-PCR), 
co-culture of primary neurons and microglia, terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) 
assay, enzyme-linked immunosorbent assay (ELISA), and CRISPR–Cas9-mediated gene editing techniques were 
employed to investigate the protective effects and underlying mechanisms of pregabalin that ameliorate microglial 
activation and neuronal injury in the RIBI mouse model.

Results:  Our findings showed that pregabalin effectively repressed microglial activation, thereby reducing neuronal 
damage in the RIBI mouse model. Pregabalin mitigated inflammatory responses by directly inhibiting cytoplasmic 
translocation of high-mobility group box 1 (HMGB1), a pivotal protein released by irradiated neurons which induced 
subsequent activation of microglia and inflammatory cytokine expression. Knocking out neuronal HMGB1 or micro‑
glial TLR2/TLR4/RAGE by CRISPR/Cas9 technique significantly inhibited radiation-induced NF-κB activation and pro-
inflammatory transition of microglia.

Conclusions:  Our findings indicate the protective mechanism of pregabalin in mitigating microglial activation and 
neuronal injury in RIBI. It also provides a therapeutic strategy by targeting HMGB1-TLR2/TLR4/RAGE signaling pathway 
in the microglia for the treatment of RIBI.
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Introduction
Radiotherapy is an important adjuvant therapy for 
patients with head and neck tumors, primary or meta-
static brain tumors [1, 2]. However, radiotherapy also 
causes damage to the adjacent normal brain tissue and 
leads to central nervous system (CNS) complications 
[2, 3]. The clinical symptoms of radiation-induced brain 
injury (RIBI) include cognitive impairment and necro-
sis of brain tissues, which seriously affects the quality 
of life of patients [3, 4]. Due to lack of understanding to 
the pathogenesis of RIBI, limited options are available 
for clinical treatment of patients with RIBI [5]. Conven-
tionally, corticosteroids and bevacizumab, an antibody 
targeting vascular endothelial growth factor (VEGF), 
have been proven to be effective in alleviating radia-
tion-induced brain edema [6, 7]. However, due to the 
high recurrence rate and serious adverse reactions of 
these two treatments, it is urgently needed to develop 
new therapeutic intervention for RIBI [7, 8].

The main pathological characteristics of RIBI include 
excessive activation of glial cells, neuroinflammation, 
immune cell infiltration, blood–brain barrier (BBB) 
destruction, neuron loss, and memory and cognitive 
dysfunction [9, 10]. Microglia are the resident immune 
cells that play key role in immune surveillance and 
maintaining the homeostasis of the CNS [11, 12]. It 
has been suggested that microglia are very sensitive to 
radiation [13]. A few hours after radiation, microglia 
become rapidly activated and release pro-inflamma-
tory cytokines, such as TNF-α, IL-1β, IL-6, and COX-
2, which participate in tissue injury and neurogenesis 
impairment in the CNS [13, 14]. Therefore, inhibiting 
destructive inflammatory response induced by radia-
tion may be of therapeutic potential for the treatment 
of RIBI.

Pregabalin, a structural derivative of gamma-amin-
obutyric acid (GABA), was developed as a potential 
first-line treatment for neuropathic pain [15]. It binds 
to the α2-δ subunit of synaptic voltage-gated cal-
cium channels (VGCC) in the CNS [16]. By blocking 
VGCC, pregabalin significantly reduces the influx of 
Ca2+, so as to inhibit the release of excitatory neuro-
transmitters [17]. Increasing evidence has shown that 
pregabalin also plays a neuroprotective role in spi-
nal cord injury, epilepsy, multiple sclerosis, traumatic 
brain injury, cerebral ischemia–reperfusion, diabetic 
retinopathy, fibromyalgia syndrome and other disease 
models [18–23]. Our previous work has demonstrated 
that pregabalin is effective and safe in the treatment of 

radiotherapy-induced neuropathic pain [24]. However, 
whether and how pregabalin may play a neuroprotec-
tive role in RIBI remains unclear.

Here, we reported that pregabalin treatment effec-
tively inhibited neuroinflammation and prevented neu-
ronal injury in the RIBI mouse model. Moreover, we 
demonstrated that pregabalin directly acted on neu-
rons and inhibited cytoplasmic translocation of high-
mobility group box  1 (HMGB1), a nuclear protein that 
is released from the cell in response to damage or stress 
[25]. Knocking down neuronal HMGB1 effectively alle-
viated irradiated neurons-induced microglia activation 
and inflammatory cytokine expression. Our findings 
also indicated the therapeutic potential of neutralizing 
HMGB1 or blocking its microglial receptors, including 
TLR2, TLR4, and RAGE, for the treatment of RIBI.

Methods
Animals
Adult male BALB/c mice at the age of 10–12 weeks used 
in this study were obtained from the Laboratory Ani-
mal Center of the Sun Yat-Sen University. All mice were 
housed in a climate-controlled room maintained on a 
12-h light/dark cycle with food and drink ad  libitum. 
After radiation and drug treatment, we observed the sta-
tus of mice and recorded their body weight every day to 
monitor the health status of mice. All experimental pro-
cedures were approved by the Institutional Animal Care 
and Use Committee of the Sun Yat-sen University.

Cranial irradiation and drug administration
The protocol for mouse irradiation has been previ-
ously described [13, 26]. Briefly, BALB/c male mice at 
10–12  weeks of age were first separated randomly into 
four groups: for two non-irradiation groups, one was 
injected with saline solution (Con), and the other one 
was injected with pregabalin (PGB), and for the two 
irradiated groups, one was injected with saline solution 
(Rad), and the other one was injected with pregabalin 
(Rad + PGB). Both irradiated and non-irradiated control 
groups were deeply anesthetized, and cranial irradiation 
was conducted using the RS-2000 X-ray irradiator (Rad 
Source) as previously described with some modifications 
[13]. Anesthetized mice were fixed on a custom-designed 
platform. The head of each mouse was placed in an irra-
diation area (2 × 2 cm2) within the confines of the whole 
brain, from the post-canthus line to the post-aurem line, 
while other parts of the mouse body were shielded by 
lead plates and protected from exposure to radiation. A 
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single dose of 30  Gy was delivered to mice at a rate of 
3  Gy/min for 10  min, with a source-to-skin distance of 
100  cm. Mice from the control group also underwent 
the same anesthesia procedures as those in the radiation 
group, but did not receive irradiation.

For pregabalin treatment, a dose of 30 mg/kg/day pre-
gabalin was used in  vivo study. First, Pregabalin (Pfizer 
Pharmaceuticals, New York, NY, USA) was diluted to 
final concentration of 1.5  mg/mL in normal saline (NS, 
0.9% NaCl), which was prepared freshly at the time of 
injection. Pregabalin was injected intraperitoneally at 
10:00 a.m. every day for 3, 7 and 14 consecutive days at a 
dose of 30 mg/kg body weight, starting from the day the 
mice were irradiated. The mice were injected at a total 
volume of 20 µl per gram body weight and the saline-only 
injection was used in the non-treated control groups. The 
body weight of mice was recorded daily. At each time 
point of irradiation and pregabalin treatment, a total of 
30 mice received irradiation and 30 mice underwent a 
sham operation, whereas half of the mice in the irradiated 
and sham groups received pregabalin treatment. The left 
and right hemispheres were separated, half of which were 
separated into cortex and hippocampus, and total RNA 
was extracted by Trizol solution. The other hemisphere 
of the brains was placed in 4% paraformaldehyde solution 
for the subsequent immunofluorescence staining.

Cell culture
For primary neuronal culture, the cortex and hippocam-
pus were isolated from newborn Balb/c mice in ice-cold 
HBSS buffer (Gibco, 14,175,095). The brain tissues were 
cut into 1 cm3 pieces after removing the meninges. Then 
the tissue pieces were digested with 0.25% trypsin–EDTA 
(Gibco, 25,200–072) at 37 ℃ for 30  min and 10% fetal 
bovine serum was used to stop digestion. After filtration 
and centrifugation, cells were collected and cultured in 
neurobasal medium (Gibco, 21,103,049) supplemented 
with glutamax (Gibco, 35,050,061), B27 supplement 
(Gibco, 17,504,044), and pen strep (Gibco, 15,140,122) 
as previously described [27]. Primary microglia cultures 
derived from newborn Balb/c mice were prepared from 
mixed glial cultures using the “shaking off” method as 
previously described [13]. Primary microglia and the 
immortalized murine microglia BV2 cell line were cul-
tured in DMEM/F12 medium (Gibco, C11330500BT) 
supplemented with penicillin and streptomycin (Gibco, 
15,140–122) and 10% fetal bovine serum (Gibco, 
10099141C).

According to previous report [13], a single dose of 
10  Gy X-ray radiation effectively activated microglia 
and was used in this study [13]. Cells were replaced with 
the complete culture medium and treated with differ-
ent concentrations of pregabalin (from 1 µM to 50 µM) 

immediately after irradiation. After 24  h of pregabalin 
treatment, the cells were used for immunofluorescence 
staining or real-time quantitative PCR analysis. The cul-
ture supernatant was used for ELISA detection.

Co‑culture of primary neurons and microglia
Primary neurons isolated from cortex and hippocampus 
of neonatal mice were cultured in 24-well plates. After 
the neurons grow to 10–14  days, microglia were added 
to the Transwell system (Corning, 3422) used for indirect 
co-culture model studying neuron and microglia cross-
talk. Pregabalin (10  µM) was immediately added to the 
co-culture medium after radiation (10 Gy). 24 h later, the 
co-culture supernatant was collected for ELISA analy-
sis to detect the relevant pro-inflammatory cytokines. 
Q-PCR analysis was used to study the mRNA expressions 
of cytokines in microglia and neurons. Immunofluores-
cence staining was used to study morphological changes 
of microglia and neurons after fixation and blocking.

Quantitative real‑time polymerase chain reaction (Q‑PCR)
The tissues and cells were lysed with Trizol reagent (Inv-
itrogen, 15,596,018). About 1 µg of total RNA was used 
for reverse transcription into cDNA by PrimeScript RT 
MasterMix (TaKaRa, RR036A) in a total volume of 20 
µL. Q-PCR was performed on 50–100 ng cDNA of each 
sample in Multiplate™ 96-well PCR Plates (BIO-RAD, 
MLL9601) on a CFX96 Touch Real-Time PCR Detection 
System, and the final reaction volume was 20 µl. The data 
were analyzed by CFX Maestro Software (BIO-RAD). We 
used Q-PCR to detect and quantify the mRNA levels of 
Tnf-α, Inos, Il-1β, Cox-2, Il-6, Icam-1, Hmgb1, Cgrp, Tac1, 
Mmp2, Mmp9, Cx3cl1, Ccl2, and Ccl21. β-actin was used 
as a housekeeping gene to normalize the mRNA levels of 
target genes among different groups. All primers used in 
this work are shown in Additional file 1: Table S1.

Immunofluorescence staining
At the time point of detection, the half brain was directly 
fixed in 4% paraformaldehyde (Biosharp, BL539A) over-
night after perfusing with saline solution. After dehydra-
tion with gradient sucrose solution (from 20 to 30%), the 
brain samples were cut into 30 µm thick coronal sections 
with freezing microtome (Leica, CryoStar NX50). Then 
the slices were permeabilized with 0.1% Triton X-100 
solution and blocked with 5% BSA (Sigma, A1933), fol-
lowed by incubation with primary antibodies overnight 
at 4 ℃. After washing three times with PBS, the slices 
were incubated with specific Alexa Fluor-coupled sec-
ondary antibodies for 1  h at room temperature. Finally, 
the slices were incubated with DAPI to label the nucleus. 
The primary antibodies include rat anti-CD68 (BIO-
RAD, MCA1957), rabbit anti-IBA1 (Wako, 019–19,741), 
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rabbit anti-IL-6 (CST, 12912S), rabbit anti-TNF-α (CST, 
11948S), mouse anti-NeuN (Merck Millipore, MAB377), 
rabbit anti-NeuN (Merck Millipore, ABN78), rabbit anti-
MAP2 (Proteintech, 17,490–1-AP), rabbit anti-Caspase-3 
(CST, 9662S), rabbit anti-HMGB1 (CST, 3935S), and 
mouse anti-Beta Tubulin (Proteintech, 66,240–1-Ig). For 
the detailed information of all primary antibodies used in 
the study, including the manufacturers, species of origin, 
catalog number, application and dilution ratio, see Addi-
tional file  1: Table  S2. The immunofluorescence-stained 
brain slices were imaged by fluorescence microscope 
(Leica DM6B, Germany) and laser scanning confocal 
microscope (Nikon C2, Japan), for detailed image acqui-
sition and analysis.

Western blotting
Western blotting was conducted as described previously 
with some modifications [27]. Briefly, cells were lysed 
with an appropriate amount of RIPA lysis buffer (Beyo-
time, P0013B) on ice and centrifuged at 13,000  rpm for 
15 min at 4 °C. The supernatants were collected and pro-
cessed with 5 × SDS-PAGE loading buffer. The protein 
concentration of all samples was measured using the 
BCA assay (Thermo Scientific, 23,227). Protein samples 
(about 30 μg) were separated on 10% SDS-gel electropho-
resis and transferred to PVDF membranes (Merck Milli-
pore, ISEQ00010). Then, the membranes were incubated 
with the primary antibody overnight at 4 °C, followed by 
Alexa Fluor-conjugated secondary antibodies. Detection 
was performed using the Odyssey Infrared Imaging Sys-
tem (LI-COR, Biosciences, Lincoln, NE, USA).

Terminal deoxynucleotidyl transferase dUTP nick‑end 
labeling (TUNEL) assay
Apoptotic cells were detected by DeadEnd Fluoromet-
ric TUNEL System (Promega, G3250) according to the 
manufacturer’s instructions, as previously described [4]. 
Briefly, the slices were permeated in 20 g/ml protease K 
solution for 20 min and blocked in 5% BSA for 1 h. After 
washing 3 times with PBS, slices were soaked in equilib-
rium buffer for 10  min, and then incubated with TDT 
reaction mixture in the dark at 37 ℃ for 1 h. Finally, DAPI 
was stained to label the nucleus.

Enzyme‑linked immunosorbent assay (ELISA)
The levels of TNF-α and IL-1β in the cell culture super-
natant were detected by ELISA according to the instruc-
tions of the manufacturer (Neobioscience, China). Before 
measuring the concentrations of TNF-α and IL-1β, we 
detected the total protein concentration of the superna-
tant using the BCA assay, which aimed to calculate the 
ratios of TNF-α or IL-1β to total proteins in the cell cul-
ture supernatant.

gRNA design and generation
For gRNA design, NGG sites in the exon of the target 
gene were selected, cloned and sequenced. First, gRNA 
was designed with the CCTop tool [28]. In order to check 
the specificity of gRNA and potential off-target sites, 
gRNA sequences were searched using BLAST algorithm 
on the CCTop (https://​cctop.​cos.​uni-​heide​lberg.​de/) to 
ensure that all gRNAs are without any potential off-target 
sites in genome.

Recombinant LentiCRISPRv2‑Cas9‑gene generation
LentiCRISPRv2 plasmid cleaved by restriction endo-
nuclease was used for the connection of the target frag-
ments. Oligonucleotide primers were designed according 
to the sequence of gRNA and the sequence of the enzyme 
digestion products. Detailed gRNA sequences are shown 
in Additional file 1: Table S3 and detailed oligonucleotide 
sequences are shown in Additional file 1: Table S4. After 
annealing, the oligonucleotides are connected with the 
incomplete vector by T4 DNA ligase (TAKARA, 2011A). 
After transformation and cloning, the correctness of the 
target gene plasmid was verified by sequencing.

CRISPR–Cas9‑mediated gene knockout
We knocked out HMGB1, TLR2, TLR4, and RAGE genes 
using CRISPR–Cas9 technique. Briefly, their gRNAs were 
recombined with lentiCRISPRv2 vector, respectively. The 
recombinant plasmid was sequenced and contrasted for 
monoclonal amplification. The empty lentivirus vector 
was used as a negative control. The plasmid was trans-
ferred into HEK-293  T cells to prepare lentivirus par-
ticles. The cell culture medium containing lentivirus 
was added to cells. After infection 24  h, the cells were 
replaced with the new culture medium and treated with 
puromycin 1  μg/ml for 3–5  days. Finally, the knockout 
efficiency of target gene in cells was confirmed by west-
ern blotting, immunofluorescence, and Q-PCR, which 
was used for subsequent study. Detailed primers used for 
the verification of CRISPR/Cas9-mediated gene knock-
out are shown in Additional file 1: Table S5.

Statistical analysis
All data are presented as mean ± SEM. Statistical analy-
ses were performed using GraphPad Prism (GraphPad 
Software, Inc.). All other groups were compared with the 
indicated group and at least three independent experi-
ments were conducted in this study. Significant differ-
ences between groups were tested using the one-way 
ANOVA procedure, followed by the Student’s t-test 
using SPSS software (IBM) for 2-group comparisons. 

https://cctop.cos.uni-heidelberg.de/
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Differences were considered statistically significant at 
p < 0.05.

Results
Pregabalin inhibited microglia activation 
and inflammatory response in a mouse model of RIBI
In the animal model studies and clinical practice, both 
single irradiation with high dose and fractionated irradia-
tion with low dose are reported and in practice [29, 30]. 
We selected a single dose of cranial irradiation for study-
ing RIBI due to the advantages of stable pathological phe-
notypes such as glial activation, vascular damages, white 
matter changes and long-term cognitive impairment that 
can occur within few weeks post-irradiation [13, 31]. 
Compared with fractionated low-dose irradiation, a sin-
gle high-dose irradiation also induced more pronounced 
and early onset of inflammatory response in the brain 
[32]. Our previous research has revealed that a single 
dose of 30 Gy radiation could trigger microglia activation 
and production of microglia-derived pro-inflammatory 
cytokines in the RIBI mice at the acute phase, which fur-
ther led to neuronal injury [13, 33]. Whole brain irradia-
tion with a dose of 30 Gy was performed in BALB/c mice 
in this study. To study the protective potential of pre-
gabalin in the mouse model of RIBI, we considered the 
dose of pregabalin used in the clinical study as we have 
previously reported, that pregabalin at a dose of 150 mg 
per day was effective in reducing neuropathic pain [24]. 
We then calculated a dose of approximately 30 mg/kg for 
pregabalin treatment in mice based on an estimated body 
weight of 60 kg per capita in humans, an equivalent dose 
conversion between animals and humans based on the 
body surface area calculations, in which the dose admin-
istered to mice was about 12.3 times of that of humans 
[34]. Therefore, pregabalin was used at a dose of 30 mg/
kg in this study.

Body weight of mice was recorded daily after treatment 
with pregabalin (30  mg/kg/day). Pregabalin showed a 
protective tendency against weight loss in irradiated mice 
(Additional file 1: Fig. S1). Mice were euthanized and ana-
lyzed on days 3, 7, and 14 after irradiation and pregaba-
lin treatment, respectively (Fig. 1A). Since hippocampus 
is involved in memory formation and cognitive function 

[13], we isolated hippocampus to evaluate the changes of 
the pro-inflammatory factors. As shown in Fig. 1B, C, the 
mRNA levels of the pro-inflammatory factors, includ-
ing Il-1β, Il-6, Cox-2, Tnf-α, iNos, and Icam-1, were sig-
nificantly increased in the hippocampus 3 or 7 days after 
irradiation, consistent with previously published reports 
[13, 33]. Importantly, we observed that pregabalin treat-
ment significantly reduced these pro-inflammatory 
cytokine expressions (Fig.  1B, C). Consistent effects of 
pregabalin on inhibiting the inflammatory factors expres-
sions, including Il-1β, Il-6, Tnf-α, and Cox-2, were also 
found in the cortex of RIBI mice (Fig. 1D–G). These find-
ings indicated that pregabalin could effectively inhibit the 
cerebral inflammatory response in the RIBI mice.

Increased pro-inflammatory cytokines after radia-
tion were mainly attributed to microglia [13], so we next 
evaluated the pathological changes of microglia in the 
RIBI mice. As expected, the soma size of microglia in the 
cortex began to increase on the 3rd day after radiation, 
and became even larger in the following 7th and 14th 
days (Additional file 1: Fig. S2A, B). Similarly, the expres-
sion of CD68, a marker of activated microglia [35], was 
also gradually increased with the time after irradiation 
(Additional file  1: Fig. S2C), indicating that microglia 
changed from resting state to activated state. Moreover, 
pregabalin could significantly inhibit microglia activa-
tion 3 or 7 days after treatment, which is closely related 
to the changes of the pro-inflammatory cytokines (Addi-
tional file 1: Fig. S3A–D). Increased microglial body size 
and CD68 expression in both cortex and hippocampus 
(CA1 and DG regions) was also inhibited after 14  days 
of continuous treatment with pregabalin in the RIBI 
mice (Fig. 1H–J, Additional file 1: Fig. S4A, B). Together, 
these results indicated that pregabalin showed significant 
pharmacological effectiveness in repressing microglia 
activation and inflammatory response, implying that pre-
gabalin might have the potential value in alleviating RIBI.

Pregabalin protected neuron from radiative 
microglia‑mediated damage
Increasing evidences suggest that microglia activation-
mediated inflammatory response contributes to neuronal 
injury and neurodegenerative diseases [36, 37]. We next 

(See figure on next page.)
Fig. 1  Pregabalin inhibited microglia activation and inflammatory response in the RIBI mice. A Timeline illustration of the experimental design. 
B, C The heat map showed the mRNA changes of the pro-inflammatory factors in the hippocampus of mice on day 3 and 7. D–G Q-PCR analysis 
of Il-1β, Il-6, Tnf-α, and Cox-2 mRNA levels in the cortex of RIBI mice 3 and 7 days after pregabalin treatment. H Representative images of IBA1 and 
CD68 co-labeling in the cortex of RIBI mice 14 days after pregabalin treatment. I, J Microglial body size and the proportion of CD68+ area/IBA1+ 
area in the cortex and hippocampus (CA1 and DG) were quantified among the different groups. Data were analyzed by one-way ANOVA followed 
by the Student’s t-test analysis. All other groups were compared with the indicated group. n = 4–6 mice per group for the heat map analysis. n = 7 
mice per group for Q-PCR analysis. n = 4 mice per group and 2–3 slices per mouse for immunofluorescence staining. Data were presented as 
mean ± SEM, *p < 0.05, **p < 0.01, and ***p < 0.001. Four groups were established for in vivo study: control mice (Con), control mice treated with 
pregabalin (PGB), RIBI-model mice (Rad), and RIBI-model mice treated with pregabalin (Rad + PGB)
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Fig. 1  (See legend on previous page.)



Page 7 of 19Zhang et al. Journal of Neuroinflammation          (2022) 19:231 	

Fig. 2  Pregabalin protected neuron from radiative microglia-mediated damage. A Schematic diagram of the in vitro experiments. B Representative 
images of MAP-2 and β-tubulin co-labeling in neurons. C Statistics of the neuronal dendric numbers among the different groups. D Q-PCR analysis 
of Il-1β, Il-6, Tnf-α, Cox-2, iNos, and Icam-1 mRNA levels in BV2 cells incubated with supernatant from injured or non-injured neuron. E Schematic 
diagram of radiation-induced secondary damage of neurons. F Schematic diagram of the co-culture system between microglia and neurons. G 
Q-PCR analysis of Il-1β, Il-6, and Tnf-α mRNA levels in microglia after co-culture with neurons. H-I ELISA analysis of IL-1β and TNF-α protein levels in 
microglia after co-culture with neurons. J Representative images of MAP-2 and β-tubulin co-labeling in neurons after co-culture with microglia. K 
Statistics of the neuronal dendric numbers. Data were analyzed by one-way ANOVA followed by the Student’s t-test analysis. All other groups were 
compared with the indicated group. n = 3–6 for each group. Data were presented as mean ± SEM, ns = not significant, *p < 0.05, **p < 0.01, and 
***p < 0.001. Four groups were established for in vitro study: control cells (Con), control cells treated with pregabalin (PGB), irradiated cells (Rad), and 
irradiated cells treated with pregabalin (Rad + PGB)
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examine the effect of pregabalin in inhibiting the pro-
inflammatory cytokines secretion from microglia. First, 
the effect of activated microglia induced by radiation on 
neuronal injury was evaluated in vitro (Fig. 2A). Neurons 
incubated with the culture supernatant of irradiated BV2 
cells showed decreased number of neuronal dendrites in 
immunofluorescence staining of MAP2 (Fig. 2B, C), indi-
cating that inflammatory cytokines produced by irradi-
ated microglia could lead to neuronal damage. In order 
to test the possible crosstalk between injured neurons 
and microglia, non-irradiated BV2 cells were incubated 
with the culture supernatant from injured neurons that 
was previously incubated with supernatant of irradi-
ated BV2 cells (Fig. 2A). Interestingly, we found that the 
inflammatory response of BV2 cells can be triggered after 
incubation with the culture supernatant from injured 
neurons, revealed by the elevation of mRNA levels of Il-
1β, Il-6, Tnf-α, iNos, and Icam-1 as compared with the 
non-injured neuron culture supernatant (Fig. 2D). There-
fore, a feed-forward and amplifying effect was observed 
between inflammatory microglia and injured neurons 
after radiation (Fig.  2E). Importantly, pregabalin treat-
ment in the co-culture system of microglia and neurons 
significantly blocked radiation-induced expression of 
pro-inflammatory cytokines, including Il-1β, Il-6, and 
Tnf-α mRNA levels in the BV2 cells and also secreted 
protein levels of IL-1β and TNF-α (Fig. 2F–I). Pregabalin 
also prevented radiation-induced reduction of neuronal 
dendrites (Fig.  2J–K). Together, our findings confirmed 
the protective effects of pregabalin in preventing radi-
ation-induced inflammatory response of microglia and 
neuronal injury in the in vitro model of RIBI.

Pregabalin inhibited inflammatory response by directly 
acting on neuron, rather than microglia or astrocyte
Since pregabalin effectively inhibited radiation-induced 
microglia activation and inflammatory response, we next 
focused on exploring its pharmacological mechanism, 
which should provide mechanistic insights for RIBI. First, 
primary microglia and immortalized BV2 cells from a 
murine microglial cell line were used for in  vitro study. 
The mRNA levels of pro-inflammatory factors, such as 
Il-1β, Il-6, Tnf-α, or Icam-1, were significantly increased 
after a single dose 10 Gy irradiation, consistent with our 
previous findings in vivo (Fig. 3A, B). Several studies have 
shown that pregabalin could effectively inhibit NF-κB 
activation and cytokines secretion in the splenocytes, 
neuroblastoma, or glioma cells in  vitro at a concentra-
tion of 1–25 µM [38, 39]. Pregabalin at a dose of 10 µM 
was firstly used to treat microglia in the study. Unexpect-
edly, increased mRNA levels of the pro-inflammatory 
cytokines were not affected after pregabalin treatment 
at different concentrations (1  µM, 6.25  µM, 12.5  µM, 

25 µM, and 50 µM) in both irradiated BV2 cells and pri-
mary microglia (Fig. 3A, B, Additional file 1: Fig. S5A–D). 
Immunofluorescence staining further confirmed that 
pregabalin had no effect on radiation-induced increases 
in pro-inflammatory cytokines TNF-α and IL-6 protein 
levels in BV2 cells (Additional file 1: Fig. S6A–D). Thus, 
these results suggested that pregabalin was not directly 
acting on microglia to attenuate the inflammatory 
responses.

Since astrocytes and neurons, two important cell types 
in the CNS, are involved in the regulation of inflam-
matory responses of microglia [40, 41], we next asked 
whether neurons or astrocytes may be involved in regu-
lating microglia activation after pregabalin treatment 
in RIBI. Supernatants of astrocytes or primary neurons 
were collected at 24  h after irradiation with or without 
pregabalin treatment, and were used to incubate BV2 
cells for additional 24  h, followed by RNA extraction 
of BV2 cells (Fig. 3C, Additional file 1: Fig. S7A). Com-
pared with the supernatant of non-irradiated neurons, 
irradiation-only neuronal supernatant could significantly 
upregulate the mRNA levels of pro-inflammatory factors 
including Il-1β, Il-6, and Tnf-α in BV2 cells (Fig. 3D). Of 
note, absence in the mRNA elevation of Il-1β, Tnf-α, and 
Il-6 were observed in BV2 cells treated with superna-
tant from irradiated neurons with pregabalin treatment 
(Fig. 3D), rather than irradiated astrocyte with pregabalin 
treatment (Additional file 1: Fig. S7B–E). Upregulated Il-
1β mRNA level was also observed in BV2 cells after treat-
ment with the irradiation-only astrocyte supernatant 
(Additional file 1: Fig. S7B). Examination with immuno-
fluorescence staining further confirmed the absence in 
IL-6 and TNF-α protein elevation in BV2 microglia after 
treatment with supernatant of pregabalin-treated neu-
rons (Fig. 3E–H). Moreover, ELISA assay further showed 
that secreted IL-1β protein level from cultured BV2 cells 
were effectively inhibited after incubation with super-
natant of pregabalin-treated neurons (Fig. 3I). Together, 
these results suggested that pregabalin acted on neurons 
to inhibit radiation-induced microglia activation and 
inflammatory responses in the RIBI mouse model.

Pregabalin rescued neuronal apoptosis and loss in the RIBI 
mice
To examine the protective effect of pregabalin in radi-
ation-induced neuroinflammation and brain injury 
in  vivo, TUNEL staining was used to evaluate neuronal 
injury after pregabalin treatment in the RIBI mice. Com-
pared with the non-irradiated group, our data showed 
that TUNEL-positive apoptotic cells were increased in 
mice that received single exposure of 30  Gy irradiation 
(Fig.  4A). Notably, pregabalin treatment significantly 
reduced TUNEL-positive cells in the irradiated mice 
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Fig. 3  Pregabalin inhibited inflammatory response by directly acting on neurons, rather than microglia or astrocyte in vitro. A Q-PCR analysis of Il-6 
and Tnf-α mRNA levels in microglia with pregabalin treatment after radiation. B Q-PCR analysis the effects of pregabalin on Il-1β, Tnf-α, and Icam-1 
mRNA levels in BV2 cells after radiation. C Schematic diagram of microglia incubated with neuron supernatant. D Q-PCR analysis of Il-1β, Il-6, and 
Tnf-α mRNA levels in BV2 cells after incubated with the supernatant from pregabalin-treated neurons. E–F Representative immunofluorescent 
images of IL-6 (E) and TNF-α (F) in BV2 cells among the different groups. Staining with β-tubulin was used to visualize cytoskeleton. G-H The 
fluorescence intensity data of IL-6 (G) and TNF-α (H) were imaged by confocal microscopy and analyzed. I ELISA analysis of IL-1β protein level in the 
BV2 cells culture supernatant. Data were analyzed by one-way ANOVA followed by the Student’s t-test analysis. All other groups were compared 
with the indicated group. n = 3–4 for each group. Data were presented as mean ± SEM, ns = not significant, *p < 0.05, **p < 0.01, and ***p < 0.001
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Fig. 4  Pregabalin rescued neuronal apoptosis and loss in the RIBI mice. A Representative images of TUNEL staining and quantification of 
TUNEL-positive cells in the cortex. B Representative images and quantification of Caspase 3/NeuN immunofluorescence staining in the cortex. 
C-F Representative immunofluorescent images and quantification of neuronal proportion in the cortex and hippocampus. Data were analyzed by 
one-way ANOVA followed by the Student’s t-test analysis. All other groups were compared with the indicated group. n = 4 mice per group and 2–3 
slices per mouse for immunofluorescence staining. Data were presented as mean ± SEM, *p < 0.05, **p < 0.01, and ***p < 0.001
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(Fig.  4A). Similar observation was observed as prega-
balin significantly reduced caspase 3-labeled apoptotic 
neurons (NeuN-positive) after irradiation (Fig. 4B). Con-
sistently, we also found that pregabalin restored neuronal 
number as calculated by NeuN+/DAPI+ cells after radia-
tion in both cortex and hippocampus of irradiated mice 
(Fig.  4C–F). In conclusion, these results indicated that 
pregabalin effectively protected neurons from radiation-
induced cell death.

Pregabalin inhibited neuronal HMGB1 translocation 
from nucleus to cytoplasm in vivo and in vitro
To study how pregabalin acts on neurons and participates 
in the inhibition of microglial inflammatory response, 
we firstly investigated the molecular profile of irradiated 
neurons whose expression can be altered by pregabalin 
treatment. Studies have shown that cytokines released 
from neurons, including CCL2, CCL21, HMGB1, CGRP, 
Substance P, CX3CL1, MMP2, and MMP9, can mediate 
microglia activation in brain injury, neuropathic pain, or 
neurodegenerative diseases [41, 42]. Among these dis-
ease-associated genes, Q-PCR analysis showed that Ccl2, 
Hmgb1, Mmp9, and Cx3cl1 mRNA levels were obviously 
increased after irradiation, compared with the control 
group (Fig.  5A). Remarkably, the Hmgb1 mRNA level 
was up-regulated by 2.72-fold after radiation, making it 
the most significantly changed factors among cytokines 
mentioned above. Importantly, pregabalin treatment 
effectively reduced Hmgb1 mRNA level but not Mmp2, 
Mmp9, Cgrp, Ccl2, Ccl21, or Tac1 gene expression in the 
irradiated mouse brains or in primary neurons treated 
with culture supernatant of irradiated BV2 cells (Fig. 5B, 
C, Additional file  1: Fig. S8A–G).  In terms of Cx3cl1, 
the mRNA level was decreased in irradiated mice but 
showed none significance in primary  neurons, indicat-
ing that pregabalin may target the expression of neu-
ronal HMGB1 and repress radiation-induced microglia 
activation.

HMGB1 protein is mainly located in the nuclei of vari-
ous cells, whose translocation to cytoplasm and secretion 
has been reported to participate in the signaling pathway 
of neuroinflammation [43]. Immunofluorescence stain-
ing showed that for all HMGB1-positive cells detected 
in the mouse cortex, the proportion of NeuN+ neurons 
was about 83.39%, while the proportion of other cells was 
only about 16.61% in which microglia was about 6.65% 
(Fig. 5D), indicating that HMGB1 was mainly expressed 
in the neurons. Notably, radiation induced HMGB1 
translocation from nucleus to cytoplasm of cortical neu-
rons, which can be reversed by pregabalin treatment 
(Fig.  5E, F). Consistent with the in  vivo findings, cyto-
plasmic translocation of HMGB1 protein also occurred 
in the primary neurons after incubation with supernatant 

from irradiated BV2 cells (Fig. 5G), and pregabalin treat-
ment effectively inhibited this neuronal HMGB1 translo-
cation (Fig. 5G, H). Together, these results suggested that 
pregabalin inhibited HMGB1 cytoplasmic translocation 
of injured neurons and neuronal HMGB1 might be an 
important target for pregabalin-mediated mitigation of 
microglial inflammatory response in RIBI.

Pregabalin mitigated NF‑κB‑mediated microglial 
inflammatory response by inhibiting neuronal HMGB1 
cytoplasmic translocation and secretion
To verify that pregabalin inhibited microglial inflamma-
tory response through the HMGB1-mediated signaling 
pathway, neuronal Hmgb1 gene was knocked out using 
the CRISPR–Cas9 genome editing technique (Fig.  6A). 
As shown in Fig. 6B, the Hmgb1 gRNA-5, with the high-
est efficiency for knocking out HMGB1 gene in neurons 
(up to 75%), was used for the subsequent study. Knock-
ing out neuronal HMGB1 expression effectively inhibited 
the microglial nuclear translocation of p65 NF-κB from 
cytoplasm to nucleus in a co-culture system of microglia 
and neurons in vitro (Fig. 6C–E). Meanwhile, decreased 
microglial CD68 expression and decrescent average 
body size of microglia were also observed after neuronal 
HMGB1 knockout (Fig.  6F, G), which was consistent 
with the protective effects of pregabalin in vivo. Moreo-
ver, treatment with pregabalin after HMGB1 knockout 
did not further inhibit microglia activation (Fig.  6E–G), 
implying that HMGB1 is the downstream factor for the 
protective effect of pregabalin.

Immunofluorescence staining showed that micro-
glial IL-6 and TNF-α expression was significantly 
increased after radiation in a co-culture system of neu-
rons and microglia (Fig.  7A–D). Knocking out neu-
ronal HMGB1 or pregabalin treatment significantly 
inhibited both TNF-α and IL-6 expression, which is 
consistent with above results alleviating microglial 
inflammatory response. Moreover, no significant differ-
ences were observed between pregabalin and vehicle-
treated groups after HMGB1 knocking out (Fig. 7A–D), 
suggesting that pregabalin inhibited radiation-induced 
neuroinflammation and microglia activation by suppress-
ing the mRNA expression, protein cytoplasmic transloca-
tion and secretion of neuronal HMGB1.

TLR2, TLR4, and RAGE are responsible 
for HMGB1‑mediated inflammatory signaling pathway 
in microglia
Previous studies implicated that HMGB1 can act on 
TLR2, TLR4, and RAGE receptors to induce pro-
inflammatory cytokines expression and release from 
microglia [44–46]. Thus, RAGE, TLR2, and TLR4 
genes were knocked out by CRISPR/Cas9-mediated 
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gene editing in BV2 microglia cells (Additional file  1: 
Fig. S9A–C). The cells were subsequently treated with 
culture supernatant from radiation-injured or normal 
neurons for 24  h. We found that knocking out TLR2, 
TLR4, and RAGE significantly inhibited injured neu-
ron-mediated increases in Il-1β, Il-6, and Tnf-α mRNA 
induction in BV2 cells (Additional file  1: Fig. S9D–F), 
indicating that HMGB1-TLR2/TLR4/RAGE signaling 
was mainly responsible for the inflammatory cascade of 

radiation-injured neuroinflammation. Together, these 
results suggested that pregabalin suppresses HMGB1-
TLR2/TLR4/RAGE signaling pathway and interrupts 
pathological crosstalk between radiation-injured neu-
rons and reactive microglia.

Fig. 5  Pregabalin inhibited neuronal HMGB1 translocation from nucleus to cytoplasm in vivo and in vitro. A-B Q-PCR analysis of Ccl2, Hmgb1, 
Cx3cl1, Mmp9, Mmp2, Tac1, Ccl21, and Cgrp mRNA levels in the cortex. n = 4 mice per group for Q-PCR analysis in vivo. C Q-PCR analysis of Hmgb1 
mRNA level in neurons among the different groups. n = 3 per group for Q-PCR analysis in vitro. D Immunofluorescence staining and statistics 
showed that HMGB1 was mainly expressed in neurons. E, F Immunofluorescence staining and statistics of HMGB1 cytoplasmic translocation ratio in 
neurons in vivo. n = 4 mice per group and 2–3 slices per mouse for immunofluorescence staining. G-H Immunofluorescence staining and statistics 
of HMGB1 cytoplasmic translocation ratio in neurons in vitro. Staining with β‑tubulin (green) to visualize cytoskeleton. n = 4 mice per group for 
immunofluorescence staining in neurons. Data were analyzed by one-way ANOVA followed by the Student’s t-test analysis. All other groups were 
compared with the indicated group. Data were presented as mean ± SEM, ns = not significant, *p < 0.05, **p < 0.01, and ***p < 0.001
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Fig. 6  Pregabalin mitigated NF-κB-mediated microglial inflammatory response by inhibiting neuronal HMGB1 cytoplasmic translocation and 
secretion. A Schematic diagram of CRISPR/Cas9-mediated HMGB1 knockout in neurons. B Western blotting was used to detect the knockout 
efficiency among different HMGB1 gRNAs in neurons. n = 3 per group for Western blotting analysis. C Co-culture of microglia and neurons after 
HMGB1 knockout. D Immunofluorescence staining was used to detect CD68 expression, p65 NF-κB nuclear translocation, and the cell body size of 
primary microglia in the co-culture system. E–G Statistical analysis of CD68 expression, p65 NF-κB nuclear translocation, and the cell body size of 
microglia among the different groups. n = 5 per group for immunofluorescence staining in vitro. Data were analyzed by one-way ANOVA followed 
by the Student’s t-test analysis. All other groups were compared with the indicated group. Data were presented as mean ± SEM, ns = not significant, 
*p < 0.05, **p < 0.01, and ***p < 0.001
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Discussion
Radiotherapy is the first-line treatment for head and neck 
tumors [3]. However, it also carries the potential risks 
of radiation-induced brain injury, including focal brain 
necrosis, brain edema, epilepsy, cerebrovascular diseases, 

and cognitive dysfunction [47]. RIBI can be classified 
into acute, early delayed, and late delayed injury accord-
ing to the time of disease onset, including morphological 
and functional defects [9]. Currently, available interven-
tion and treatments for RIBI mostly focus on the late 

Fig. 7  Pregabalin inhibited microglial inflammatory response through neuronal HMGB1 signaling pathway. A, B Immunofluorescence staining was 
used to detect microglial IL-6 and TNF-α expressions under different conditions in the co-culture system of neurons and microglia. C, D Statistical 
analysis of IL-6 and TNF-α expressions among the different groups. Data were analyzed by one-way ANOVA followed by the Student’s t-test analysis. 
All other groups were compared with the indicated group. n = 4 per group for immunofluorescence staining in vitro. Data were presented as 
mean ± SEM, ns = not significant, *p < 0.05, **p < 0.01, and ***p < 0.001
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delayed symptoms. However, at this stage, the disease-
associated symptoms, including gliosis, demyelination, 
vascular abnormalities, and white matter necrosis, are 
already irreversible [6]. There is still a lack of research 
targeting the pathological mechanisms at acute and early 
stages of RIBI. In this study, we revealed that pregabalin 
can effectively inhibit radiation-induced microglia activa-
tion and neuroinflammation at early stage of RIBI, which 
further alleviated neuronal injury and loss. Our findings 
therefore provide a preventive strategy and carry clini-
cal relevance for the protection of patients after receiving 
radiotherapy for head and neck tumors.

Microglial activation and neuroinflammation are 
important pathological features of RIBI. As the innate 
immune cells in the brain, microglia are early responder 
after cranial irradiation, which releases pro-inflammatory 
factors, such as IL-6, IL-1β, and TNF-α, and causes dam-
age to neuronal function, vascular integrity, neurogen-
esis, immunity homeostasis, and cognitive function [6, 
13, 47]. Therefore, targeting radiation-induced neuroin-
flammation has been considered as a therapeutic strat-
egy to treat RIBI [47]. Although traditional medicine 
like corticosteroids and bevacizumab can both alleviate 
the symptoms of RIBI to a certain extent, their effects on 
the improvement of neuroinflammation and microglia 
activation are not significant [4, 8]. Notably, our previ-
ous study demonstrated that pregabalin could alleviate 
radiotherapy-related neuropathic pain in the patients 
with RIBI [24]. Considering that microglia activation is 
involved in neuropathic pain, we therefore examined 
the protective effects of pregabalin on radiation-induced 
neuroinflammation. Here, through the combination of 
both in  vivo and in  vitro studies, we found that prega-
balin can mitigate microglial inflammatory response by 
inhibiting radiation-induced HMGB1 cytoplasmic trans-
location and secretion from neurons, therefore prevent-
ing pro-inflammatory transition of microglia.

Microglia-mediated inflammation is considered to be a 
possible mechanism for the occurrence or deterioration 
of brain diseases including RIBI [41, 48]. However, how 
microglia are activated under pathological conditions 
remains largely under investigated. Traditional studies 
mainly focus on how external stimuli affect the mor-
phology and molecules changes of microglia to trigger 
neuroinflammation. However, the interaction between 
microglia and other cells is also an integral part but often 
overlooked in the development of disease. It has been 
reported previously that the crosstalk between microglia 
and neuron is necessary for the sensing and maintenance 
of the physiological function of microglia and brain 
homeostasis [41]. Increasing evidences have shown that 
the pathological interaction between microglia and neu-
rons can lead to synaptic dysfunction or neuronal loss, 

which contributes to the progression of certain brain dis-
eases, but such case has not been reported in RIBI [49, 
50]. Thus, investigating the crosstalk between neurons 
and microglia at acute phase of RIBI may provide mecha-
nistic insight of the disease. In this study, we found that 
neuronal signaling changes could also drive microglia 
activation in RIBI. We provided a novel insight by target-
ing neuroinflammation in brain injury diseases.

To understand the abnormal changes in the communi-
cation between neurons and microglia, we used a mouse 
model of RIBI and identified HMGB1 was involved in 
the protective process of pregabalin against RIBI after 
screening a large number of cytokines released by neu-
rons. In addition to the direct damage to neurons caused 
by radiation, radiation also resulted in neuronal HMGB1 
cytoplasmic translocation and secretion, which activated 
microglia and resulted in the elevation of pro-inflam-
matory cytokine release and the subsequent neuronal 
damage. More importantly, our findings showed that 
pregabalin reduced microglia activation by inhibiting 
HMGB1-mediated microglial NF-κB inflammatory sign-
aling pathway, and knocking out neuronal HMGB1 by 
CRISPR/Cas9 gene editing technique blocked the pro-
tective effect of pregabalin. As a common biomarker and 
potential target for traumatic brain injury (TBI), cerebral 
ischemia, stroke, epilepsy, and cognitive dysfunction, 
HMGB1 is involved in the neuroinflammation in these 
brain injury models [51]. In addition, blocking HMGB1 
signaling pathway can protect early lung injury caused 
by radiation [52]. TLR2, TLR4, and RAGE, three recep-
tors involved in HMGB1-induced inflammatory path-
way in microglia, may promote strong inflammatory 
effects under the pathological condition [51]. Indeed, our 
results showed that by knocking out neuronal HMGB1, 
or microglial TLR2, TLR4, and RAGE, it also effectively 
inhibited the vicious cycle of radiation-induced micro-
glia activation, neuroinflammation, and neuronal dam-
age. Therefore, our results demonstrated the important 
mechanism of microglial activation under RIBI, which 
suggested that HMGB1-TLR2/TLR4/RAGE signaling 
pathway could be targeted for the prevention and treat-
ment of RIBI.

Although ours and other studies have observed that 
HMGB1 is mainly expressed in neurons [25, 53], HMGB1 
is also partially expressed in astrocytes and rarely in 
microglia [25, 54]. We therefore could not exclude the 
possible contribution of HMGB1 pathway from other cell 
types in the brains with RIBI, and whether pregabalin acts 
on other non-neuronal cell types to alleviate the patho-
logical effects of HMGB1. In addition, TLR2 and TLR4 
are important members in brain innate immune response 
system and expressed on the membranes of microglia, 
astrocytes, neurons, and endothelial cells [55]. RAGE is 
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also expressed under normal physiological conditions in 
neurons, immune cells, activated endothelial cells, glia 
cells, and vascular smooth muscle cells [56], and activa-
tion of RAGE could also induce the expression and secre-
tion of the pro-inflammatory and proapoptotic mediators 
to work in concert with TLR2, TLR4, and RAGE to exac-
erbate brain damage [57, 58]. More comprehensive work 
is warranted and will help to advance our understanding 
of the pathogenesis of RIBI and provide new strategies 
for better prevention and control of the disease.

Pregabalin as a novel GABA analogue binding to the 
α2-δ subunit of VGCC can inhibit synaptic excitability, 
reduce the release of the excitatory neurotransmitters, 
and change the electrophysiological activities of neu-
rons, which is mainly used in the treatment of epilepsy 
and neuralgia [17]. Based on the results of body surface 
area calculations and available literatures, pregabalin at a 
dose of 30 mg/kg showed neuroprotective effects in the 
animal models of spinal cord injury, epilepsy, multiple 
sclerosis, traumatic brain injury, cerebral ischemia–rep-
erfusion, and diabetic retinopathy [18, 20–22, 34, 59–61]. 

In this study, we found another new application of pre-
gabalin which could alleviate neuroinflammation and 
protect neuronal injury in RIBI. We further confirmed 
that pregabalin alleviated neuroinflammation by inhibit-
ing the cytoplasmic translocation and release of HMGB1 
through in vivo and in vitro experiments. As an old drug, 
it provides new evidence for clinical application, which 
can accelerate the clinical trials transformation.

How does pregabalin act on neurons and inhibit neu-
ronal HMGB1 cytoplasmic translocation? Studies have 
shown that CaMKKβ and PKCα play important roles in 
HMGB1-mediated inflammatory response [62, 63]. Acti-
vated CaMKKβ and PKCα can participate in the regula-
tion of HMGB1 cytoplasmic translocation and secretion. 
As two calcium-dependent enzymes, the premise of 
CaMKKβ or PKCα activation is due to increased intra-
cellular calcium ion [62]. Pregabalin has been shown to 
reduce neuropathic pain through its action on VGCC at 
pre-synaptic site of neurons and the inhibition of synap-
tic release of glutamate [15, 16]. We therefore speculate 
that the increased calcium influx in neurons at the acute 

Fig. 8  Schematic representation of the mechanistic role of pregabalin in repressing microglia activation and neuronal damage in RIBI
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stage of RIBI may activate CaMKKβ and PKCα, which 
trigger HMGB1 translocation from nucleus to cytoplasm 
and its release from neurons. However, the precise mol-
ecules by which pregabalin inhibits HMGB1 nuclear 
translocation in RIBI requires further investigation.

Conclusions
In summary, we provided direct evidence that pregabalin 
exerted protective effects against RIBI by reducing micro-
glial inflammatory response and preventing neuronal 
loss via inhibiting HMGB1-TLR2/TLR4/RAGE signal-
ing pathway (Fig. 8). Compared with other strategies, we 
believe that pregabalin may be a safer and more promis-
ing therapeutic strategy for the early intervention of RIBI. 
In view of the important role of pregabalin in regulating 
microglial activation and neuroinflammation in RIBI, the 
potential application of pregabalin in other neurodegen-
erative diseases is warranted for further investigation.
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Additional file 1: Fig. S1. Body weight changes in mice receiving radia‑
tion or pregabalin. Body weight changes in mice after 14 days of continu‑
ous injection of pregabalin (PGB) or saline solution (Con) in RIBI mice. 
For days 1–4 post-treatment, n = 14–23 mice per group. For days 5–8 
post-treatment, n = 10–15 mice per group. For days 9–14 post-treatment, 
n = 4–9 mice per group. Fig. S2. Microglial body size and CD68 expression 
changes after radiation in vivo. A Representative confocal images of IBA1 
and CD68 co-labeling in the cortex of mice 3, 7, or 14 days after radiation. 
Red: IBA1, green: CD68. B-C Quantification of the body size of IBA1+ cells 
and the proportion of CD68+ area / IBA1+ area in the cortex. Data were 
analyzed by one-way ANOVA followed by the Student’s t-test analysis. 
All other groups were compared with the control group. n = 4 mice per 
group and 2–3 slices per mouse for immunofluorescence staining. Data 
were presented as mean ± SEM, *p < 0.05, **p < 0.01, and ***p < 0.001. Fig. 
S3. Pregabalin inhibited microglia activation in the cortex of RIBI mice. A 
Representative images of IBA1 and CD68 co-labeling in the cortex of mice 
3 days after radiation. Red: IBA1, green: CD68. B Quantification of the pro‑
portion of CD68+ area / IBA1+ area in the cortex of mice 3 days after radia‑
tion. C Representative images of IBA1 and CD68 co-labeling in the cortex 
of mice 7 days after radiation. D Quantification of the proportion of CD68+ 
area / IBA1+ area in the cortex of mice 7 days after radiation. Data were 
analyzed by one-way ANOVA followed by the Student’s t-test analysis. All 
other groups were compared with the indicated group. n = 4 mice per 
group and 2–3 slices per mouse for immunofluorescence staining. Data 
were presented as mean ± SEM, *p < 0.05, **p < 0.01, and ***p < 0.001. Fig. 
S4. Pregabalin inhibited microglia activation in the hippocampus of RIBI 
mice. A-B Representative confocal images of IBA1 and CD68 co-labeling 
in the hippocampal CA1 (A) and DG (B) regions of RIBI mice 14 days after 
pregabalin treatment. Red: IBA1, green: CD68, and blue: DAPI. n = 4 mice 

per group and 2–3 slices per mouse for immunofluorescence staining. See 
Fig. 1I-J for statistical data in the main text. Fig. S5. Effect of pregabalin 
on microglial inflammatory response induced by radiation in vitro. A-D 
Q-PCR analysis the effects of pregabalin, with different concentration 
(1 µM, 6.25 µM, 12.5 µM, 25 µM, and 50 µM), on the mRNA levels of inflam‑
matory factors Il-1β, Tnf-α, Cox-2, and iNos in BV2 cells after a single dose 
of 10 Gy radiation. Data were analyzed by one-way ANOVA followed by 
the Student’s t-test analysis. All other groups were compared with the 
indicated group. n = 3 per group for Q-PCR analysis in vitro. Data were 
presented as mean ± SEM, ns = not significant, **p < 0.01, and ***p < 0.001. 
Fig. S6. Effect of pregabalin on IL-6 and TNF-α expressions in microglia 
after radiation. A Representative immunofluorescent images of IL-6 and 
β-tubulin in BV2 cells among the different groups. Staining with β-tubulin 
to visualize cytoskeleton and staining with DAPI to visualize nucleus. B The 
fluorescence intensity data of IL-6 were recorded by confocal microscopy. 
C Representative immunofluorescent images of TNF-α and β-tubulin in 
BV2 cells among the different groups. D The fluorescence intensity data 
of TNF-α were recorded by confocal microscopy. Data were analyzed by 
one-way ANOVA followed by the Student’s t-test analysis. All other groups 
were compared with the indicated group. n = 3 per group for immunoflu‑
orescence staining in vitro. Data were presented as mean ± SEM, ns = not 
significant and **p < 0.01. Fig. S7. Pregabalin inhibited microglial inflam‑
matory response not by acting on astrocyte in vitro. A Schematic diagram 
of BV2 cells incubated with the culture supernatant from astrocyte after 
different treatment. B-E Q-PCR analysis of Il-1β, Tnf-α, iNos, and Icam-1 
mRNA levels in BV2 cells after incubated with the supernatant from prega‑
balin-treated astrocyte. Data were analyzed by one-way ANOVA followed 
by the Student’s t-test analysis. All other groups were compared with the 
indicated group. n = 4 per group for Q-PCR analysis in vitro. Data were pre‑
sented as mean ± SEM, ns = not significant and *p < 0.05. Fig. S8. Effect 
of pregabalin on potential chemokines in injured neurons. A-G Q-PCR 
analysis of Mmp9, Cgrp, Tac1, Cx3cl1, Ccl21, Mmp2, and Ccl2 mRNA levels 
in neurons after treatment with the different supernatant from BV2 cells. 
Data were analyzed by one-way ANOVA followed by the Student’s t-test 
analysis. All other groups were compared with the indicated group. n = 3 
per group for Q-PCR analysis in vitro. Data were presented as mean ± SEM, 
ns = not significant, *p < 0.05, and ***p < 0.001. Fig. S9. Knocking out 
TLR2/TLR4/RAGE mitigated microglia activation. A-C Schematic diagram 
of CRISPR/Cas9-mediated TLR2/TLR4/RAGE knockout in BV2 cells and 
Q-PCR analysis was used to detect the knockout efficiency. D-F Q-PCR 
analysis of Il-6, Tnf-α, and Cox-2 mRNA levels in activated BV2 cells which 
were treated with culture supernatant from radiation-injured (activated) 
or normal (control) neurons for 24 h. Data were analyzed by one-way 
ANOVA followed by the Student’s t-test analysis. All other groups were 
compared with the indicated group. n = 3–4 per group for Q-PCR analysis 
in vitro. Data were presented as mean ± SEM, *p < 0.05, **p < 0.01, and 
***p < 0.001. Table S1. List of primers used for RNA analyses. Table S2. List 
of antibodies used in this study. Table S3. List of gRNA sequences used for 
CRISPR/Cas9-mediated gene knockout. Table S4. List of oligonucleotide 
sequences used for plasmid construction. Table S5. List of primers used 
for the verification of CRISPR/Cas9-mediated gene knockout.
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