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 Background: Diabetes aggravates cerebral ischemia/reperfusion (I/R) injury by increasing inflammatory reactions, but its 
specific mechanism is currently unclear.

 Material/Methods: Diabetes was induced in mice with a high-fat diet combined with streptozotocin. These mice were subject-
ed to transient middle cerebral artery occlusion (tMCAO) for 60 min, followed by reperfusion for 24–72 h and 
post-treatment glycyrrhizic acid (GA). Control and diabetic mice were randomly allocated to 8 groups of 18 
mice each. Blood glucose, brain infarction, brain edema, and neurological function were monitored. Necrosis 
was determined by Nissl staining, loss of neurons by immunofluorescent (IF) staining for NeuN, and activation 
of inflammatory microglia by IF staining for Iba-1. Levels of HMGB1, TLR4, Myd88, and NF-kB mRNA and pro-
tein in ischemic brain were determined by qRT-PCR and western blotting, respectively, and serum concentra-
tions of IL-1b, IL-6, and TNF-a by ELISA.

 Results: Infarction volume, brain edema, and neurological function after tMCAO were significantly aggravated in diabe-
tes, but ameliorated by post-treatment GA. GA also reduced neuronal loss and microglial activation. Cerebral 
Myd88 level showed a positive correlation with neurological scores. GA suppressed the expression of Myd88 
and a proinflammatory pathway that included Myd88, HMGB1, TLR4, and NF-kB, as well as reducing serum 
concentrations of IL-1b, IL-6, and TNF-a.

 Conclusions: Post-treatment inhibited inflammatory responses and provided therapeutic benefits in diabetic mice with ce-
rebral I/R injury, suggesting that GA may be a candidate drug to suppress cerebral I/R in diabetic patients.
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Background

Stroke is the second leading cause of death in the world [1]. 
Most (87%) strokes are ischemic, caused by blockage of ce-
rebral arteries, which eventually leads to hypoxic ischemic 
brain damage [2]. Although thrombolytic therapy within 3 
hours of the onset of ischemic stroke remains the treatment 
of choice [3], thrombolytic therapy may cause ischemia/reper-
fusion (I/R) injury to the brain, which can worsen patient prog-
nosis [4]. Diabetes has been shown to aggravate cerebral I/R 
injury [5]. Although tight glycemic control is the principal thera-
peutic strategy for diabetes, it is often not effective in improv-
ing outcomes after I/R injury, because inflammation remains 
even under euglycemic conditions [6]. Therefore, treatment 
that reduces inflammatory responses is essential for diabetic 
patients with cerebral I/R.

Glycyrrhizic acid (GA, C42H62O16) is the most efficacious com-
ponent of the roots of licorice plants. GA has been shown to 
attenuate inflammatory responses during acute phases of 
cerebral I/R by down-regulating expression of nuclear fac-
tor kappa B (NF-kB) [7]. The anti-inflammatory compound 
N-palmitoylethanolamide-oxazoline (PEA-OXA) has also been 
shown useful in improving function in cerebral I/R injury-relat-
ed disorders in diabetic rats [8]. Because reduction of inflam-
matory responses during cerebral I/R was found to alleviate 
brain edema and infarction size [9], we hypothesized that GA 
could reduce cerebral I/R injury in diabetic patients by sup-
pressing inflammatory responses.

Inflammation is regulated by various humoral factors and cy-
tokines [10,11]. To evaluate the effects of GA on intracellu-
lar signal pathways regulating inflammatory response, we fo-
cused on the myeloid differentiation primary response gene 
88 (Myd88), an essential adaptor protein for innate immuni-
ty and pathogen-associated molecular pattern recognition. All 
Toll-like receptors (TLRs), except for TLR3, have been reported 
to be dependent on Myd88 in down-stream signal transduc-
tion [12]. Myd88 has been shown to contribute to neuroinflam-
mation in cerebral I/R [13,14] and to directly trigger NF-kB acti-
vation when compared with HMGB1 and TLRs [15]. Micronized 
palmitoylethanolamide (PEA-m), which inhibits the iba-1 and 
NF-kB inflammatory pathways involved in Myd88-associated 
inflammatory signaling, has been found to be neuroprotective 
in diabetic mice [16]. We therefore developed a mouse mod-
el combining diabetes with cerebral I/R injury. The molecular 
mechanisms of action of GA on cerebral infarction in diabe-
tes were evaluated by assessing the effects of GA treatment 
on HMGB1/TLR4/Myd88/NF-kB signaling in this mouse model.

Material and Methods

Animals and agents

The experimental protocol, which complied with the Guide 
for the Care and Use of Laboratory Animals of the National 
Institutes of Health (NIH Publications No.8023, revised 1978), 
was approved by the institutional animal ethics committee 
of Ningxia Medical University (No.2018-031). Three-week-old 
male C57BL/6J mice, weighing 9–12 g, were obtained from 
Vital River Laboratory Animal Technology (Beijing, China) and 
maintained under a 12-h light-dark cycle with a relative hu-
midity of 50-60% and a room temperature of 24±1°C. All mice 
had free access to food and water.

Diabetes model

Diabetes was induced in mice with a high-fat diet (60.2% car-
bohydrates, 13.8% proteins, 26% fats; HFKBIO, Beijing, China) 
for 6 weeks and injections of 65 mg/kg (pH 4.1–4.5) strepto-
zotocin (STZ; Sigma, Darmstadt, Germany) [17]. Control mice 
were fed a normal diet (60% carbohydrates, 31.4% proteins, 
8.6% fats; HFKBIO) for 6 weeks. Blood glucose concentrations 
were measured once weekly for 3 weeks (i.e. at ages 10, 11 
and 12 weeks); if all 3 measurements showed blood glucose 
concentrations above 11.1 mmol/L, the mice were consid-
ered diabetic. The control and diabetic mice were randomly 
allocated to 8 groups of 18 mice each: Untreated Control (C), 
Control+24 h-tMCAO (C-24), Diabetes+24 h-tMCAO (D-24), 
Diabetes+24 h-tMCAO+GA (D-24+GA), Diabetes+72 h-tMCAO 
(D-72), Diabetes+72 h-tMCAO+GA (D-72 + GA), Diabetes+24 h-
tMCAO+NBP (D-24+NBP), and Diabetes+24 h-tMCAO+TAK-242 
(D-24+ TAK-242).

tMCAO

The tMCAO procedure was performed as previously de-
scribed [18]. The stump of the external carotid artery was 
closed with an electric coagulator to induce all blood to flow 
from the common carotid artery to the internal carotid artery. 
The internal carotid artery was sutured 12 mm from the carotid 
bifurcation and the sutures maintained for 60 minutes. Control 
mice underwent the same procedure without suturing. During 
the tMCAO procedure, body temperature was maintained at 
36.5±0.5°C with a feedback-controlled heating pad (RWD Life 
Science Company, Shenzhen, China). Mice without infarction 
or with intracranial hemorrhage were excluded from this study.

Post-treatment

GA (purity ³98%; TCI, Tokyo, Japan) was diluted in 0.5% 
Tween-80, and was injected intraperitoneally at a dose of 
20 mg/kg BW (body weight) 30 min after suture removal [7]. 
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Mice maintained for 72h after tMCAO received 0.5% Tween-80 
with or without GA every 12 hours. Positive control mice were 
treated with dl-3-N-butylphthalide (NBP, purity ³99%, 75 mg/kg 
BW, SYJT, Shijiazhuang, China) or resatorvid (TAK-242, 3 mg/kg 
BW, MedChemExpress, Monmouth Junction, NJ, USA) every 12 
hours, as both reagents had been shown to effectively exac-
erbate stroke injury [19,20].

Venous blood glucose

Blood samples were collected from the lateral tail vein, and 
blood glucose concentrations were measured every 12 hours 
using a glucometer (Accu-Chek Performa; Roche, Indianapolis, 
IN, USA).

Neurological scores

Neurological deficits were assessed blindly by 2 investigators 
24 h after cerebral ischemia using a previously described grad-
ing system [21], with normal scored as grade 0, forelimb flex-
ion when lifted by the tail scored as grade 1, circling to the 
contralateral side when held by the tail on a flat surface de-
spite normal posture at rest scored as grade 2, leaning to the 
contralateral side at rest scored as grade 3, and no spontane-
ous motor reaction scored as grade 4.

Measurement of infarct volume and brain edema

Infarction volume was evaluated by 2,3,5-triphenyltetrazolium 
chloride (TTC) staining. Freshly removed brains were cut into 
2-mm-thick coronal slices using a mice brain matrix. The slices 
were stained with 2% TTC (Sigma-Aldrich) for 30 min at 37°C in 
the dark, followed by fixation with 10% formalin. The stained 
slices were scanned and analyzed with Image J software (NIH, 
Bethesda, MD, USA).

Wet weight of removed brains was measured immediately after 
resection and dry weight was measured after brains were dried 
at 95°C for 24 hours in an oven. Brain Water Content (%) was 
calculated as [(wet weight-dry weight)/wet weight]×100 [22].

Western blotting

Western blotting of proteins of freshly collected brains was 
performed as described [23,24]. The primary antibodies 
were polyclonal rabbit anti-b-actin (Proteintech, 20536-1-AP, 
1: 1000, Rosemont, IL, USA), polyclonal rabbit anti-TLR4 (Abcam, 
ab13556, 1: 500, Cambridge, UK), polyclonal rabbit anti-Myd88 
(Abcam, ab2064, 1: 500), polyclonal rabbit anti-HMGB1 (Abcam, 
ab18256, 1: 200) and polyclonal rabbit anti-NF-kB (Cell Signaling 
Technology, CST, #8242, 1: 500, Danvers, MA, USA), all diluted 
with phosphate buffered saline (PBS). The membranes were 
washed with PBS and incubated with goat anti-rabbit IgG 

secondary antibody (ZSJQ, ZB-2308, Beijing, China). Relative 
protein expression was assessed densitometrically with a BD 
imaging system (Becton Dickinson, Franklin Lakes, NJ, USA).

Real time quantitative polymerase chain reaction analysis

Real time quantitative polymerase chain reactions were per-
formed as described [25]. In brief, mice were sacrificed under 
deep anesthesia and their brains were dissected out imme-
diately. Total RNA was isolated using Sepasol-RNA I Super G 
(Nakalai Tesque, Kyoto, Japan), according to the manufactur-
er’s instructions. Quantitative reverse transcription PCR (RT-
PCR) was performed using StepOne Plus (Applied Biosystems, 
Foster City, CA, USA). The quantity of each mRNA was normal-
ized to that of GADPH mRNA. The primers used in these ex-
periments were:
HMGB1 (forward, 5’-CCTCCTTCGGCCTTCTTCTTGTTC-3’;
reverse, 5’-TCACCAATGGATAAGCCAGGATGC-3’);
TLR4 (forward, 5’-ACAAGGCATGGCATGGCTTACAC-3’;
reverse, 5’-TGTCTCCACAGCCACCAGATTCTC-3’);
Myd88 (forward, 6’-GCTAGAGCTGCTGGCCTTGTTAG-3’;
reverse, 5’-TCTCGGACTCCTGGTTCTGCTG-3’);
NF-kB (forward, 5’-GCTACACAGGACCAGGAACAGTTC-3’;
reverse, 5’-CTTGCTCCAGGTCTCGCTTCTTC-3’); and
GADPH (forward, 5’-GAAAGACAACCAGGCCATCAG-3’;
reverse, 5’-TCATGAATGCATCCTTTTTTGC-3’).

ELISA

Serum samples were collected from each group of mice. All re-
agents were equilibrated to room temperature, and the con-
centrations of TNF-a, IL-6 and IL-1b were measured using 
ELISA kits (Abcam, Cambridge, UK), according to the manu-
facturer’s instructions.

Histological examination

Six mice from each group were anesthetized and perfused with 
ice-cold 0.9% NaCl followed by 4% paraformaldehyde (PFA, 
Leagene, Beijing, China). Their brains were removed, fixed in 
4% PFA for 5–7 days at 4°C, and embedded in paraffin using 
standard methods. Coronal sections were cut to 4-μm thick-
ness and immunohistologically stained as described with poly-
clonal rabbit anti-Myd88 antibody (Abcam, ab2064, 1: 100) [26]. 
The percentages of positive cells in ischemic areas were deter-
mined using Image-Pro Plus 6.0 software (Media Cybernetics, 
Bethesda, MD, USA).

Immunofluorescent staining was performed as described [27]. 
Brain sections were permeabilized with 0.1% Triton X-100 
for 2 hours and incubated with primary antibodies, includ-
ing polyclonal rabbit anti-NeuN (CST, #24307, 1: 100, Boston, 
MA, USA), polyclonal goat anti-Iba-1(Abcam, ab5076, 1: 500), 
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and polyclonal rabbit anti-NF-kB (Cell Signaling Technology, 
CST, #8242, 1: 100). The sections were washed and incubat-
ed with Alexa 488-labeled anti-donkey IgG secondary antibody 
(Abbkine, Wuhan, China). Brain sections were double-stained 
with 2-(4-amidinophenyl)-6-indolecarbamidine (DAPI, ZSJQ, 
Beijing, China). Immunofluorescent images were analyzed with 
a confocal laser scanning microscope (Nikon, Tokyo, Japan).

Nissl staining was performed as described using a Nissl stain-
ing kit (Solarbio, Beijing, China) [28]. Briefly, brain slices were 
dehydrated in an ethanol gradient, washed in ultra-pure wa-
ter, immersed in xylene, and stained with thionine. Cell mor-
phology was observed by microscopy.

Statistical analysis

GraphPad Prism 8.0 software was used for all statistical anal-
yses. Results were reported as mean±SD, and inter-group dif-
ferences compared by one-way analysis of variance (ANOVA), 
followed by Turkey’s test. Correlations were determined with 
Spearman’s r. P values <0.05 were considered statistical-
ly significant.
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Figure 1.  Myd88 expression correlated with neurological scores and was suppressed by GA. (A, B) Immunohistochemical staining of 
cerebral Myd88 in each group of mice. (C) Correlation between the percentage of Myd88 positive cells and neurological 
scores in the D-24+GA (p=0.0069) and D-72+GA (p=0.0024) groups (n=16 each). (D, E) Correlation between cerebral Myd88 
protein level, as shown by western blotting, and neurological scores in the D-24+GA (p=0.0069) and D-72+GA (p=0.0036) 
groups (n=16 each). Data are shown as mean±SD. The 2 ends of each horizontal line are the 2 groups being compared, 
* p<0.05, ** p<0.001.
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Results

GA suppressed expression of Myd88 and other factors 
involved in HMGB1/TLR4/Myd88/NF-kB signaling

The percentage of Myd88-positive cells was higher in the 
D-24 than in the C-24 group, but was significantly lower in the 
D-24+GA than in the D-24 group. The effects of GA were fur-
ther confirmed by comparing the D-72 and D-72+GA groups 
(Figure 1A, 1B). The percentage of Myd88-positive cells corre-
lated positively with neurological score in both the D-24+GA 
(p=0.0069) and D-72+GA (p=0.0024) groups (Figure 1C), a find-
ing confirmed by the correlation between Myd88 protein level 
and neurological score in the D-24+GA (p=0.0069) and D-72+GA 
(p=0.0036) groups (Figure 1D, 1E). These observations indicated 

that diabetes aggravated I/R injury through MyD88 expres-
sion, both of which were suppressed by GA administration.

Previous studies have indicated that MyD88 is involved in the 
pathway promoting proinflammatory reactions, in which TLR4, 
HMGB1 and NF-kB play important roles [11]. Post-treatment 
with GA reduced the expression of TLR4 and HMGB1 in both 
the D-24+GA and D-72+GA groups (Figure 2A–2C). In addi-
tion, tMCAO increased the number of NF-kB-positive cells in 
diabetic mice, an increased reduced by post-treatment with 
GA (Figure 2D, 2E).
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Figure 2.  GA suppressed expression of Myd88 and other factors involved in inflammatory reactions. (A) TLR4 and HMGB1 protein 
expression, as shown by western blotting. (B, C) Quantitation of the results in A. (D). Immunofluorescence staining of NF-kB; 
the merged area indicates active transcription. (E) Percentages of NF-kB positive cells. (F–H) Serum concentrations of TNF-a, 
IL-6 and IL-1b. Each point is representative of 6 mice. The 2 ends of each horizontal line are the 2 groups being compared, 
* p<0.05, ** p<0.001, *** p<0.0001.
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Figure 3.  Post-treatment GA ameliorated diabetes-aggravated cerebral injury. Groups of mice were sacrificed 0 h, 12 h, 24 h, 36 h, 
48 h, 60 h and 72 h after tMCAO, A. TTC staining. (B) Cerebral infarction volume. (C) Neurological scores. (D) Percentage of 
brain water content. (E) Blood glucose concentrations. Results are presented as mean±SD. The images are representative of 6 
independent experiments. The 2 ends of each horizontal line are the 2 groups being compared. * p<0.05.
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GA inhibited the inflammatory response induced by 
cerebral I/R injury in diabetic mice

The effects of GA on the serum concentrations of inflamma-
tory molecules stimulated by cerebral I/R were determined by 
ELISA. Serum TNF-a, IL-6 and IL-1b concentrations were in-
creased after I/R injury. These concentrations were higher in 
the D-24 than in the C-24 group, but were significantly low-
er in the D-24+GA than in the D-24 group. The effect of GA 
was further confirmed by comparing the D-72 and D-72+GA 
groups (Figure 2F–2H).

GA after treatment ameliorated cerebral injury in diabetic 
mice

When compared with the C-24 group, mice in the D-24 group 
showed significantly greater infarct volume, neurological score 
and brain water content (Figure 3A–3D). Comparisons of the 
D-24+GA and D-72+GA groups with the D-24 and D-72 groups, 
respectively, showed that treatment with GA significantly re-
duced infarct volume, neurological score and brain water con-
tent (Figure 3A–3D). Despite GA having beneficial effects on 
cerebral infarction, it did not ameliorate hyperglycemia in 

diabetic mice (Figure 3E), indicating that, in diabetic mice, 
post-treatment GA improved cerebral I/R injury without re-
ducing blood glucose level.

GA after treatment decreased neuronal loss and microglial 
activation

To assess the effects of GA on brain tissue, brain tissues of 
mice were examined histologically by Nissl staining and immu-
nohistochemically for expression of NeuN (a marker for neu-
rons) and Iba-1 (a marker for activated microglia). Compared 
with the C-24 group, smaller numbers of Nissl bodies and 
NeuN-positive cells and a higher percentage of Iba-1-positive 
microglia were observed in the D-24 group, indicating that tM-
CAO reduced the number of neurons and increased the num-
ber of activated microglia. Comparisons of the D-24+GA and 
D-24 groups showed that post-treatment GA ameliorated the 
loss of neurons during I/R (Figure 4A–4D) and significantly re-
duced the percentage of Iba-1-positive microglia in diabetic 
mice (Figure 4E, 4F).
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Figure 4.  Post-treatment GA decreased neuronal loss and microglial activation. (A) Nissl staining. (B) Immunofluorescence staining of 
neurons. (C, D) Percentages of cells positive for Nissl staining and positive for neuronal cell markers. (E) Immunofluorescence 
staining of iba-1 labeled microglial. (F) Percentages of cells positive for iba-1. Data are shown as mean±SD. The images are 
representative of 6 independent experiments. The 2 ends of each horizontal line are the 2 groups being compared. * p<0.05, 
** p<0.001.
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GA showed greater better anti-inflammatory effects 
than TAK-242 and NBP on HMGB1/TLR4-Myd88/NF-kB 
signaling in diabetic mice

NBP has been approved and marketed as an anti-stroke 
drug [29], and TAK-242 has been shown to have protective ef-
fects in rats with cerebral I/R injury [20]. GA treatment, how-
ever was a more potent inhibitor of the signaling pathway in-
volving HMGB1, TLR4, Myd88 and NF-kB than NBP or TAK-242 
in diabetic mice with cerebral I/R injury (Figure 5).

Discussion

This study clearly showed that diabetes aggravated cerebral 
I/R injury in mice, as shown by the larger infarct volume, more 
severe brain edema, and poorer neurological function after 
tMCAO in diabetic mice. Moreover, diabetes enhanced ex-
pressive HMGB1/TLR4/Myd88/NF-kB signaling in these mice. 
Uncontrolled inflammation can exacerbate brain damage after 
cerebral I/R [30]. Diabetes has been reported to cause continu-
ous microglial polarization in the brain, which may exacerbate 
inflammation [31]. Accumulated inflammatory responses may 
promote cytokine release and neutrophil infiltration, leading 
to tissue damage and neurological deficits [32].

Because GA has been used to regulate exacerbated inflam-
mation in several disease statuses [33,34], it was expected to 
effectively reduce cerebral I/R injury in diabetic animals. This 
study found that GA after tMCAO edema in diabetic mice im-
proved the viability of neurons and reduced inflammatory mi-
croglia, which resulted in reduced infarction volume and brain. 
Further, as cerebral Myd88 level was positively correlated with 
neurological scores, GA likely ameliorated I/R injury by inac-
tivating a proinflammatory pathway that included Myd88. 
Myd88 has been regarded as a key molecule connecting sig-
nals from TLR4 to NF-kB, stimulating the expression of various 
proinflammatory cytokines, including TNF-a. GA treatment re-
duced TLR4 and NF-kB expression, along with Myd88, suggest-
ing that GA inactivated the entire pathway. Proinflammatory 
cytokines expressed through the activation of this pathway 
were probably responsible for cerebral inflammation, which 
eventually caused poor outcomes of I/R injury in diabetic mice. 
Similarly, an inhibitor of TLR4 effectively ameliorated stroke in 
diabetes, mainly through inhibition of Myd88 [35]. The trans-
location of NF-kB p65 in several signaling pathways has been 
found to exaggerate inflammatory responses, and palmitoyle-
thanolamide (PEA) was also shown to relieve injury by regu-
lating NF-kB [36-38].
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Figure 5.  GA had more potent anti-inflammatory effects on HMGB1/TLR4-Myd88/NF-kB signaling than TAK-242 and NBP. (A) Western 
blotting showing expression of HMGB1, TLR4, Myd88, and NF-kB in groups of mice. (B–E) Quantitation of HMGB1 (B), TLR4 
(C), Myd88 (D), and NF-kB (E) proteins. (F–I) Quantitation of HMGB1 (F), TLR4 (G), Myd88 (H), and NF-kB (I) mRNAs. The 2 
ends of each horizontal line are the 2 groups being compared. * p<0.05.
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Anti-HMGB1 antibody has been found to reduce the leakiness 
of the blood brain barrier in diabetic mice subjected to tMCAO, 
suggesting a potential therapeutic strategy for patients with 
ischemic stroke [39]. Although treatment with anti-HMGB1 
is logical and promising, GA has 2 possible advantages over 
anti-HMGB1. First, GA may have multiple molecular targets, 
as shown in this study, whereas anti-HMGB1 antibody inhib-
its HMGB1 alone. Second, GA and its pharmaceutical prepa-
rations have been approved as safe for clinical application to 
patients [40,41].

The potential mechanisms by which post-treatment GA ame-
liorates cerebral I/R injury in diabetic mice may be associated 
with its anti-inflammatory properties. Expression of the sig-
naling pathway that involves HMGB1, TLR4, Myd88, and NF-kB 
was found to be higher in diabetic than in non-diabetic mice 
following cerebral I/R injury. GA, however, effectively inhibit-
ed this pathway, suggesting that GA plays a neuroprotective 
role against cerebral I/R injury. Because GA is already used in 
clinical practice, further studies assessing the effects of GA on 
ischemic stroke in diabetic patients are warranted.

Conclusions

Diabetes aggravates cerebral I/R injury by enhancing the ex-
pression level of the HMGB1/TLR4-Myd88/NF-kB p65 signal-
ing pathway, an effect relieved by post-treatment application 
of GA. GA may ameliorate cerebral I/R injury in diabetes and 
have greater anti-inflammatory activity than NBP and TAK-242.
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