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ABSTRACT
Background  Melatonin protects against ischaemic 
stroke in diabetic animal models, though the mechanisms 
involving brain and peripheral immune responses remain 
underexplored. We aimed to clarify how melatonin interacts 
with these immune responses to protect against stroke in 
diabetic mice.
Methods  Type 1 diabetes mellitus (T1DM) was induced in 
mice using streptozotocin. RNA sequencing of brain tissue 
and peripheral blood mononuclear cells (PBMCs) was 
performed 24 hours poststroke. Inflammatory responses 
were evaluated 72 hours after ischaemia/reperfusion.
Results  Melatonin reduced infarction and improved 
neurological function in T1DM mice. In the ischaemic 
brain, melatonin downregulated inflammatory factor 
expression, with bioinformatics identifying 62 differentially 
expressed genes (DEGs) related to inflammation and 
11 associated with inflammasomes. Western blotting 
confirmed reductions in NLRP3, HMGB1 and Cleaved 
Caspase-1 expression. Flow cytometry showed reduced 
infiltration of CD8+T cells and neutrophils. Melatonin 
decreased IL-6, IL-1β and IL-4 levels. In PBMCs, RNA 
sequencing revealed 939 DEGs following melatonin 
treatment. Kyoto Encyclopaedia of Genes and Genomes 
analysis indicated that downregulated DEGs were involved 
in metabolic pathways, and upregulated DEGs were 
enriched in the Jak-STAT signalling pathway. GO analysis 
showed that downregulated DEGs were enriched in the 
cytosol, and upregulated DEGs related to macromolecule 
modification. Protein–protein interaction analysis revealed 
that melatonin affected 38 inflammation-associated genes 
linked to key cytokines (Il6, Il1b, Ifng, Il4). Flow cytometry 
indicated melatonin increased CD8+T cells, monocytes 
and neutrophils in the blood, suggesting a reversal of 
immunosuppression. Multiplex cytokine assays showed 
melatonin decreased IL-6 and IFN-γ levels.
Conclusion  Poststroke melatonin therapy reduces 
ischaemic brain damage in T1DM mice by modulating 
central and peripheral inflammatory responses.

INTRODUCTION
Diabetes is the primary risk factor for ischaemic 
stroke and is related to a higher incidence 
of ischaemic stroke and a worse prognosis 
for recovery.1 2 The effectiveness of various 
prospective therapies for stroke is diminished 
in diabetic stroke patients.3 Therefore, it 
necessitates studying the protective effects of 

neuroprotectants against stroke with diabetes. 
Among various neuroprotectants, melatonin 
(N-acetyl-5-methoxytryptamine) is promising 
to protect against stroke.4 5 It is released by the 
pineal gland in the brain to control the circa-
dian rhythm in animals.6 It is also released 
by organs such as the liver, retina, testes and 
ovary to stimulate the production of antioxi-
dants.4 6 Melatonin levels are altered in neuro-
logical disorders such as stroke, Parkinson’s 
disease and Alzheimer’s disease, indicating 
its crucial involvement in the pathogenesis of 
these ailments.4

Previous studies have demonstrated that 
melatonin offers significant neuroprotec-
tion in stroke by reducing oxidative stress, 
inflammation and neuronal apoptosis.7 8 As 
an antioxidant, melatonin detoxifies reactive 
species and stimulates antioxidant enzymes.9 
It chelates harmful metals, preventing the 
formation of toxic radicals and its presence in 
mitochondria helps resist oxidative damage.10 
Additionally, melatonin modulates inflamma-
tion by decreasing proinflammatory markers 
and increasing anti-inflammatory ones. It 
inhibits NF-κB11 and enhances Nrf2 and 
HO-112 pathways. Melatonin also regulates 
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	⇒ Melatonin modulates inflammatory responses in 
the brain and peripheral blood, by reducing immune 
cell infiltration and inhibiting NLRP3 inflammasome 
activity.
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apoptosis13 and autophagy14 through the Akt and mTOR 
pathways, promoting cell survival and reducing stress.

Melatonin is a hormone, which is synthesised in the 
pineal gland, and then released into the bloodstream 
and cerebrospinal fluid to control circadian rhythms, 
and participate in a variety of physiological processes, 
including emotional behaviour, blood pressure regula-
tion, ovarian physiology and osteoblast differentiation.15 16 
Recently, several studies have shown the protective effects 
of melatonin against stroke in diabetic conditions.2 17 18 
Melatonin reduces inflammation and cell death to protect 
neuronal cells in diabetic stroke models.18 It promotes 
autophagy via the SIRT1-BMAL1 pathway, aiding in cell 
repair and reducing oxidative stress.2 Furthermore, mela-
tonin improves mitochondrial function and reduces 
oxidative stress through the Akt-SIRT3-SOD2 pathway.19 
These effects make melatonin a promising candidate for 
stroke therapy in patients with diabetes.

The peripheral immune system plays a crucial role 
in regulating brain injury, with extensive interactions 
between peripheral immune cells and brain cells.20 21 
However, few studies have addressed the effects of mela-
tonin on the interaction between peripheral immune 
responses and brain pathological mechanisms. More-
over, previous research primarily used low-throughput 
methods to study its protective effects.

In this research, we aim to investigate the effects of 
melatonin on ischaemic brain damage and related 
inflammatory mechanisms in mice with type 1 diabetes 
mellitus (T1DM) following a stroke. We will clarify the 
interaction between the peripheral immune system and 
brain injury using both traditional methods and high-
throughput bulk RNA sequencing. Bulk RNA sequencing 
will assess transcriptomic changes in brain tissue and 
peripheral blood mononuclear cells (PBMCs) 24 hours 
after administration. The alterations in immune cells 
and inflammatory factors will be evaluated to validate 
the bioinformatics analysis results. Additionally, western 
blotting will be used to determine if melatonin influences 
NLRP3 inflammasome activities in the ischaemic brain of 
mice with T1DM. These findings may suggest a possible 
therapeutic target for diabetic individuals with ischaemic 
stroke.

MATERIALS AND METHODS

T1DM MODEL
Eight-week-old male C57BL/6J mice were obtained 
from Beijing Vital River Laboratory Animal Technology 
(Beijing, China). These animals were housed in cages 
with ad libitum access to food and water. To induce T1DM, 
the mice received a single intraperitoneal injection of 
1% streptozotocin (STZ, Sigma, Buchs, Switzerland). 
The STZ dosage (dissolved in citrate buffer, pH 4.2) was 
adjusted to 110 mg/kg based on our previous study.22 Mice 
with blood glucose levels >300 mg/dL (16.7 mmol/L) 
were confirmed using the ACCU-CHEK Performa 3 days 

after STZ administration. Melatonin (Sigma-Aldrich) was 
administered intraperitoneally at a dosage of 10 mg/kg19 
(dissolved in saline) immediately after reperfusion and 
daily for 3 days. The animals were then randomly assigned 
to one of three groups: (1) Sham; (2) middle cerebral 
artery occlusion (MCAO) plus vehicle (Vehicle) and (3) 
MCAO plus melatonin therapy (Melatonin).

Focal cerebral ischaemia
As previously documented, focal cerebral ischaemia was 
induced by transient MCAO.22–24 Mice were anaesthetised 
with isoflurane inhalation, using 3%–5% for induction 
and 1%–3% for maintenance. A 7–0 silicon-coated nylon 
suture with a 0.19 mm tip diameter (Doccol, Redlands, 
California, USA) was gently introduced into the external 
carotid artery. The suture was then advanced into the 
lumen of the internal carotid artery and guided towards 
the middle cerebral artery to occlude it. The occlusion 
was maintained for 45 min, after which the suture was 
removed to allow reperfusion for 1 or 3 days. In the sham 
group, mice underwent the surgical procedure without 
inserting the filament. During the surgery, body temper-
ature was continually monitored, and a heating pad was 
used to maintain the rectal temperature at 37°C±0.5°C.

Neurological score test
According to previous research, neurological scores 
were assessed 3 days after reperfusion by an investigator 
blinded to the animal group assignments.25 The scoring 
criteria were as follows: 0—no deficit; 1—inability to 
extend the left forepaw; 2—circling to the left; 3—falling 
to the left; 4—inability to walk spontaneously and loss of 
awareness and 5—inability to walk spontaneously and loss 
of consciousness (death).

Infarct size and oedema measurements
The brains of mice were promptly removed under anaes-
thesia and sliced into 1 mm thick coronal sections 72 
hours following cerebral ischaemia. The sections were 
then submerged in 2% 2,3,5-triphenyltetrazolium chlo-
ride (TTC, Sigma-Aldrich) at 37°C for 20 min, followed 
by a 2-hour fixation in 4% paraformaldehyde. Infarct 
sizes were calculated using ImageJ software and the 
following formula: (size of the contralateral hemisphere−
the size of the non-ischaemic zone in the ipsilateral hemi-
sphere)/size of the contralateral hemisphere×100%).26 
The oedema ratio was computed based on the method 
described in our previous report.27

Bulk RNA sequencing
The penumbra region of the cerebral cortex and PBMCs 
were obtained from diabetic mice 24 hours after ischaemic 
stroke. Following total RNA extraction, cDNA was synthe-
sised, purified, screened and amplified to construct the 
gene library. The gene library was diluted and quantified 
to 1.5 ng/µL, with quality and integrity assessed using the 
Agilent 2100 bioanalyzer. After passing quality control, 
clustering and sequencing were performed on the Illu-
mina NovaSeq 6000 system, generating 150 bp paired-end 
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reads. Sequencing used the Sequencing by Synthesis 
method, incorporating fluorescence-labelled dNTPs and 
DNA polymerase to capture sequence information. Gene 
library construction and sequencing were completed by 
Novogene Bioinformatics Technology.

Analysis of RNA sequencing data
Differential expression analysis between the melatonin 
and the control group was conducted using the DESeq2 R 
package (V.1.20.0). DESeq2 provides statistical methods 
to identify differential expression in digital gene expres-
sion data, employing a model based on the negative 
binomial distribution. We set the threshold for signifi-
cant differential expression at a p value of <0.05 and |fold 
change (FC)|>1.2.

Gene Ontology (GO) is a standardised system that 
describes the functions of genes and gene products, cate-
gorising gene functions into three hierarchical levels: 
molecular function, cellular component and biological 
process. The Kyoto Encyclopaedia of Genes and Genomes 
(KEGG) is a database resource for understanding biolog-
ical systems’ functions (http://www.genome.jp/kegg/). 
The clusterProfiler R package (V.3.14.3) was used to 
perform GO enrichment analysis and KEGG pathway 
enrichment analysis of differentially expressed genes 
(DEGs). GO terms and KEGG pathways with a p value 
less than 0.05 were considered significantly enriched for 
DEGs.

To analyse the interactions between inflammation-
related DEGs or inflammasome-related DEGs and classic 
inflammatory factors using bioinformatics tools, we 
searched for the keywords ‘inflam’ and ‘inflammasome’ 
in GSEA (https://www.gsea-msigdb.org/gsea/msigdb). 
We integrated the results and defined them as the 
inflammation and inflammasome dataset, identifying 
994 inflammation-related genes and 67 inflammasome-
related genes. Next, we used protein interaction data 
and their degree values from STRING to build a protein–
protein interaction (PPI) network using Cytoscape V.3.9.0 
from the National Resource for Network Biology.28 This 
network displayed the interactions between inflammation-
related DEGs or inflammasome-related DEGs and classic 
inflammatory factors of the interleukin family.

Flow cytometry
Blood was collected from mice sedated with isoflurane 
and placed in tubes containing heparin-saline anticoag-
ulant 72 hours after reperfusion. The mice were then 
perfused with 0.9% NaCl at 4°C, and their ipsilateral 
ischaemic brains were extracted. Leucocytes obtained 
from these brains were processed according to previously 
published research.26 The ipsilateral brain tissues were 
homogenised and passed through a 70 µm cell strainer 
(Fisherbrand). After centrifugation, the brain cell solu-
tion was resuspended with 60% Percoll and overlaid with 
30% Percoll. The brain cell suspension was centrifuged 
for 30 min at 2000 rpm and 4°C. Interphase brain cells 
were carefully harvested for further labelling. Antibodies 

from Biolegend (San Diego, California, USA), including 
fluorescein isothiocyanate (FITC) anti-mouse CD3 
(100203,1:100), PE anti-mouse CD8a (100707,1:100), 
allophycocyanin (APC) anti-mouse CD4 (100412,1:100), 
PerCP/Cy5.5 anti-mouse CD45(157208,1:50), APC/
Cy7 anti-mouse CD11b(101226,1:100), PE anti-
mouse Ly-6c(128008,1:100), PE/Cy7 anti-mouse 
Ly-6G(127618,1:100) were used to stain cellular popu-
lations. CD3+CD4+ cells were classified as CD4+T cells, 
CD3+CD8+ cells as CD8+T cells, Ly-6ChighCD11b+cells as 
monocytes, and Ly-6G+CD11b+cells as neutrophils. Cells 
were analysed using a BD LSRII flow cytometer and BD 
FACSDiva TM Software (V.8.0), with results represented 
as a percentage of the total number of cells assessed.

Inflammatory cytokine measurement
72 hours following reperfusion, the ipsilateral ischaemic 
hemisphere and blood were collected from anaesthe-
tised mice. Brain tissues were homogenised in ice-cold 
phosphate-buffered solution (10 mg/mL), and plasma 
samples were prepared, as described.24 Protein levels 
of IL-6, IL-1β, IFN-γ and IL-4 in the brain homogenates 
and peripheral plasma were measured in triplicate using 
ProcartaPlex multiplex immunoassays, according to the 
manufacturer’s instructions.

Western blotting
Western blotting was conducted as described previously.24 
The brains of mice were homogenised using RIPA lysis 
solution, and the protein content was determined with a 
BCA kit. Subsequently, 50 µg of total protein were electro-
phoresed on a polyacrylamide gel containing 12% sodium 
dodecyl sulfate and transferred onto polyvinylidene 
difluoride membranes. After blocking the membranes 
with 10% non-fat milk in Tris-buffered saline containing 
0.5% Tween-20 (TBST) for 1 hour, they were incubated 
overnight at 4°C with primary antibodies (1:1000). The 
membranes were then incubated with a horseradish 
peroxidase-conjugated secondary antibody (1:5000) for 
1 hour at room temperature. The bands were analysed 
using an enhanced chemiluminescence kit and quanti-
fied using Image-Pro Plus software V.5.0, following the 
manufacturer’s instructions. The average expression level 
of each protein in the sham group was assigned a value 
of 1. Actin served as the internal control, and all anti-
bodies were purchased from Cell Signaling Technology 
(CST) including NLRP3 (#15101), p-ERK (#4370), ERK 
(#4695), HMGB1 (#6893), Cleaved Caspase-1 (#89332) 
and Actin (#4970)

Statistical analysis
All continuous variables were normally distributed as 
determined by the Shapiro-Wilk normality test and 
presented as mean±SEM using the GraphPad Prism V.7.0 
program (Graphpad Software, San Diego, California, 
USA). Comparisons between two groups were performed 
using the Student’s t-test. For multiple comparisons, one-
way analysis of variance followed by the Bonferroni post 
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hoc test was employed. A significance level of p<0.05 was 
used for all analyses.

RESULTS
Melatonin reduced ischaemic brain damage in diabetic type 1 
mice after stroke
Following 45 min of ischaemia and 72 hours of reperfu-
sion, we examined whether poststroke melatonin therapy 
protects mice with T1DM from ischaemic brain damage. 
The results show that melatonin significantly reduced 
infarct sizes and improved cerebral oedema compared 
with the vehicle group (figure 1A–C). Additionally, neuro-
logical scores were significantly improved by melatonin 
administration 72 hours after reperfusion (figure 1D).

Gene sequencing and flow cytometry reveal that melatonin 
inhibits inflammatory responses in ischaemic brain tissue of 
diabetic mice
To investigate the protective mechanism of melatonin in 
the brain tissue of diabetic mice, we collected the cerebral 
cortex for RNA sequencing 24 hours after ischaemic stroke 
following melatonin treatment. As shown in figure 2A,B 
we identified 802 significant DEGs caused by melatonin 
(|FC|>1.2, p<0.05), with the majority being downregu-
lated. The top 20 upregulated and downregulated DEGs 

showed significant changes caused by melatonin delivery 
compared with the vehicle (figure  2C). KEGG analysis 
revealed that the downregulated DEGs are associated with 
immune cell activation and migration, including leuco-
cyte transendothelial migration, while the upregulated 
DEGs are predominantly enriched in neuronal signal-
ling transduction pathways, such as neurotransmitter 
receptor interactions. GO enrichment analysis suggests 
that melatonin downregulates immune responses to 
external stimuli, such as immune system processes, while 
upregulating cell membrane-related components, such as 
intrinsic components of the cell membrane (figure 2D,E).

To further understand how melatonin administra-
tion affects the infiltration of peripheral immune cells 
into the brain tissue after stroke, we used flow cytom-
etry to analyse the immune cell population in the ipsi-
lateral ischaemic brain hemisphere (figure  3). MCAO 
increased the number of CD4+T cells, CD8+T cells 
and neutrophils infiltrating the brain, but melatonin 
reduced the number of CD8+T cells and neutrophils 
(figure  3A,B,D). Neither the vehicle nor melatonin 
groups exhibited a significant change in the infiltration 
of monocytes (figure 3C).

Figure 1  Melatonin ameliorates brain damage and lowers neurological scores in mice with T1DM at 3 days after stroke. 
(A) Representative photographs of TTC-stained brain sections. (B) Infarct size quantification. (C) Oedema ratio computation. 
(D) Neurological score analysis. *p<0.05, **p<0.01 compared with vehicle at 3 days postreperfusion. n=6 per group. MCAO, 
middle cerebral artery occlusion; Melatonin, MCAO plus melatonin therapy; Sham, sham surgery; T1DM, type 1 diabetes 
mellitus; TTC, 2,3,5-triphenyltetrazolium chloride; Vehicle, MCAO plus vehicle.
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Melatonin reverses stroke-induced inflammation and 
inflammasome activation in diabetic mouse brain
We delved deeper into how melatonin treatment affected 
the inflammatory response in the brains of diabetic mice. 
Using a previously described gene set, we discovered 62 
DEGs related to inflammation, which were upregulated 
after stroke and reversed by melatonin (figure  4A,C). 

Figure  4B illustrates significant interactions between 
the interleukins Il6, Il1b, Ifng and Il4, and the 62 
inflammation-related DEGs. Changes in the expression 
of inflammatory factors are closely related to the activa-
tion of inflammasomes. From the selected inflammasome 
gene set, we delineated 11 DEGs associated with inflam-
masomes (figure 4D). Our enrichment analysis revealed 

Figure 2  RNA sequencing reveals the impact of melatonin treatment on transcriptome changes in brain tissue of mice with 
T1DM following stroke. (A) Volcano plot of differentially expressed genes (DEGs) after melatonin treatment compared with 
vehicle (|FC|>1.2, p<0.05), n=5 per group. (B) Bar chart quantifying upregulated and downregulated DEGs. (C) Heat map of the 
top 20 upregulated and downregulated genes. (D) Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway and Gene 
Ontology (GO) term enrichment analysis of downregulated DEGs, showing involvement in leucocyte activation and inflammatory 
responses. (E) Enrichment analysis of upregulated DEGs, associated with cell survival, highlighting the protective effects of 
melatonin on ischaemic brain tissue. FC, fold change; T1DM, type 1 diabetes mellitus.
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that the inflammasome-related DEGs were involved in 
the production and secretion of interleukin-1 and inter-
leukin-1β, as well as the assembly of the NLRP3 inflam-
masome complex (figure 4E). Melatonin administration 
significantly reduced the expression levels of Casp1, Tlr4 
and Gsdmd, which are closely linked to NLRP3 inflam-
masome activation and function. These genes were previ-
ously upregulated after stroke (figure 4F).

We then used multiplex cytokine assay and Western 
Blotting to examine inflammatory markers in the ipsi-
lateral ischaemic brain after stroke. After stroke, proin-
flammatory factors IL-6 and IL-1β and anti-inflammatory 
factors IL-4 were elevated in the brain tissue of mice 
with T1DM. Notably, their levels were decreased in 
part by melatonin administration. The IFN-γ level did 
not change substantially in the vehicle and melatonin 
groups’ brains (figure 5A). After a stroke, it is known that 
HMGB1-induced NLRP3 activities play a significant role 
in brain damage. Using western blotting, we thus investi-
gated whether melatonin influenced NLRP3 activities in 
the ischaemic brains of type 1 diabetic mice after stroke. 

In mice with T1DM, stroke reduced p-ERK expression 
while increasing NLRP3, HMGB1 and Cleaved Caspase-1 
expression (figure 5B). After stroke, therapy with mela-
tonin dramatically reduced the expression of NLRP3, 
HMGB1 and Cleaved Caspase-1 in the brains of mice with 
T1DM.

Melatonin modulates gene expression and immune cell 
proportions in peripheral blood of diabetic mice poststroke
After studying melatonin effects in the ischaemic brain, 
we examined its impact on the blood. First, we conducted 
RNA sequencing on PBMCs from diabetic mice 24 hours 
after ischaemic stroke. Differential expression analysis 
between the melatonin and vehicle groups revealed 939 
DEGs (|FC|>1.2, p<0.05), including 252 upregulated 
and 687 downregulated genes (figure 6A,B). The top 20 
upregulated and downregulated DEGs are shown in the 
heatmap (figure  6C). KEGG pathway analysis indicated 
that melatonin treatment predominantly downregu-
lated genes in metabolic pathways. In contrast, upregu-
lated DEGs were associated with the Jak-STAT signalling 

Figure 3  Effects of melatonin on immune cell infiltration in the brains of mice with T1DM after stroke. (A–D) Representative 
flow cytometry gating images and statistical data of CD4+T cells, CD8+T cells, monocytes and neutrophils in the ischaemic 
brain after melatonin administration. n=5 per group. **p<0.01, ***p<0.001 compared with Sham; ##p<0.01, ###p<0.001 
compared with vehicle. T1DM, type 1 diabetes mellitus.
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pathway. GO enrichment analysis revealed downregu-
lated DEGs were enriched in cytosol, while upregulated 
DEGs were related to macromolecule modification 
(figure 6D,E).

Melatonin treatment in PBMCs led to the differen-
tial expression of 38 inflammation-associated genes 
(figure 6F). The PPI network analysis showed these genes 

were closely linked to Il6, Il1b, Ifng and Il4 (figure 6G). 
The violin plot (figure 6H) illustrates changes in expres-
sion levels of these genes.

Using flow cytometry, we analysed peripheral immune 
cell proportions in the blood of type 1 diabetic mice 
poststroke. Percentages of CD4+T cells, CD8+T cells, 
monocytes and neutrophils decreased after stroke. 

Figure 4  Bioinformatics analysis revealed that melatonin inhibits inflammation in the brain tissue of mice with T1DM after 
stroke. (A) Venn diagram showing the intersection of differentially expressed genes (DEGs) in melatonin-treated brains 
versus vehicle-treated brains and genes associated with inflammation. (B) PPI network illustrating relationships between 
62 inflammation-related DEGs and key inflammation genes (Il6, Il1b, Ifng and Il4). Colour intensity represents the protein’s 
importance in the network. (C) Box plot demonstrating expression levels of the 62 inflammation-related DEGs with melatonin 
treatment. (D) Venn diagram showing the intersection between DEGs induced by melatonin treatment and genes related to the 
inflammasome. (E) GO and KEGG enrichment analyses of 11 inflammasome-related genes, predominantly enriched in pathways 
associated with the NLRP3 inflammasome. (F) Box plot showing expression levels of the 11 inflammasome-related DEGs 
with melatonin treatment, highlighting statistical significance with *p<0.05, **p<0.01. GO, Gene Ontology; PPI, protein–protein 
interaction; T1DM, type 1 diabetes mellitus.
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Melatonin significantly increased the percentages of 
CD8+T cells, monocytes and neutrophils in peripheral 
blood (figure 7A).

To validate the effects of melatonin on peripheral 
inflammation, we measured inflammatory markers in 
the peripheral blood. IL-6 and IFN-γ protein levels were 
elevated poststroke, but melatonin therapy significantly 
decreased these levels. IL-1β and IL-4 levels were not 
substantially altered by MCAO or melatonin administra-
tion (figure 7B).

DISCUSSION
Despite previous studies that have investigated mela-
tonin’s protective effects against brain injury after stroke, 
few have examined its protective mechanisms impli-
cated in both the brain and peripheral blood in diabetic 
animals. Therefore, our study is innovative in its compre-
hensive investigation of melatonin’s effects on both the 
brain and the PBMCs from a systemic perspective. Our 
study demonstrates that melatonin treatment poststroke 
significantly reduces infarct sizes and improves neurolog-
ical function in diabetic mice by modulating both central 
and peripheral inflammatory responses. In the brain, 
melatonin downregulated inflammatory factors, reduced 
the infiltration of CD8+T cells and neutrophils, and 
decreased levels of IL-6, IL-1β and IL-4. RNA sequencing 

and bioinformatics analyses identified key DEGs related 
to inflammation and inflammasomes. In the PBMC, mela-
tonin treatment resulted in significant changes in gene 
expression, including downregulating genes involved in 
metabolic pathways and upregulating in the Jak-STAT 
signalling pathway. Flow cytometry revealed increased 
percentages of CD8+T cells, monocytes and neutrophils, 
and multiplex cytokine assay confirmed reduced IL-6 and 
IFN-γ levels. These findings highlight the potential inter-
action between brain and peripheral immune responses, 
suggesting that melatonin’s dual modulation of inflamma-
tion supports its neuroprotective effects, thereby making 
it a promising therapeutic agent for managing stroke in 
diabetic conditions.

The interaction between the brain and the peripheral 
immune system plays a crucial role in the pathophysiology 
of stroke and recovery. After a stroke, inflammatory signals 
from the brain can trigger systemic immune responses, 
leading to changes in peripheral immune cell dynamics 
and cytokine levels.29 30 These peripheral changes can, 
in turn, influence the brain’s inflammatory environment 
and impact recovery outcomes.31 Melatonin’s ability to 
modulate central and peripheral inflammation highlights 
its protective effects. By reducing inflammatory cytokines 
and immune cell infiltration in the brain, melatonin 
helps mitigate direct neuronal damage and supports 

Figure 5  Melatonin therapy reduces inflammatory responses in the ischaemic brains of mice with T1DM. (A) Protein levels 
of inflammatory factors (IL-6, IL-1β, IFN-γ, IL-4) in the ischaemic brain following melatonin administration, measured using a 
multiplex cytokine assay. n=5 per group. **p<0.01, ***p<0.001 compared with Sham; ##p<0.01, ###p<0.001 compared with 
vehicle. (B) Representative images and statistical data of protein levels of NLRP3, p-ERK, HMGB1 and cleaved caspase-1 in the 
ischaemic brain. n=4–6 per group. *p<0.05, ***p<0.001 compared with Sham; #p<0.05, ##p<0.01, ###p<0.001 compared with 
vehicle. T1DM, type 1 diabetes mellitus.
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neuroprotection.32 Concurrently, melatonin’s impact on 
peripheral blood33 shows its role in regulating systemic 
inflammation, which can help reduce the overall inflam-
matory burden and promote a more favourable envi-
ronment for brain recovery. These findings suggest that 
melatonin’s dual action on both the brain and periph-
eral immune responses is crucial for its neuroprotective 
effects in diabetic mice poststroke. The modulation of 
gene expression and immune cell dynamics by mela-
tonin underscores its potential as a therapeutic agent in 

managing stroke-induced inflammation and improving 
functional recovery.

Our current study suggests that in diabetic mice 
poststroke, melatonin therapy significantly reduced 
the elevated expression of HMGB1 in the brain. 
HMGB1 is a highly conserved, DNA-binding nuclear 
protein that may be produced by microglia or 
passively released by damaged neurons.34 35 Increasing 
evidence suggests that HMGB1 may trigger NLRP3 
activities following stroke.36–38 It has been discovered 

Figure 6  Melatonin administration downregulated inflammation-related genes in the PBMCs of mice with T1DM poststroke, 
demonstrating by RNA sequencing analysis. (A) A volcano plot illustrates the differentially expressed genes (DEGs) in PBMCs 
following melatonin treatment, compared with the vehicle group (|FC|>1.2, p<0.05). (B) A bar chart depicts the upregulated 
and downregulated DEGs induced by melatonin compared with the vehicle. (C) The heat map illustrates the top 20 genes that 
are upregulated and downregulated. (D) The KEGG and GO enrichment analysis of downregulated DEGs indicate pathways 
significant related to melatonin action. (E) Enrichment analysis elucidates the key pathways through which melatonin exerts its 
protective effects in PBMCs. (F) A Venn diagram shows the overlap between DEGs in PBMCs treated with melatonin versus 
vehicle and genes linked to inflammation. (G) The protein–protein interactions (PPI) network displays the connections among 38 
DEGs related to inflammation and key inflammation genes (Il6, Il1b, Ifng and Il4). (H) A box plot exhibits the expression levels of 
the 38 inflammation-related DEGs following melatonin treatment. GO, Gene Ontology; KEGG, Kyoto Encyclopaedia of Genes 
and Genomes; PBMCs, peripheral blood mononuclear cells; T1DM, type 1 diabetes mellitus.
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that melatonin reduces poststroke neuroinflamma-
tion by decreasing HMGB1 and its subsequent signal-
ling axis.39 According to another piece of research, 
melatonin’s regulation of 7nAchR alleviates isch-
aemia and reperfusion in part via blocking HMGB1-
mediated microglia activation.40 Increased HMGB1 
levels have been known to be initially associated with 

higher NLRP3 inflammasome activity and elevated 
Cleaved Caspase-1.41 Thus, we assume that melatonin’s 
reduction of HMGB1 led to decreased NLRP3 inflam-
masome activity and suppression of its downstream 
signaling pathway. These results suggest that mela-
tonin’s neuroprotective effects may partly be due to 
its ability to lower HMGB1 levels, thereby mitigating 

Figure 7  Melatonin treatment alleviates immunosuppression and reduces inflammatory response in peripheral blood of mice 
with T1DM after stroke. (A) Flow cytometry gating images and statistical data of CD4+T cells, CD8+T cells, monocytes and 
neutrophils. (B) Levels of inflammatory factor proteins. *p<0.05; **p<0.01,***p<0.001 compared with Sham; #p<0.05; ##p<0.01 
compared with vehicle; n=5 per group. T1DM, type 1 diabetes mellitus.
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inflammation and brain injury following ischaemic 
stroke in diabetic conditions.

Our findings reveal that melatonin selectively inhibits 
the infiltration of neutrophils and T lymphocytes into 
the ischaemic brain without affecting monocyte migra-
tion. This differential effect likely arises from mela-
tonin’s modulation of IL-6 and IL-1β, which are crucial 
for the recruitment of neutrophils and T cells but may 
not significantly impact monocyte chemotaxis. Instead, 
monocyte recruitment may be more closely associated 
with CCL2 (MCP-1), a chemokine not strongly targeted 
by melatonin.42 Additionally, while IL-6 and IL-1β are 
known to drive monocyte transformation into proinflam-
matory macrophages,43 melatonin’s reduction of these 
cytokines may limit this transformation, promoting a 
more reparative phenotype. This selective modulation 
allows melatonin to inhibit potentially damaging immune 
cell infiltration while preserving monocyte activity that 
may aid in tissue repair. These findings suggest that mela-
tonin’s anti-inflammatory effects are not merely suppres-
sive but may strategically support recovery by fostering a 
balanced immune response. Further investigation into 
the specific signalling pathways involved could enhance 
our understanding of melatonin’s therapeutic potential 
in stroke, particularly in diabetic conditions.

Studying the protective effects of melatonin in diabetic 
stroke models is crucial due to the unique pathophysio-
logical challenges of stroke patients, involving several key 
issues such as blood–brain barrier permeability, microg-
lial function and comparisons with non-diabetic models. 
Melatonin’s ability to cross the blood–brain barrier, 
as documented,44 45 is essential for its neuroprotective 
effects. Microglia, the first responders to inflammation 
poststroke, play a critical role in the brain’s immune 
response. Melatonin has been shown to modulate microg-
lial polarisation towards an anti-inflammatory phenotype, 
reducing their neurotoxic effects on hypoxic neurons.46 47 
While our current study did not investigate melatonin’s 
specific impact on microglia in diabetic mice poststroke, 
future research will address this. Additionally, mela-
tonin’s efficacy in non-diabetic stroke models has been 
demonstrated,16 47 highlighting its broad neuroprotective 
potential. Comparative studies between diabetic and non-
diabetic stroke models are necessary to determine any 
differential efficacy of melatonin, as diabetes exacerbates 
oxidative stress and inflammation. These studies will help 
ascertain whether melatonin offers specific advantages in 
diabetic stroke. Further investigations are warranted to 
fully understand melatonin’s protective mechanisms in 
diabetic and non-diabetic stroke contexts.

This study has several limitations. First, bulk RNAseq 
analysis of PBMCs has some limitations. PBMCs include 
lymphocytes, monocytes and dendritic cells but exclude 
neutrophils, which are significant in ischaemia/reper-
fusion injury. We combined bulk RNAseq with other 
complementary techniques such as flow cytometry and 
multiplex cytokine assay to address these limitations. 
Flow cytometry allowed us to precisely assess different 

cell populations, including neutrophils, while multiplex 
cytokine assay provided detailed measurements of cyto-
kine levels. This multifaceted approach gave us a compre-
hensive understanding of melatonin’s anti-inflammatory 
effects across various cell types and cytokines. We did 
not use specific cell transfer or depletion techniques to 
investigate the roles of different cell populations in mela-
tonin’s neuroprotection. Additionally, the absence of 
HMGB1 or NLRP3 inhibitors to test their roles in mela-
tonin’s effects were not conclusively confirmed. Further-
more, the study focused on short-term effects and did not 
evaluate the long-term impact of melatonin treatment on 
stroke recovery. While several genes and pathways were 
identified, not all possible mechanistic pathways were 
thoroughly explored. Lastly, the study’s findings in mice 
with T1DM may not be directly applicable to humans or 
other types of diabetes, limiting the generalisability of the 
results.

In future studies, we plan to use specific cell transfer or 
depletion techniques to investigate the roles of different 
cell populations in melatonin’s neuroprotection. Addi-
tionally, we will employ HMGB1 or NLRP3 inhibitors to 
confirm their roles in the anti-inflammatory effects of 
melatonin. This approach will help to understand better 
the mechanisms by which melatonin exerts its protective 
effects in diabetic stroke models and potentially translate 
these findings into clinical practice.

CONCLUSION
Melatonin treatment poststroke significantly reduces 
infarct sizes and improves neurological function in 
diabetic mice. It modulates inflammatory responses in 
both the brain and peripheral blood, reduces immune 
cell infiltration and inhibits NLRP3 inflammasome 
activity. These findings suggest melatonin’s potential as a 
therapeutic agent for managing stroke in diabetic condi-
tions. Further research is needed to explore its long-term 
effects and broader applicability.
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