
Luo et al. Biological Procedures Online           (2023) 25:30  
https://doi.org/10.1186/s12575-023-00224-z

RESEARCH Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Biological Procedures Online

D-allose Inhibits TLR4/PI3K/AKT Signaling 
to Attenuate Neuroinflammation and Neuronal 
Apoptosis by Inhibiting Gal-3 Following 
Ischemic Stroke
Yaowen Luo1†, Junkai Cheng1†, Yihao Fu1†, Min Zhang1†, Maorong Gou1, Juan Li1, Xiaobing Li2, Jing Bai2, 
Yuefei Zhou1, Lei Zhang1* and Dakuan Gao1* 

Abstract 

Background Ischemic stroke (IS) occurs when a blood vessel supplying the brain becomes obstructed, resulting 
in cerebral ischemia. This type of stroke accounts for approximately 87% of all strokes. Globally, IS leads to high mortal-
ity and poor prognosis and is associated with neuroinflammation and neuronal apoptosis. D-allose is a bio-substrate 
of glucose that is widely expressed in many plants. Our previous study showed that D-allose exerted neuroprotec-
tive effects against acute cerebral ischemic/reperfusion (I/R) injury by reducing neuroinflammation. Here, we aimed 
to clarify the beneficial effects D-allose in suppressing IS-induced neuroinflammation damage, cytotoxicity, neuronal 
apoptosis and neurological deficits and the underlying mechanism in vitro and in vivo.

Methods In vivo, an I/R model was induced by middle cerebral artery occlusion and reperfusion (MCAO/R) 
in C57BL/6 N mice, and D-allose was given by intraperitoneal injection within 5 min after reperfusion. In vitro, mouse 
hippocampal neuronal cells (HT-22) with oxygen–glucose deprivation and reperfusion (OGD/R) were established 
as a cell model of IS. Neurological scores, some cytokines, cytotoxicity and apoptosis in the brain and cell lines were 
measured. Moreover, Gal-3 short hairpin RNAs, lentiviruses and adeno-associated viruses were used to modulate Gal-3 
expression in neurons in vitro and in vivo to reveal the molecular mechanism.

Results D-allose alleviated cytotoxicity, including cell viability, LDH release and apoptosis, in HT-22 cells after OGD/R, 
which also alleviated brain injury, as indicated by lesion volume, brain edema, neuronal apoptosis, and neurologi-
cal functional deficits, in a mouse model of I/R. Moreover, D-allose decreased the release of inflammatory factors, 
such as IL-1β, IL-6 and TNF-α. Furthermore, the expression of Gal-3 was increased by I/R in wild-type mice and HT-22 
cells, and this factor further bound to TLR4, as confirmed by three-dimensional structure prediction and Co-IP. 
Silencing the Gal-3 gene with shRNAs decreased the activation of TLR4 signaling and alleviated IS-induced neuro-
inflammation, apoptosis and brain injury. Importantly, the loss of Gal-3 enhanced the D-allose-mediated protection 
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against I/R-induced HT-22 cell injury, inflammatory insults and apoptosis, whereas activation of TLR4 by the selective 
agonist LPS increased the degree of neuronal injury and abolished the protective effects of D-allose.

Conclusions In summary, D-allose plays a crucial role in inhibiting inflammation after IS by suppressing Gal-3/TLR4/
PI3K/AKT signaling pathway in vitro and in vivo.

Keywords D-allose, Gal-3, TLR4 Signaling, Neuroinflammation, Ischemic Stroke, Neurological Dysfunction

Introduction
Globally, ischemic stroke (IS) is currently one of the lead-
ing causes of death and long-term disability, and there 
is a shortage of effective treatments despite numerous 
clinical trials because the pathophysiology of the vari-
ous cells in injured brain tissue is not yet well understood 
[1–3]. Many studies have indicated that the inflamma-
tory response has a direct negative effect on ischemic 
neurons, which mediate brain function, leading to the 
collapse of organelle structure and the release of proap-
optotic proteins, ultimately causing cerebral apoptosis 
and necrosis [4–7]. Currently, reperfusion of the infarct 
is a major therapeutic goal. Intravenous thrombolysis 
is one of the few highly effective treatments for acute 
IS, but it does not consider the ischemic cascade that 
takes place following the onset of IS, including oxidative 
injury, inflammation damage and cell death [8]. Many 
experimental and clinical studies have been performed 
to discover drugs that can mitigate neuronal cell injury 
and neurodegeneration, as well as cell death after the 
ischemic cascade [9]. However, scientists and research-
ers have not yet found a drug with a multifunctional 
and definitive effect. Therefore, protecting neurons from 
inflammatory damage and apoptosis could be a rational 
and efficient measure to ameliorate neurological dysfunc-
tion in IS patients.

D-allose (PubChem CID: 439,507), a C-3 epimer of 
D-glucose that was originally isolated from some plants, 
is an important rare monosaccharide that is safe for 
consumption by humans [10]. Accumulating evidence 
has shown that D-allose inhibits the production of reac-
tive oxygen species (ROS) in inflamed leukocytes [11], 
activates programmed apoptosis in tumor cells [12], 
and exerts an anti-inflammatory effect to protect the 
kidney [13], liver [14] and retina [15] from ischemia/
reperfusion(I/R) injury. Our previous study examined the 
anti-inflammatory effects of D-allose on a model of focal 
cerebral I/R injury in rats [16]. However, whatever the 
mechanism of the neuroprotective effect of D-allose after 
IS involves simultaneously reducing neuroinflammation-
induced damage and neuronal apoptosis remains unclear.

Galectin-3 (Gal-3), an important member of the 
β-galactoside- binding lectin family, was first identi-
fied in murine immune cells and later found in micro-
glia, astrocytes and neurons and was shown to be a 

novel inflammatory factor involved in inflammation, 
oxidative stress, cellular proliferation, apoptosis and 
pyroptosis [17–21]. The effect of Gal-3 on neuroin-
flammation in neurodegeneration and central nervous 
system (CNS) injury is controversial [22]. Some stud-
ies have shown that deletion of the Galectin-3 gene 
attenuates injury by decreasing the expression levels of 
inflammatory cytokines in C57BL/6 mice during auto-
immune encephalomyelitis progression [23]. Other 
studies indicated that Gal-3 deficiency in the microglia 
and astrocytes of C57BL/6 mice enhanced the inflam-
matory response in Wallerian degeneration (WD) 
[24]. Nevertheless, the function of Gal-3 in apoptosis 
is somewhat controversial. Wesley et  al. reported that 
Gal-3 was involved in neurovascular protection and 
functional recovery after IS through the upregulation 
of cerebral blood vessel density and downregulation of 
neuronal apoptotic death [25, 26]. In contrast, Fuku-
mori T et  al. showed that tumor cell-secreted Gal-3 
induced T-cells apoptosis, which in turn enhanced the 
antiapoptotic effect of Gal-3 on tumor cells [27]. In 
summary, the effects of Gal-3 on inflammatory dam-
age-induced neuronal apoptosis after IS are largely 
unknown.

Secondary neuroinflammation can occur after acute 
ischemic stroke. Immune-mediated proinflammatory sig-
nals rapidly activate various types of inflammatory cells, 
causing them to infiltrate ischemic areas and exacerbate 
brain damage [28]. Among the inflammatory-related pro-
teins and signaling pathways, Toll-like receptor 4 (TLR4) 
and TLR4-dependent PI3K/AKT signaling are crucial 
inflammatory pathways and are related to the patho-
genesis and development of many neuroinflammatory 
diseases and are involved in protecting the brain from 
I/R-induced injury [29–34]. Mietto BS et  al. observed 
that a lack of Gal-3 increased the RNA and protein levels 
of proinflammatory cytokines, as well as TLR2 and TLR4, 
which ultimately contributed to the prognosis of WD 
[24]. Conversely, Liu et al. recently reported that TD139, 
a specific inhibitor of Gal-3, alleviated TLR4 and MyD88 
activation in microglia in autoimmune uveitis [35]. 
Therefore, the relationship between the TLR4/PI3K/AKT 
signaling axis and Gal-3 in inflammatory damage to neu-
rons induced by IS remains unknown. Moreover, similar 
to TD139, whether D-allose plays an anti-inflammatory 
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role by inhibiting the expression of Gal-3 and the TLR4 
signaling pathway in IS also remains unclear.

The aims of this study were (1) to determine whether 
D-allose pretreatment alleviated inflammatory damage 
and ischemic neuronal apoptosis induced by brain I/R 
injury and, if so, (2) to evaluate the underlying mecha-
nisms of Gal-3 downregulation via TLR4/ PI3K/AKT 
signaling in mediating the protective effects of D-allose.

Materials and Methods
Mice and the Cerebral‑Ischemia Reperfusion Model
One hundred and twenty C57BL/6  N male mice (aged 
8–12 weeks with a body weight of 20–30 g) were housed 
under controlled environmental conditions in standard 
cages with a consistent temperature of 22–25 ℃, relative 
humidity of 65%, and a 12  h light/dark cycle. The mice 
were provided unrestricted access to food and water. 
All experimental protocols and animal handling proce-
dures in this study were performed in accordance with 
the National Institutes of Health (NIH) guidelines for 
the use of experimental animals, and the study received 
approval from the Institutional Animal Care and Use 
Committee of the Air Force Medical University (No. 
IACUC-20,220,122).

As referred to in a prior investigation [36], the mid-
dle cerebral artery occlusion model was successfully 
established in our study. Cerebral ischemia was induced 
by middle cerebral artery occlusion (MCAO). General 
anesthesia was induced with 5% isoflurane (RWD, Shen-
zhen, China) in a mixture of 70% nitrous oxide and 30% 
oxygen and maintained with 2% isoflurane delivered via 
facemask during spontaneous respiration. Rectal temper-
ature was closely monitored and maintained within the 
range of 36.5–37.5 °C throughout the surgery with the aid 
of warming blankets and lamps until the animal regained 
consciousness. Briefly, a midline incision was made in 
the jugular skin to expose the unilateral common carotid 
artery (CCA), external carotid artery (ECA), and internal 
carotid artery (ICA). Subsequently, the CCA and ECA 
were ligated while the ICA was clipped using microvas-
cular aneurysm clips. Following arteriotomy in the ECA, 
a soft silicone-coated surgical nylon monofilament suture 
(0.12  mm diameter; 3.0  cm length, RWD Life Science, 
China) was gently inserted into the ICA via the ECA to 
occlude the middle cerebral artery (MCA), approximately 
12.0  mm distal to carotid bifurcation. Reperfusion was 
allowed by removing the filaments after a 2-hour period. 
Neurological deficit scores were evaluated 24 and 48  h 
after MCAO, followed by decapitation to obtain the 
brains for subsequent experiments. In the Sham group, 
the mice underwent the same procedure without the 
insertion of the nylon monofilament to occlude the mid-
dle cerebral artery (MCA). Intraperitoneal administration 

of 0.4  mg/g D-allose, which was dissolved in normal 
saline, was administered within 5 min after reperfusion. 
The doses used in this study were determined based on 
our preliminary experiments and previous research [37].

Cell Culture and the Oxygen–Glucose Deprivation 
and Reperfusion Model
Mouse hippocampal HT-22 cells were obtained from 
ATCC (USA) and cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 1% penicillin/
streptomycin (Gibco, USA) and 10% fetal bovine serum 
(Sijiqing, China) at 37 ℃ and 5%  CO2 in a Thermo Fisher 
incubator. The culture medium was refreshed every 48 h, 
and subculturing was performed when cell confluence 
reached approximately 80–90%. Only logarithmically 
growing cells were used for subsequent experiments.

To induce oxygen-glucose deprivation (OGD), the 
medium was removed, and the cells were rinsed three 
times with phosphate-buffered saline (PBS). The cul-
tured cells were placed in a dedicated chamber contain-
ing  CO2/N2 (5%/95%) at 37 °C, and DMEM was replaced 
with glucose-free DMEM, which was preprocessed with 
 N2/  CO2 (95%/5%) to remove other gasses. According to 
the experimental design, the cells were removed from the 
anoxic chamber. Then, glucose-free DMEM was replaced 
with neurobasal medium, and the cells were cultured 
under normoxic conditions  CO2/O2/N2 (5%/21%/74%) 
for 24  h of reoxygenation to induce reperfusion injury. 
Control cells were cultured under normoxic conditions 
as part of routine culture procedures. During reoxygena-
tion, 1.8  mg/ml D-allose, which was dissolved in PBS, 
was added to the medium.

Neurological Score Evaluation
Mice that died shortly after MCAO/R were excluded. 
Evaluations were performed 24  h after reperfusion, and 
immediately prior to brain tissue sampling. The Modified 
Neurological Severity Score (mNSS) [38, 39] was used 
to assess the severity of nerve injury in the experimental 
animals. The degree of neurological deficits was graded 
on a scale from 0 to 18, with higher scores indicating 
greater damage.

Infraction Volume Ratio and Brain Edema Measurement
Excessive administration of pentobarbital sodium was 
used for euthanasia following exposure to ischemic con-
ditions. The brains were sliced into 2  mm coronal sec-
tions with an even thickness. Subsequently, the sections 
were stained using a 2% solution of 2,3,5-triphenyl tetra-
zolium chloride (TTC) (Solarbio, Beijing, China) at 37 °C 
for 20 min [40]. The stained brain sections were fixed in 
2% paraformaldehyde and imaged, after which the infarct 
volume (white) percentage was analyzed using ImageJ 
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software (National Institutes of Health, USA). In brief, 
the infarct volume was calculated by multiplying the total 
area of the infarction by the section thickness (2  mm). 
The ratio of the infarct volume to total brain volume is 
indicative of cerebral infarction.

Brain edema was evaluated by measuring brain water 
content using the dry-wet weight method [41]. In brief, 
following reperfusion, the mice were administered an 
overdose of anesthesia, and their brains were promptly 
harvested. The brains were then dissected along the mid-
sagittal plane to separate the ischemic hemisphere from 
the normal hemisphere. Each hemisphere was immedi-
ately weighed, and the samples were dried in an oven at 
100 °C until a constant weight was achieved to determine 
wet weight and dry weight. The brain water content was 
calculated as [(wet weight - dry weight)/wet weight] × 
100%.

TUNEL Staining
Terminal Deoxynucleotidyl Transferase (TdT)-mediated 
dUTP Nick-End Labeling (TUNEL) (Beyotime, Shang-
hai, China) staining was used to visualize neuronal apop-
tosis [42]. In brief, cells and brain sections were fixed 
with freshly prepared 4% paraformaldehyde for 20  min 
at room temperature and washed twice with PBS. Then, 
to inhibit endogenous peroxidase activity in the brain, 
the sections were incubated with a methanol solution 
containing 0.2% H2O2 for 30  min. Subsequently, the 
samples were treated with 50 µl of TUNEL reaction mix-
ture and incubated in a dark and humidified atmosphere 
at 37 ℃ for 60  min. The nuclei were then stained with 
4′,6-diamidino-2-phenylindole (DAPI). The images were 
acquired using a fluorescence microscope (Olympus, 
Tokyo, Japan). The results are expressed as the apopto-
sis index, which was calculated by dividing the number of 
TUNEL-positive cells by the total number of cells in five 
randomly selected fields for each condition and multiply-
ing by 100%.

Immunohistochemistry and Immunofluorescence Analysis
The mice were anesthetized and transcardially perfused 
with ice-cold heparin saline, followed immediately by a 
4% formaldehyde solution. The brain was subsequently 
removed and immersed in a 4% formaldehyde solution, 
as well as 15% and 30% sucrose solutions, overnight at 
4 ℃. Afterward, the tissues were sectioned into coro-
nal slices with a thickness of 16  μm using a cryostat 
microtome (Leica, Wetzlar, Germany). HT-22 cells 
were cultured on cell slides in 6-well plates and fixed in 
4% paraformaldehyde for 15 min at room temperature. 
The brain sections were washed in PBS for 30 min, and 
the cells were rinsed with PBS. The samples were per-
meabilized with 0.1% Triton X-100 in PBS for 10  min 

and blocked with 5% bovine serum albumin (BSA) 
(Solarbio, Beijing, China) for 30  min at room tem-
perature before being rinsed three times in PBS. For 
antibody staining, the sections were incubated over-
night at 4 ℃ with primary antibodies against galectin-3 
(1:250, Abcam, USA) and NeuN (1:200, Cell Signaling 
Technology, USA). After the samples were washed in 
PBS for 10  min, they were incubated with fluorescent 
secondary antibodies (1:500, Invitrogen, USA) for 1  h 
at 37 ℃. Finally, the slices were overlaid with mount-
ing medium containing DAPI to counterstain nuclei. 
The immunofluorescence images were captured using 
an Olympus fluorescence microscope (Tokyo, Japan). 
Five random regions of each sample were imaged and 
analyzed using ImageJ software (National Institutes of 
Health, USA).

Analysis of Cell Viability
Cell viability was assessed using the Cell Counting Kit-8 
(CCK-8) assay (Beyotime, Shanghai, China) according to 
the manufacturer’s instructions. HT-22 cells were seeded 
in 96-well plates under normoxic conditions until they 
adhered. The cells were subjected to oxygen-glucose 
deprivation (OGD) the indicated time, followed by the 
re-establishment of normal culture conditions for an 
additional 24 h with or without therapeutic intervention. 
The optical density (OD) value at 450  nm in each well 
was quantified using a microplate reader (Bio-Rad, Her-
cules, California, USA).

Lactate Dehydrogenase (LDH) Release Assay
The release of cytoplasmic LDH is indicative of com-
promised cell membrane integrity, which signifies cell 
death [43]. The LDH content in the cell supernatants was 
quantified using an LDH kit according to the instruc-
tions provided by the manufacturer. The medium was 
added to each well of a 24-well plate that was placed 
within an optically clear 96-well plate for a subsequent 
coupled enzymatic reaction. The LDH Reaction Mix was 
added to each well, mixed thoroughly, and incubated at 
37 ℃ for 30 min to generate a brownish-red product. The 
absorbance of the product was measured spectrophoto-
metrically at 450 nm using a microplate reader (Bio-Rad, 
Hercules, California, USA).

Table 1 Primer sequences of GAPDH and Lgals 3 genes

Gene Primer sequence(5′‑3′) Base

Lgals3 F: CCC TTT GAG AGT GGC AAA CCA 
R: CAT CGT TGA CCG CAA CCT T

21
19

Gapdh F: GGT GAA GGT CGG TGT GAA CG
R: CTC GCT CCT GGA AGA TGG TG

20
20
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RT‑PCR
Total RNA was extracted from mouse brains and cells 
using TRIzol reagent (Sigma Aldrich, USA). The RNA 
concentration was quantified using spectrophotometry 
(Thermo Fisher Scientific, Waltham, USA). Reverse Tran-
scription Master Mix (Takara, Tokyo, Japan) was used 
to synthesize cDNA by reverse transcription at 42 ℃ for 
15 min followed by a denaturation step at 85 ℃ for 5  s. 
mRNA expression was analyzed using SYBR Premix Ex 
Taq TM II (Takara, Tokyo, Japan) and synthetic primers 
on a thermocycler (Bio-Rad, Hercules, California, USA). 
Relative mRNA expression levels were calculated and 
quantified with the 2 − ΔΔCt method after normalization 
to reference GAPDH expression [44]. The primers used 
for quantitative real-time PCR in this study are listed in 
Table 1.

Western Blot Analysis
Radioimmunoprecipitation assay (RIPA) lysis and extrac-
tion buffer containing 1% Phenylmethanesulfonyl fluo-
ride (PMSF) was used to extract total protein from 
damaged tissue and cells. Protein quantification was 
performed using a BCA kit (Beyotime, Shanghai, China). 
Equal amounts of protein (30–50 µg) from each sample 
were separated using an 8–12% sodium dodecyl sulfate 
SDS-PAGE gel and subsequently transferred onto polyvi-
nylidene difluoride (PVDF) membranes. The membranes 
were then blocked with a 5% skim milk solution in TBST 
for one hour at room temperature, followed by overnight 
incubation with specific primary antibodies at 4  °C on 
a shaker. Subsequently, the membranes were subjected 

to three washes with TBST and then probed with HRP-
conjugated secondary antibodies diluted in TBST for 1 h 
at room temperature while being constantly agitated. The 
protein bands were visualized using an ECL substrate 
(Thermo Fisher Scientific, Waltham, USA) and imaged 
by a detection system (Bio-Rad, Hercules, California, 
USA). The optical densities of the bands were scanned 
and quantified using image-analysis software (ImageJ 
software, National Institutes of Health, USA), and β-actin 
served as an internal control.

3D Structure Prediction
The structure of murine Galectin-3 used in this study 
was obtained from the PDB database (accession num-
ber 7CXB), and murine TLR4 protein had the accession 
number 2Z64. First, protonation processing under neu-
tral conditions (pH = 7) was performed using the H + + 3 
online server. Subsequently, UCSF Chimera software was 
used to eliminate heteroatoms and water molecules from 
the crystal structure, and retain only the protein structure 
with Amber14SB charge allocation. Next, the protein-
protein docking tool HDOCK was used for molecular 
docking, and the experience-based iterative scoring func-
tion ITScorePP was used for molecular docking and con-
figuration scoring. A negative score indicates successful 
binding of molecules, and greater absolute values indi-
cate stronger binding abilities. The maximum number 
of output configurations for docking was set at 100, and 
only the top 10 configurations were scored and analyzed 
using confidence scores to determine reliability. If the 
value exceeded 0.7, it signified a reliable docking score 

Table 2 Primer sequences of LV and AAV

Virus Designation Sequence

LV Con Top: GAT CCG TTC TCC GAA CGT GTC ACG TAA TTC AAG AGA TTA CGT GAC ACG TTC GGA GAA TTT TTT C

Bottom: AAT TGA AAA AAT TCT CCG AAC GTG TCA CGT AAT CTC TTG AAT TAC GTG ACA CGT TCG GAG AAC G

Aim Top: GAT CCG CCC AAC GCA AAC AGG ATT GTT CTC GAG AAC AAT CCT GTT TGC GTT GGG TTT TTT G

Bottom: AAT TCA AAA AAC CCA ACG CAA ACA GGA TTG TTC TCG AGA ACA ATC CTG TTT GCG TTG GGC G

AAV Con Top: GAT CCG TTC TCC GAA CGT GTC ACG TAA TTC AAG AGA TTA CGT GAC ACG TTC GGA GA

Bottom: AAT TGA AAA AAT TCT CCG AAC GTG TCA CGT AAT CTC TGA ATT ACG TGA CAC GTT CGG AGA ACG 

Aim Top: AAT TCG CCC GCT TCA ATG AGA ACA ACA CTC GAG TGT TGT TCT CAT TGA AGC GGG TTT TTT G

Bottom: GAT CCA AAA AAC CCG CTT CAA TGA GAA CAA CAC TCG AGT GTT GTT CTC ATT GAA GCG GGC G

Fig. 1 The neuroprotective effects of D-allose.  A Neurological function was assessed using the mNSS scale 24 and 48 h after ischemia-reperfusion. 
B Cerebral infarct volumes were measured using TTC staining 24 and 48 h after reperfusion. C Brain edema was measured 24 and 48 h 
after reperfusion. D Assessment of neurological function after the treatment. E D-allose was administered by intraperitoneal injection within 5 min 
after reperfusion. TTC staining was performed to evaluate the infarct volumes. F Brain edema was measured after the treatment. G Western blot 
analysis of apoptosis-related molecules. H TUNEL assay of neuronal apoptosis in mice after MCAO.  The levels of TNF-α (I), IL-1β (J) and IL-6 (K) 
in cerebral tissue were detected by ELISA kits. ** P<0.01 compared with the Sham group;  nsP>0.05,  ##P<0.01 compared with the MCAO group. The 
data were analyzed using one-way ANOVA and Dunnett’s test was used for post hoc analysis. Data were from three independent experiments

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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and a high likelihood of molecular binding. Conversely, 
if the value fell below 0.7, it indicated a low reliability of 
the docking score and a decreased possibility of binding. 
The docking configuration with the highest docking score 
and confidence score was chosen for subsequent analy-
sis. PyMOL2.04 was used for 3D mapping analysis, and 
Maestro was used for 2D interaction analysis and statis-
tical determination of the interaction type, distance, and 
quantity.

Coimmunoprecipitation (CO‑IP)

Coi mmunoprecipitation (Co-IP) assays were per-
formed in accordance with established protocols [45]. 
The cells were scraped in NP-40 immunoprecipitation 
lysis buffer (Beyotime China) containing phenylmethane-
sulfonyl fluoride (PMSF) and protease inhibitors using a 
cell scraper. After being lysed for 30 min on ice, the cells 
were centrifuged at 12,000  rpm for 30  min at 4 ℃. The 
resulting supernatant was collected and subsequently 
incubated with primary antibodies (TLR4 and Gal-3) or 
isotype immunoglobulin G (IgG). (#3900, Cell Signaling 
Technology, Shanghai, P.R. China), with gentle rocking 
for 2 h at 4 °C. Subsequently, 35 µL of protein A/G beads 
(#sc-2003, Santa Cruz, Shanghai, China) were added to 
each immunoprecipitation mixture and allowed to stand 
overnight at 4 °C. On the following day, the mixtures were 
subjected to five rounds of cold 1×Co-IP buffer washes, 
followed by denaturation of the bound protein with 1× 
sample buffer. The resulting supernatants were collected 
and used for SDS-PAGE and Western blot analysis.

Enzyme‑Linked Immunosorbent Assay (ELISA)
The brain tissues were thoroughly ground and the super-
natant of the homogenate was collected after centrifuga-
tion. The cell culture supernatants were also collected. 
IL-1β, IL-6, and TNF-α levels were detected using a com-
mercial ELISA kit (Nanjing Jiancheng Bioengineering 
Institute, China).

shRNA Transfection
The Gal-3 knockdown lentiviruses (Hanheng China) were 
transiently transfected into the cells using a transfection 

reagent (Beyotime China) according to the manufactur-
er’s instructions. Transfection efficiency was evaluated 
by harvesting the cells after 3 days. The sequences of the 
Gal-3 and control shRNAs are shown in Table  2. Stable 
HT-22 cell lines with Gal-3 knockdown were established 
through lentiviral infection and subsequent selection with 
5 µg/ml puromycin (Sigma, China) for approximately one 
week. Finally, the stability of the generated cell lines was 
confirmed by Western blot analysis and qPCR.

The mice were anesthetized with an intraperitoneal 
injection of chloral hydrate (400  mg/kg, Sigma) and 
secured onto a stereotactic frame (RWD, Shenzhen, 
China). Rectal temperature was maintained at 37.5  °C 
using a heated blanket. A midline scalp incision was 
performed to fully expose the bregma and lambda. For 
intracortical injections, a borehole was created on the left 
side using a high-speed drill at coordinates relative to the 
bregma (X = 1.0 mm, Y = 0.80 mm). The syringe was con-
nected to a microinjection pump, the needle was inserted 
into the brain through the burr hole (Z = 1.5  mm from 
the bone surface), and 1 µl of Gal-3 knockdown adeno-
associated virus (AAV) (Hanheng China) was infused 
[46]. The Gal-3 and control shRNA sequences are shown 
in Table 2. Following the surgery, the cranial defect was 
sealed using bone wax, and the incision was closed with 
sutures.

Replicates
For in  vivo molecular biology experiments, three tech-
nical replicates of each mouse were performed, the data 
were averaged and analyzed, and the mean values were 
obtained from three mice per group (n = 3/group) and 
used for intergroup comparisons. In vitro, cells in three 
wells were examined to obtain the mean counts, and the 
results were measured from three independent biological 
replicates in each experiment.

For pathology experiments, sections from three mice 
per group and cells in three wells were observed under a 
microscope, three randomly selected fields of view from 
each section were used to quantify the assay metrics and 
the data were averaged and analyzed. The three mean val-
ues obtained for each group (n = 3/group) were used for 
comparisons between groups.

(See figure on next page.)
Fig. 2 Effects of D-allose on cytotoxicity and apoptosis induced by OGD/R in HT-22 cells. A HT-22 cells were subjected to OGD damage for different 
times, and cell viability was determined by CCK-8 assays. B HT-22 cells were subjected to OGD/R injury, and LDH levels were measured. C Cell 
viability was determined by CCK-8 assays after the administration of D-allose. D Detection of LDH levels after D-allose treatment. E Effects 
of D-allose on the expression levels of Bax, Bcl-2, Caspase 3, and Caspase 1 in HT-22 cells subjected to OGD/R. F Effects of D-allose on HT-22 
cell apoptosis induced by OGD/R, as determined by TUNEL staining.  The effects of D-allose on the levels of TNF-α (G), IL-1β (H) and IL-6 (I) were 
measured by ELISA kits.  **P<0.01 compared with the Con group;  ##P<0.01 compared with the OGD/R group. The Data were analyzed using 
one-way ANOVA, and Dunnett’s test was used for post hoc analysis. The data were from three independent experiments
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Statistical Analysis
PASS 15.0 software was used for power analysis. One-
way ANOVA was used to calculate the appropriate sam-
ple size with the following statistical parameters: a power 
value of 0.9 and an alpha value of 0.05.

The experiments were repeated at least three times, 
and the data are presented as the mean ± standard devia-
tion. Statistical analysis was performed using GraphPad 
Prism 9.0 (GraphPad Software, La Jolla, CA, USA). The 
data among multiple groups were compared with one-
way ANOVA followed by Dunnett’s test. P>0.05 was con-
sidered to be statistically significant.

Results
D‑allose Protects the Brain from MCAO/R‑induced Injury 
in vivo
In this study, we used the MCAO/R model in C57BL/6 N 
male mice (aged 8–12 weeks), which can mimic human 
IS, to assess the neuroprotective effect of D-allose. Com-
pared with mice in the Sham group, mice in the MCAO/R 
group showed strong neurological deficits, obvious infarct 
volumes and brain edema (P < 0.01, Fig.  1A-C), suggest-
ing that serious brain injury was induced by MCAO/R 
model. As showen in Fig.  1D-F, in the MCAO/R and 
MCAO/R + NS groups, transient MCAO/R induced 
an evident and defined infarct, brain edema and neu-
rological deficits. Intraperitoneal injection of 0.4  mg/g 
D-allose which within 5  min after reperfusion signifi-
cantly reduced the brain infarct volume by 30% and brain 
edema by 4% and improved the mNSS score by 45% at 
48 h after MCAO/R. Moreover, the presence of D-allose 
significantly decreased the levels of the apoptosis mark-
ers Bax, cleaved Caspase 3 and cleaved Caspase1, as well 
as the proportion of apoptosis-positive neurons in the 
ipsilateral cortex, which was examined by Western blot-
ting and TUNEL staining (P < 0.01, Fig. 1G-H). Moreover, 
as shown in Fig.  1I-K, the level of the classic inflamma-
tory cytokines IL-1β, IL-6 and TNF-α were markedly 
increased in mice subjected to MCAO/R. D-allose 

treatment significantly reduced the levels of IL-1β, IL-6 
and TNF-α compared with those in the MCAO/R group 
(P < 0.01). Taken together, these results suggested that 
D-allose could protect the brain from MCAO/R-induced 
apoptosis and inflammation and suggests the potential for 
clinical trials of IS treatment with D-allose in the future.

D‑allose Protects HT‑22 Cells from OGD/R‑induced 
Cytotoxicity in vitro
In neurons and other nerve cells, OGD/R induced cyto-
toxicity and caused further. Here, we observed increased 
LDH release and decreased cell viability at 2  h, 4  h, 8 
and 12  h following OGD/R injury in  vitro (Fig.  2A-B), 
and 1.8 mg/mL D-allose markedly reduced the high lev-
els of LDH release induced by OGD/R injury (P < 0.01, 
Fig. 2C-D). Moreover, treatment with D-allose decreased 
TUNEL-positive cells and cleaved caspase 3 levels in vitro, 
and the CCK-8 assay showed increases in cell viability and 
the Bcl-2/Bax ratio in HT-22 cells subjected to OGD/R 
injury compared with those in the OGD/R group (P < 0.01, 
Fig.  2E-F). Additionally, compared to those in the Sham 
group, OGD/R induced a significant increase in cleaved 
Caspase1, IL-1β, IL-6 and TNF-α levels in vitro (P < 0.01, 
Fig. 2G-I), and D-allose markedly decreased these inflam-
matory factor levels after cell injury. These results indicate 
that D-allose protects HT-22 cells from OGD/R-induced 
cytotoxicity, inflammation and apoptosis.

Increased Expression of Gal‑3 During Ischemia/
Reperfusion(I/R) Injury‑Induced Inflammation 
and Neuronal Apoptosis in vivo and in vitro
As an important inflammatory factor, Gal-3 partici-
pates in inflammation, oxidative stress, cell apoptosis 
and pyroptosis in the brain. Compared with those in the 
Sham group, the mRNA and protein expression levels of 
Gal-3 increased steadily, peaked at 48  h after MCAO/R 
(P < 0.01, Fig. 3A-B), and well increased at 2 h, 4 h, 8 and 
12 h, peaking at 8 h following OGD/R (P < 0.01, Fig. 3D-
E). Therefore, 48  h after MCAO/R and the 8  h after 

Fig. 3 Increased expression of Gal-3 in ischemic/reperfusion(I/R) injury in vivo and in vitro. A Changes in Gal-3 mRNA levels in brain tissue 24 
and 48 h after MCAO, as measured by RT-PCR. B Protein expression of Gal-3 protein content in brain tissue 24 and 48 h after MCAO, as measured 
by Western blotting. C Observation of Gal-3 expression in brain tissue 24 and 48 h after MCAO by immunofluorescence analysis. D Detection 
of Gal-3 mRNA expression in HT-22 cells after different lengths of OGD/R injury using RT-PCR. E Examination of Gal-3 expression in HT-22 cells 
after different durations of OGD/R injury by using Western blotting. F Observation of Gal-3 expression in HT-22 cells after different durations 
of OGD/R injury, as measured by immunofluorescence analysis. G IF was used to observe lentiviral transfection. H Detection of Gal-3 mRNA 
expression after lentiviral transfection. I Detection of Gal-3 protein expression after transfection with the lentivirus. J CCK-8 assay to detect cell 
viability after transfection with the lentivirus. K Detection of LDH levels after lentiviral transfection. L Western blot analysis of caspase 3, Bax, Bcl-2, 
and caspase 1 protein expression after LV transfection. M TUNEL staining was used to observe HT-22 cell apoptosis after transfection with different 
lentiviruses. N-P The expression levels of inflammatory factors in HT-22 cells transfected with the lentivirus and then damaged by OGD/R were 
measured using ELISA kits. ** P<0.01 compared with the Con group;  nsP>0.05,  ##P<0.01 compared with the OGD/R group. The data were analyzed 
using one-way ANOVA, and Dunnett’s test was used for post hoc analysis. The data were from three independent experiments

(See figure on next page.)
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ODG/R were used in the following experiments. Moreo-
ver, similar results were observed by immunohistochemi-
cal staining in vitro and in vivo. Compared with that in 
the Sham group, Gal-3 was located in the cytoplasm and 
nuclei of neurons and HT-22 cells, and Gal-3 positive-
cells were increased 48  h after MCAO/R and 8  h after 
OGD/R (P < 0.01, Fig.  3C, F). These results suggest that 
Gal-3 is expressed in neurons but not neuroimmune cells 
and may play a crucial role in inflammation-induced neu-
ronal injury and death.

To further evaluate the role of Gal-3 in OGD/R-
induced HT-22 cell injury, lentivirus-based Gal-3-
shRNA vectors were used to knock out (KO) the 
expression of Gal-3 (P < 0.01, Fig.  3G). Compared with 
those in the control group, Gal-3-shRNA significantly 
decreased Gal-3 mRNA and protein levels by 50% and 
70%, respectively in HT-22 cells (P < 0.05, Fig.  3H-I). 
Then, we evaluated the neuroprotective effect of Gal-3 
deficiency against OGD/R-induced HT-22 cell injury. 
As shown in Fig. 3J-P, increases in cell viability and the 
Bcl-2/Bax ratio and decreases in LDH release, cleaved 
Caspase 3 levels and TUNEL-positive neurons, as well as 
levels of cleaved Caspase1, IL-1β, IL-6 and TNF-α, were 
observed in the OGD/R + sh-Gal-3 group compared to 
the control group (P < 0.01), suggesting that Gal-3 was a 
key mediator of OGD/R-induced cytotoxicity and apop-
tosis in HT-22 cells.

3.4. Gal‑3 Directly Binds with TLR4 in vitro
We examined the relationship between Gal-3 and TLR4 
in vitro, and Gal-3 colocalized with and bound to TLR4, 
as shown by co-IP assays, and the colocalization of Gal-3 
and TLR4, which was examined by immunofluorescence 
staining, was increased after IS (Fig.  4A-B, D). These 
results suggested that Gal-3 could influence the effects 
of TLR4 on the inflammatory response and apoptosis in 
CNS diseases. To clarify the possible structural and func-
tional interaction regions and sites between Gal-3 and 
TLR4, their binding effects were examined by computer-
aided molecular docking, and the two proteins formed 
a wide range of interactions, mainly including hydrogen 
bonding, salt bridging and π-π stacking. The salt bridge 
was formed between the positively charged side chain 
of the alkaline amino acid Lys153 and the negatively 
charged carboxylic acid side chain group of the acidic 

amino acid Glu198. The salt bridge involved the super-
position of hydrogen bonds and charges, which belong 
to a strong ion-type interaction. The π-π stacking effect 
involved the side chain benzene ring charge center of 
Phe498 (F498) on TLR4 and the phenol charge center of 
Tyr132 (Y132) on the Gal-3 protein (Fig. 4C). These data 
indicate that Gal-3 and TLR4 directly interact based on 
their physical structures.

Gal‑3 Activates the TLR4/ PI3K/AKT Signaling axis in vitro
A previous study showed that Gal-3 increased the RNA 
and protein levels of TLR4 in WD. To further inves-
tigate the effect of Gal-3 on the TLR4 signaling path-
way and the mechanism, we treated HT-22 cells with a 
Gal-3-shRNA vector, lipopolysaccharide (LPS) (1  µg/
ml), a TLR4 activator and the TLR4 inhibitor TAK-242 
(10  µg/ml). We first found that OGD/R injury caused 
high protein expression of TLR4 and reduced the phos-
phorylation of PI3K (p-PI3K) and AKT (p-AKT) com-
pared with those in the control group (P < 0.01, Fig. 5A). 
Transfection of HT-22 cells with the Gal-3 shRNA vec-
tor significantly decreased TLR4 protein expression and 
increased the expression levels of p-PI3K and p-AKT 
after OGD/R compared to those in the OGD/R group 
(P < 0.01, Fig. 5B). In cells transfected with the Gal-3 KO 
vector, compared with those in the OGD/R group and 
OGD/R + sh-Gal-3 group, cell viability and the expres-
sion of Bcl-2/Bax, p-PI3K and p-AKT (P < 0.01, Fig. 5C, 
D) were reduced, but the release of LDH, the levels of 
Gal-3, TLR4, cleaved Caspase3, and the ratio of cell 
apoptosis (P < 0.01, Fig.  5C, E) were increased in HT-22 
cells treated with LPS. In contrast, HT-22 cells treated 
with TAK-242 had significantly increased viability and 
levels of Bcl-2/Bax, p-AKT and p-PI3K (P < 0.01, Fig. 5C, 
D), and decreased LDH release, Gal-3 and TLR4 protein 
expression, as well as cleaved Caspase 3 and TUNEL-
positive cells (P < 0.01, Fig.  5C, E, F) compared with 
those in the OGD/R group or damaged cells transfected 
with the vector only. Moreover, the opposite change in 
expression and a significant increase or decrease in the 
peak values of cleaved Caspase1, IL-1β, IL-6 and TNF-α 
(P < 0.01, Fig. 5C, G-I) were observed in the OGD/R + sh-
Gal-3 + LPS group and OGD/R + sh-Gal-3 + TAK-242 
group. These results demonstrated that the interaction of 
Gal-3 with TLR4 and activation of the TLR4/PI3K/AKT 

(See figure on next page.)
Fig. 4 Gal-3 directly binds with TLR4 in vitro.  A Immunofluorescence analysis of the colocalization of Gal-3 and TLR4 in HT-22 cells. 
B Immunofluorescence analysis of the colocalization of Gal-3, neurons, and TLR4 in brain tissue. C Analysis of protein structure using 3D structure 
prediction techniques. A mock structural map of the binding of Gal-3 (cyan) to TLR4 (green) was obtained, as well as the specific binding sites.  
D Immunoblot showing the presence of Gal-3 and TLR4 in an immune complex formed after the pull-down of TLR4 and Gal-3 in HT-22 cells 
in the con group and OGD group
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signaling axis aggravated OGD/R-induced inflammatory 
damage and apoptosis in vitro.

D‑allose Regulates the TLR4/ PI3K/AKT Pathway 
through Gal‑3 to Protect HT‑22 Cells from OGD/R‑induced 
Injury
To examine whether Gal-3 and the TLR4/ PI3K/AKT 
signaling axis are involved in the effect of D-allose on 
HT-22 cells, cytotoxicity, the inflammatory response 
and apoptosis were determined by Western blot and 
immunoblot analysis. Following transfection with sh-
Gal-3 or sh-NC, HT-22 cells were treated with D-allose. 
As shown in Fig. 6A-B, the viability and LDH release of 
HT-22 cells transfected with sh-Gal-3 were higher than 
those of HT-22 cells transfected with sh-NC (P < 0.01), 
while the expression of the inflammatory factors IL-1β, 
IL-6 and TNF-α (P < 0.01, Fig.  6C-E) in HT-22 cells 
transfected with sh-Gal-3 was lower than that in HT-22 
cells transfected with sh-NC. Moreover, compared 
with the OGD/R + D-allose + sh-NC group, and the 
OGD/R + D-allose + sh-Gal-3 group exhibited higher 
levels of p-PI3K, p-AKT and Bcl-2/Bax and lower lev-
els of Gal-3, TLR4, cleaved Caspase3, cleaved Caspase1 
and TUNEL-positive cells (P < 0.01, Fig.  6F-G). Taken 
together, these results indicated that D-allose could 
inhibit TLR4/PI3K/AKT-induced cytotoxicity, inflamma-
tory damage and apoptotic cell death by inducing Gal-3.

D‑allose Inhibits TLR4/PI3K/AKT Signaling to Attenuate 
Neuroinflammation and Apoptosis by Inhibiting Gal‑3 
after MCAO/R Injury
Based on our novel findings of the neuroprotective 
effect of D-allose associated with Gal-3 and the TLR4/
PI3K/AKT signaling pathway in  vitro, we stereotacti-
cally injected AAV-based shRNA Gal-3 into the corti-
cal areas of mice before MCAO/R. First, compared with 
those in the MCAO/R + sh-Nc group, the mRNA and 
protein levels of Gal-3 were decreased in Gal-3 KO mice 
after MCAO/R injury (P < 0.01, Fig.  7A-C). The results 
showed that the downregulation of Gal-3 attenuated the 
infraction volume ratio and brain edema and enhanced 
the protective effects of D-allose. Similar to the change 

in the infraction volume ratio, the same effects on neu-
rological deficits were observed in the different groups 
(P < 0.01, Fig.  7D-F). Moreover, after treatment with 
D-allose, Gal-3 KO mice had significantly increased 
phosphorylation of PI3K and AKT and reduced expres-
sion of Gal-3 and TLR4 compared to wild-type mice fol-
lowing MCAO/R injury (P < 0.01, Fig.  7G). These mice 
also exhibited decreased levels of cleaved Caspase3, 
cleaved Caspase1 (Fig.  7G), and TUNEL-positive cells, 
IL-1β, IL-6 and TNF-α (Fig. 7H-K). Combined with these 
in vitro data, these results suggest that D-allose inhibits 
TLR4/PI3K/AKT signaling to attenuate neuroinflamma-
tion and apoptosis and ameliorate neurological deficits 
by inhibiting Gal-3 in the context of secondary IS injury.

Discussion
IS is characterized by the interruption or sudden restric-
tion of cerebral blood flow in the cortex, hippocampus 
and basal ganglia of the brain, but the complex set of 
events, taking place in the ischemic penumbra, which 
is an area of hypoxia and glucose deprivation, after the 
onset of IS, is called the ischemic cascade or secondary 
brain injury (SBI) and is the main cause of high disabil-
ity and mortality. In recent decades, evidence has high-
lighted that the loss of ionic homeostasis, energy failure, 
excessive excitatory amino acid excitotoxicity, increased 
oxidative stress and immune responses stimulate neu-
ronal damage and death in the ischemic penumbra [47, 
48] in inflammation in neuroimmune cells and the induc-
tion of neuronal apoptosis are two main pathophysiologi-
cal mechanisms of SBI after IS [49]. Previous studies have 
shown that many drugs extracted from plants that target 
inflammatory injury and apoptotic cell death are useful 
treatments for IS-induced SBI [50]. D-allose, which is a 
safe “rare sugar” for consumption by mammals, is a C-3 
epimer of glucose that is an ultralow calorie sugar with 
no toxicity that exhibits unique and broad-spectrum 
health benefits and physiological functions in food sys-
tems, clinical treatment, and health care, including anti-
tumor [51], antiosteoporotic [52], anti-inflammatory 
[53], cryoprotective [54], antihypertensive [55], neuro-
protective [16], and immunosuppressive [56] functions, 

Fig. 5 Gal-3 activates the TLR4/ PI3K/AKT signaling axis in vitro. A Western blot analysis of the expression of related proteins 
in the Gal-3-TLR4-PI3K-AKT pathway after the administration of D-allose. B Expression of related proteins in the Gal-3-TLR4-PI3K-AKT pathway 
after lentiviral transfection, as detected by Western blotting. C Western blot analysis of the expression of signaling pathways and apoptosis-related 
proteins after transfection with the Gal-3 lentivirus and the administration of agonists and inhibitors of TLR4.  D Detection of HT-22 cell viability 
by CCK-8 assays after transfection with the Gal-3 lentivirus and the administration of agonists and inhibitors of TLR4. E Measurement of LDH 
levels in HT-22 cells.  F TUNEL staining was used to observe apoptosis in each group of HT-22 cells.  G-I ELISA kits were used to detect the levels 
of secreted inflammatory factors in the groups of cells. **P<0.01 compared with the Con group;  nsP>0.05,  ##P<0.01 compared with the OGD/R 
group;  &&P<0.01 compared with the OGD/R + sh-Gal-3 group. Data were analyzed using one-way ANOVA and Dunnett’s test was used for post hoc 
analysis. Data were from three independently conducted experiments

(See figure on next page.)
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as well as antioxidative properties by modulating the 
generation of reactive oxygen species (ROS). D-allose 
was developed as a potential drug for treating cancer and 
ischemia/reperfusion (I/R) injury. However, the relation-
ships between D-allose, inflammation and apoptosis have 
not been elucidated. Overall, the current study showed 
several novel findings. First, D-allose administration after 
IS was beneficial for reducing cytotoxicity, inflamma-
tion and neuronal apoptosis and improving neurological 
function in vitro and in vivo. Second, Gal-3 could directly 
bind with TLR4 and activate the TLR4/PI3K/AKT sign-
aling pathway in OGD/R and MCAO/R models. Third, 
D-allose regulated TLR4/PI3K/AKT signaling to attenu-
ate neuroinflammation and apoptosis by inhibiting Gal-3 
after IS in HT-22 cells and mice.

IS often causes inflammatory injury, neuronal death 
and neurological deficiency. Accumulating evidence indi-
cates that D-allose exerts many distinct cytoprotective 
effects on I/R injuries in different organs. However, the 
mechanism underlying the protective effect of D-allose 
on I/R injury in vitro and in vivo are still largely unclear. 
Gao et al. reported that D-allose reduced the infarct vol-
ume in rat brain following acute cerebral I/R injury [16]. 
In this study, treatment with D-allose (0.4  mg/g, intra-
peritoneal) reduced brain insults (infarction, including 
ischemic penumbra and atrophy volume) and behavio-
ral deficits after focal cerebral ischemia, suggesting that 
D-allose protects the brain from I/R damage in mice. 
Previous studies have indicated that D-allose reduces the 
production of ROS in many diseases [11, 16, 37, 57]. In 
our previous study, we concluded that D-allose protected 
brain microvascular endothelial cells from hypoxic/reox-
ygenated injury by inhibiting the UPR pathway and atten-
uating eIF2αphosphorylation and endoplasmic reticulum 
stress [58]. Moreover, previous reports showed the anti-
inflammatory effects of D-allose and inhibition of LPS-
induced increases in TNF-α, tissue cytokine-induced 
neutrophil chemoattractant-1 and myeloperoxidase con-
centrations, and subsequent neutrophil-mediated renal, 
cerebral and skin injury. Interestingly, there are contrary 
results on the effect of D-allose on programmed apopto-
sis in a variety of cells. On the one hand, D-allose induces 
tumor cell apoptosis in lung cancer [59, 60]. On the other 

hand, D-allose decreases apoptotic cell death in I/R-
induced injury in different organs and tissues. Moreover, 
some studies have demonstrated that D-allose exerts its 
anti-inflammatory and antiapoptotic effects to protect 
the liver [61], kidney [13], retina [62] and skin flaps [63] 
from I/R injury. Our previous studies provided evidence 
that D-allose may exert therapeutic effects against cer-
ebral I/R injury by attenuating BBB disruption, inflam-
matory damage and apoptosis via PPARγ-dependent 
regulation of NF-κB [37].

Consistently, in the present study, we found that intra-
peritoneal administration of D-allose markedly reduced 
neuronal cytotoxicity, as indicated by the release of LDH 
and the viability of HT-22 cells, decreased the infarct 
volume ratio and brain edema, and improved neuro-
logical dysfunction in mice after I/R injury. Additionally, 
we found that D-allose treatment significantly reduced 
cerebral I/R-induced neuronal apoptosis by inhibiting 
the inflammatory response. Taken together, our find-
ings suggested that D-allose protected against apoptotic 
cell death by mediating anti-inflammatory effects after 
I/R injury. Compared to only commercially available 
medicines used for IS, such as tissue plasminogen acti-
vator (tPA), D-allose exerts more efficient neuroprotec-
tive effects on SBI in mice and can reduce brain insults 
and behavioral deficits, decrease inflammatory injury, 
promote recover from injury and alleviate apoptosis 
and pyroptosis. More importantly, D-allose, which has 
the same sweet taste and bulk properties as sugar, is not 
metabolized in the human body, and therefore has no 
known health effects on human. Thus, D-allose can be 
added to food to prevent and treat IS.

The mechanism of the protective effect of D-allose 
in vitro and in vivo after IS was examined. Gal-3 belongs 
to the Type three β-galectin binding lectin family and plays 
an important exacerbating role in autoimmune, inflam-
matory, and malignant diseases and I/R injury. D-allose 
up, -or downregulated apoptosis in different diseases, and 
the function of Gal-3 in apoptotic cell death is also con-
troversial. Some reports have shown that Gal-3 regulates 
ischemic stroke by inhibiting neuronal apoptosis in rats, 
but other studies have indicated that Gal-3 can modulate 
glioma by enhancing tumor cell apoptosis, and increased 

(See figure on next page.)
Fig. 6 D-allose regulates the TLR4/ PI3K/AKT pathway via Gal-3 to protect HT-22 cells from OGD/R-induced injury. A Detection of HT-22 cell viability 
after transfection with LV and D-allose treatment, as determined by CCK-8 assays. B Measurement of LDH levels in HT-22 cells after transfection 
with the lentivirus and D-allose treatment. C, D, E Analysis of relevant inflammatory factors in each group of HT-22 cells by ELISA. F Detection 
of apoptotic proteins such as Bax and related proteins in the Gal-3-TLR4 signaling pathway by Western blot analysis. G TUNEL staining to observe 
apoptotic cells in each group. **P<0.01 compared with the Con group;  ##P<0.01 compared with the OGD/R group;  nsP>0.05,  &&P<0.01 compared 
with the OGD/R + D-allose group;  $P<0.05,  $$P<0.01 compared with the OGD/R + sh-NC group. The data were analyzed using one-way ANOVA 
and Dunnett’s test was used for post hoc analysis. The data were from three independent experiments
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levels of Gal-3 are found in some CNS diseases [26, 64–
66]. Furthermore, whether Gal-3 is a proinflammatory or 
anti-inflammatory factor remains unclear. In this study, 
compared with that in the I/R group, D-allose treatment 
significantly decreased the expression level of Gal-3, the 
apoptotic markers, Bax and cleaved-Caspase3, and inflam-
matory mediators, such as cleaved Caspase1, IL-1β, IL-6 
and TNF-α, in the brain and HT-22 cells, suggesting that 
the reduced expression of Gal-3 induced by D-allose could 
mediate the neuroprotective effects we observed in this 
study. To confirm this, a Gal-3 knockdown experiment was 
performed. The results showed that in Gal-3 knockdown 
brains and HT-22 cells, the anti-inflammatory and antia-
poptotic effects of D-allose were enhanced. These results 
suggested that the increase in Gal-3 expression induced 
inflammatory insults and substantial neuronal apopto-
sis in vitro and in vivo after I/R injury, and the protective 
effects of D-allose on IS might occur via the Gal-3 pathway.

Furthermore, the TLR family member TLR4 medi-
ates several cellular processes, such as apoptosis, oxida-
tive stress, infection-induced inflammation and sterile 
inflammation via endogenous molecules [29, 67]. Recent 
evidence has shown that as a ligand of TLR4, Gal-3 acti-
vates TLR4/NF-κB signaling to promote cell proliferation 
and migration in lung adenocarcinoma reduce myocar-
dial injury and improve cardiac dysfunction by inhibiting 
apoptosis [68]. Other studies revealed the TLR4-medi-
ated proinflammatory and apoptotic effects of Gal-3 [22]. 
Additionally, PI3K/AKT signaling is regulated by ROS 
production and the products of metabolism and partici-
pates in the regulation of oxidative stress, the inflamma-
tory response, and apoptosis in I/R injury [69]. TLR4 is 
an upstream regulator of the PI3K/AKT axis and upregu-
lates p-PI3K and p-AKT levels, resulting in the activation 
of TLR4/PI3K/AKT signaling, which promotes prolif-
eration and migration during the development of car-
diac hypertrophy [70]. Recent research has revealed that 
Gal-3 is involved in the modulation of angiogenesis and 
apoptosis by inhibiting AKT signaling to enhance neuro-
vascular protection and functional recovery after IS [26]. 
In this study, we first showed that Gal-3 could directly 
bind to TLR4, and the loss of Gal-3 reduced the rate of 

apoptosis and the levels of the apoptotic proteins, Bax, 
cleaved Caspase 3 and cleaved Caspase 1 and the pro-
inflammatory cytokines, IL-1β, IL-6 and TNF-α, which 
inhibited the TLR4/PI3K/AKT signaling pathway in the 
OGD/R and MCAO/R models. Therefore, compared 
with I/R injury + Gal-3 KO in vitro and in vivo, the anti-
inflammatory and anti-apoptotic effects of D-allose were 
suppressed in Gal-3 KO HT-22 cells and mouse cerebral 
tissue treated with the TLR4 agonist LPS. To the best 
of our knowledge, this is the first report to confirm that 
D-allose treatment inhibits the TLR4/PI3K/AKT signal-
ing pathway to significantly reduce cerebral I/R-induced 
neuroinflammation and neuronal apoptosis by attenuat-
ing Gal-3 in vitro and in vivo.

There are some limitations in our study. Although 
HT-22 cells have been widely used as an in  vitro IS 
model of neuronal function, different results about the 
effects of D-allose on IS can be observed in primary 
neurons. The exact mechanism by which Gal-3 activates 
TLR4/PI3K/AKT signaling was not identified. There-
fore, we need to perform more studies on other neuronal 
cells to mimic the IS model in vitro to identify D-allose-
mediated neuroprotection in I/R injury and shed light 
on the anti-inflammatory and antiapoptotic mechanism. 
Moreover, in this study, we chose a MCAO/R model to 
mimic human I/R injury in C57BL/6  N mice, but rats 
and monkeys can be used to produce MCAO/R models, 
and more realistic results can be obtained. Additionally, 
there are many types of cell death, including necrosis, 
programmed necrosis, apoptosis, pyroptosis, ferrop-
tosis, and copper-induced cell death, after IS. We only 
studied apoptosis in the present study, and we will iden-
tify the relationship between D-allose and other types of 
cell death in subsequent studies. Moreover, there were 
some sources of bias in our study; for example, by using 
intraperitoneal injection, the plasma concentration 
of D-allose is unclear, and the Gal-3 knockdown AAV 
was injected the cerebrum, which cannot guarantee the 
knockout efficiency of Gal-3 in all brain cells. There-
fore, it is best to monitor the plasma concentration of 
D-allose and use Gal-3 conditional knockout animals to 
eliminate some bias.

Fig. 7 D-allose inhibits TLR4/PI3K/AKT signaling to attenuate neuroinflammation and apoptosis by inhibiting Gal-3 after MCAO/R injury. A RT-PCR 
analysis of the mRNA expression of Gal-3 in mice after transfection with AAV.  B Western blotting was performed to detect the protein expression 
of Gal-3 in mice after AAV transfection. C Immunofluorescence analysis of mice transfected with AAV. D The transfected mice were subjected 
to MCAO injury and administered D-allose treatment, and their neurological function was scored. E TTC staining was used to observe the changes 
in infarct volume. F Brain edema was observed in each group of mice after injury. G Western blotting was performed to detect the expression 
of Gal-3-TLR4 signaling pathway and apoptosis proteins in each group of mice.  (H) TUNEL staining to observe neuronal apoptosis in mouse brain 
tissue. I, J, K ELISA kits were used to detect the secretion of TNF-α, IL-1β and IL-6 in brain tissue.  nsP>0.05, **P<0.01 compared with the Sham group;  
##P<0.01 compared with the MCAO group;  nsP>0.05,  &P<0.05,  &&P<0.01 compared with the MCAO + D-allose group. Data were analyzed using 
one-way ANOVA, and Dunnett’s test was used for post hoc analysis. The data were from three independent experiments

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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In conclusion, our findings in mouse brains and 
HT-22 cells suggest that D-allose attenuates I/R-
induced brain damage, neuronal cytotoxicity and apop-
tosis by reducing inflammation. This protective effect 
may be largely due to the Gal-3/TLR4 complex inhibit-
ing the TLR4/PI3K/AKT signaling axis in SBI during IS 
(Fig.  8 Created with BioRender.com.). With increased 
understanding of the mechanisms of cerebral SBI asso-
ciated with I/R damage and the functions of D-allose, 
which is a monosaccharide that has few side effects, no 
metabolism in the body, and significant anti-inflam-
matory, antiapoptotic and antipyroptotic effects after 
IS, D-allose may serve as a promising candidate for the 
prevention and treatment of IS in patients.
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