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Background: This study sought to investigate a novel effect of melatonin in reducing brain

injury in an in vivo hyperglycemic intracerebral hemorrhage (ICH) model and further

explore the mechanisms of protection.

Methods: Hyperglycemia ICH was induced in Sprague-Dawley rats by streptozocin injec-

tion followed by autologous blood injection into the striatum. A combined approach includ-

ing RNA-specific depletion, electron microscopy, magnetic resonance, Western blots, and

immunohistological staining was applied to quantify the brain injuries after ICH.

Results: Hyperglycemia resulted in enlarged hematoma volume, deteriorated brain edema, and

aggravated neuronal mitochondria damage 3 days after ICH. Post-treatment with melatonin

2 hours after ICH dose-dependently improved neurological behavioral performance lasting out to

14 days after ICH. This improved neurological function was associated with enhanced structural

and functional integrity of mitochondria. Mechanistic studies revealed that melatonin alleviated

mitochondria damage in neurons via activating the PPARδ/PGC-1α pathway. Promisingly,

melatonin treatment delayed until 6 hours after ICH still reduced brain edema and improved

neurological functions. Melatonin supplementation reduces neuronal damage after hyperglyce-

mic ICH by alleviating mitochondria damage in a PPARδ/PGC-1α-dependent manner.

Conclusion: Melatonin may represent a therapeutic strategy with a wide therapeutic

window to reduce brain damage and improve long-term recovery after ICH.
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Introduction
It is reported that more than 50% of stroke patients suffer from hyperglycemia.1

Hyperglycemia has been shown to be an independent determinant of hematoma

expansion and contribute to worse functional outcomes after intracerebral hemor-

rhage (ICH).2 We previously reported that hyperglycemia exacerbated ICH-induced

mitochondrial dysfunction, and accelerated perihematomal cell death in rodents.3

Further elucidating the mechanisms underlying hyperglycemia-aggravated mito-

chondrial dysfunction and brain injury might provide potential therapeutic targets

to improve long-term outcomes after ICH.

Melatonin, which is mainly synthesized in the pineal gland, can penetrate

subcellular compartments due to its amphipathic characteristic.4 Melatonin is

a potent pharmacological antioxidant that alleviates mitochondrial dysfunction.5

In addition, melatonin can regulate glucose homeostasis.6 However, the effect of

melatonin on ICH-induced brain injury in a context of hyperglycemia has not been

evaluated. Peroxisome proliferator activated receptors (PPARs) are ligand-activated

transcription factors that control glucose metabolism and energy production.7 Of
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the three PPAR family members, PPARδ is highly

expressed in brain.8 Previous studies have indicated that

PPARδ involved in regulating skeletal muscle mitochon-

drial biogenesis.9 PPARδ is at least two-fold more highly

expressed in brain than in muscle,10 but studies regarding

the function of PPARδ in brain are particularly rare.

Peroxisome proliferator-activated receptor-gamma coacti-

vator-1 alpha (PGC-1α) is a co-activator of nuclear recep-

tors and other transcription factors including PPARδ.11

Previous studies reported that PPARδ/PGC-1α pathway

promoted the expression of genes that drive high-level

energy production to ameliorate mitochondrial dysfunction

and improve cell survival of neurons in Huntington’s

disease.12 Interestingly, melatonin was reported to prevent

mitochondrial damage via activating PPARδ pathway in

mouse fibroblasts.13

The present study investigates the effect of melatonin

post-treatment on neuronal mitochondria damage in

a model of ICH with acute hyperglycemia. Furthermore,

we elucidated a molecular mechanism involving PPARδ/
PGC-1α activation for melatonin-afforded neuroprotection

after hyperglycemic ICH.

Materials and Methods
Animal Studies
All surgical and experimental procedures were followed the

Guide for the Care and Use of Laboratory Animals of the

National Institutes of Health and Animal Research:

Reporting of In vivo Experiments (ARRIVE) guidelines.

This study was approved by the Animal Care Committee of

Zhejiang University. Adult male Sprague-Dawley (SD) rats

weighing 300–320g were housed on 12-h light/dark cycles

under temperature- and humidity-controlled conditions.

Hyperglycemic ICH Model
Streptozotocin (STZ), as a highly selective pancreatic islet

β-cells cytotoxic agent, is used to induce diabetes by causing
complete β-cell necrosis. The hyperglycemic ICHmodel was

established as follows. Briefly, adult male SD rats were

housed in a comfortable environment with free access to

food and water before experiments. The bodyweight of rats

was recorded every day. At least 6–8 hours prior to STZ

injection, all food and water will be removed. Immediately

prior to injection, the STZ (Sigma-S0130, Sigma-Aldrich

Trading Co., Ltd., St Louis, MO, USA) was dissolved in

50 mM sodium citrate buffer (pH 4.5) to a final concentration

of 10 mg/mL. The rats received the STZ solution by

intraperitoneal injection at 65 mg/kg for 3 days. During

these 3 days, normal food and 10% sucrose water were

accessed freely. Form the fourth day, the 10% sucrose

water was switched to regular water. We used OneTouch

Select Test Strips (Johnson & Johnson) to measure tail

venous blood glucose every morning after overnight fasting.

And blood glucose >250mg/dl was defined as hyperglycemia

according to previous studies.14 These hyperglycemic rats

were then employed to induce ICH models. The autologous

blood injection model of ICH was established as previously

reported with some modifications.15 In brief, rats were

anesthetized with pentobarbital sodium and placed in

a stereotaxic frame for aseptic surgery. A small burr hole

(0.5mm) was drilled into the skull 3.0 mm right of and

0.2 mm posterior to bregma. Autologous blood was taken

from the right femoral artery without anticoagulants. Within

2 minutes, 0.2mL autologous blood was infused into the

striatum (6.0 mm deep below the surface of the skull) using

a 26-G needle. The needle was slowly removed after an

additional 10 mins delay to prevent backflow. The hole was

sealed with bone wax. Body temperature was maintained

during surgery with a heating blanket.

Drug and Small Interfering RNA (siRNA)

Administration
Melatonin (N-acetyl-5-methoxytryptamine) was purchased

from Sigma-Aldrich (St Louis, MO, USA) and dissolved in

1 mL saline containing 1% ethanol. Endogenous melatonin

is secreted at night with a robust circadian rhythm and

maximum plasma levels that occur around 3 to 4 am.

Between 8am to 8pm, plasma melatonin is at a very low

level.16 Exogenous melatonin was administrated in the day-

time. Melatonin (5, 10, and 15 mg/kg) was injected intra-

peritoneally at 2, 24, and 48 h after ICH induction. Vehicle

(saline containing 1% ethanol) was administered as control.

The PPARδ siRNA, PGC1α siRNA, or scramble siRNA

(Thermo Fisher Scientific) mixed with the transfection

reagent (Engreen Biosystem Co., Ltd.; 500 pmol/10 μL)
was injected into the right lateral ventricle at a rate of

2 μL/min 24 h before ICH.

Neurobehavioral Tests
Several neurobehavioral tests have been performed to

detect the effect of melatonin on long-term recovery after

ICH as previously described.17 Sensorimotor deficits were

assessed by the corner test, foot fault, and adhesive

removal tests. These neurobehavioral tests were carried
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out 1 d before and 1–14 d after ICH as described

previously.18 In brief, the corner test was expressed as

a relative proportion of right turn, and calculated as:

right/(right+left)×100%. The foot fault test focused on

each weight-bearing step, and calculated as: the number

of fault foot/the total number of steps×100%. The adhesive

removal test was expressed as the time to remove each

adhesive tape (1×1mm2), with a maximum of 120s. All

rats were trained daily for 3 days before ICH induction.

Hematoma Volume and Brain Edema

Measurements
Hematoma volume and brain edema were measured by mag-

netic resonance imaging (MRI) as previously described.19 T2
weighted MRI was performed at 2h, 6h, 24h, day 3, day 5,

and day 7 after ICH operation in a 3.0-Tesla GE Discovery

MR750 scanner (General Electric Company, USA). Rats had

T2 fast spin-echo sequences using a field of view of

60×60 mm, matrix of 256×256 mm and 18 coronal slices

(1-mm-thick). AllMRI data were analyzed by a blinded obser-

ver using Image J software (RasbandWS, ImageJ, NIH, http://

rsb.info.nih.gov/ij). Hematoma volumewas estimated bymea-

suring the lesions with high sign in T2 mapping. Brain edema

was estimated by measuring the volumes of the affected

(VLES) and contralateral (VC) hemispheres and using the for-

mula: brain edema (%) = 100 × (VLES - VC)/VC.

Mitochondrial Function Measurements
Intracellular adenosine triphosphate (ATP) level was mea-

sured by an ATP bioluminescent assay kit from Sigma

(St. Louis) according to the manufacturer’s instruction.

Mitochondrial DNA (mtDNA) was measured by a TIA-

Namp Genomic DNA kit in accordance with the manufac-

turer’s instructions. Amount of mtDNA was determined

using real-time PCR.

Mitochondrial Morphology

Measurements
Electron microscopy was used to measure the number and

morphology of mitochondria in neurons. Briefly, rats were

sacrificed at 72h after ICH. Perihematomal brain tissues

(1mm3) obtaining from right hemisphere were processed

with glutaraldehyde (2.5%) at 4°C overnight. After several

chemical processing steps as described previously,3 the

samples were sliced into 100 nm sections and then stained

with 4% uranyl acetate and 0.5% lead citrate. The

transmission electron microscopy (Philips Tecnai 10) was

used to scan the ultrastructure of neurons.

Western Blotting
Perihematomal tissues were obtained for Western blotting

detection at 72h following ICH induction. Western blotting

was performed as previously described.20 The primary

antibodies that were used contained peroxisome prolifera-

tor-activated receptor delta (PPARδ: Abcam, ab137724),

peroxisome proliferator-activated receptor-gamma coacti-

vator-1 alpha (PGC1α: Abcam, ab191838), mitochondrial

transcription factor A (TFAM: Abcam, ab131607), nuclear

respiratory factor 1 (NRF-1: Abcam, ab175932), cleaved

Caspase 3 (Abcam, ab2302), and β-actin (Santa Cruz SC-

47,778). Proteins were stained with species-specific HRP-

linked antibodies (1:2000; Cell Signaling) and scanned by

gel densitometry scanning.

Immunofluorescence Staining
The immunofluorescence staining was performed as pre-

viously described.21 In brief, the whole brain was obtained at

72h after ICH. After perfusing with PBS and 4% paraformal-

dehyde, the whole brain was immersed with 30% sucrose

solution for dehydration. The fixed brains were cut coronally

through the needle entry site, as well as 2 mm anterior and

2 mm posterior to bregma. Frozen slices (slice thickness:

8 μm) were obtained from a cryostat microtome (Leica

CM3050S-3-1-1, Bannockburn, IL). The sections were incu-

bated overnight at 4°C with primary antibodies, including

NeuN (Abcam, ab177487 or ab104224), cleaved Caspase 3

(Abcam, ab2302), PPARδ (Abcam, ab137724), and PGC1α
(Abcam, ab191838) followed by the appropriate fluorescence-

conjugated secondary antibodies (Jackson ImmunoResearch,

West Grove, PA). TUNEL staining was performed according

to the manufacturer’s instruction (Roche Inc, Basel,

Switzerland) as described in previous studies.22 The sections

were visualized with a fluorescence microscope (LSM-710;

Zeiss, Oberkochen, Germany). Expressions of the target pro-

teins and apoptotic cells were quantified at the coronal level of

the maximum hematoma diameter in three fields (each area

400×400 μm) immediately adjacent to the hematoma site.

The percent of TUNEL-positive or cleaved Caspase-positive

neurons was calculated in a blinded manner.

Statistical Analysis
All data were shown as the median with range. A Mann–

Whitney U-test was used. Repeated measurement ANOVA

with multivariate ANOVA followed by a Bonferroni test
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were performed for behavior tests. The analyses were

performed using SPSS version 22.0 (SPSS Inc.).

Statistical significance was defined as P < 0.05.

Results
Hyperglycemia Aggravated Brain Injury

After ICH
T2 weight imaging was performed to detect the changing

process of hematoma volume and brain edema from 2 hours

to 7 days after ICH operation (Figure 1A). Hematoma volume

showed no significant difference between hyperglycemic and

normoglycemic ICH groups at baseline (P = 0.93; Figure 1B).

Hyperglycemia delayed the shrinking process of hematoma

volume from 3 days after ICH (P = 0.026; Figure 1B). In

addition, hyperglycemia also raised the peak of brain edema at

3 days after ICH (P = 0.026; Figure 1C). In order to explore

the brain injury in cellular level, we performed TUNEL stain-

ing at 3 days after ICH showing that both TUNEL-positive

neurons and microglia were observed in perihematomal tis-

sues in hyperglycemic rats (neurons: 24.02 ± 2.608%; micro-

glia: 15.44 ± 1.588%; astrocyte: 3.903 ± 0.9600%; Figure 1D

and E). Hyperglycemia increased the percentage of TUNEL

positive and cleaved Caspase 3 positive neurons at 3 days after

ICH (TUNEL: P = 0.026; cleaved Caspase 3: P = 0.041;

Figure 1F and G). Subsequently, we examined the mitochon-

drial functions, including detecting mtDNA and ATP levels in

perihematomal neurons at 3 days after ICH. The rats in nor-

moglycemic ICH groups showed a significant decrease in

neuronal ATP level compared with sham groups.

Hyperglycemia exacerbated ICH-induced mitochondrial dys-

functions (mtDNA: P = 0.015; ATP: P = 0.015; Figure 1H

and I). All these above data indicated that hyperglycemia

aggravated brain injury after ICH.

Higher Dose of Melatonin Obtained

Better Neurological Functional Recovery
A large number of neuroprotectants have been developed to

suppress apoptosis,23,24 while few studies focused on neuro-

protection of hyperglycemic ICH-induced apoptosis. Our pre-

vious study reported that both low and high doses of melatonin

(5 mg/kg and 10 mg/kg) showing significant improvements in

neurological function in subarachnoid hemorrhage rats.21

However, only high dose of melatonin (10 mg/kg) alleviated

brain edema.21 Hence, in the present study, we examined the

effect of different doses of melatonin on neurological function

including 5, 10, and 15 mg/kg. Medium and high doses of

melatonin showed significant improvements in corner test

from 3 days after ICH (difference among groups: P < 0.001;

low dosage vs vehicle: P = 0.18; medium dosage vs vehicle:

P = 0.002; high dosage vs vehicle: P = 0.01; Figure 2A).

Similar results were observed in the fault foot (difference

among groups: P < 0.001; low dosage vs vehicle: P = 0.058;

medium dosage vs vehicle: P < 0.001; high dosage vs vehicle:

P < 0.001; Figure 2B) and adhesive tests (difference among

groups: P < 0.001; low dosage vs vehicle: P = 0.12; medium

dosage vs vehicle:P = 0.01; high dosage vs vehicle:P = 0.006;

Figure 2C). Higher doses of melatonin showed better func-

tional recovery, but there are no significant differences among

these treated groups. Furthermore, we detected the percentage

of TUNEL-positive cells at 3 days after ICH which showed

significant decrease of apoptotic neurons in medium and high

dose of melatonin-treated groups, but not in the low dose

of melatonin-treated groups (difference among groups:

P < 0.001; low dosage vs vehicle: P = 0.093; medium dosage

vs vehicle: P = 0.009; high dosage vs vehicle: P = 0.009;

Figure 2D and E). Therefore, higher dose of melatonin

(10 and 15 mg/kg) obtained better functional recovery after

ICH compared with low dose of melatonin group (5 mg/kg).

Higher dose of melatonin may cause some side effects, includ-

ing headache, dizziness, and so on.25 Hence, the medium dose

of melatonin (10 mg/kg) may be the best choice.

Optimal Dose of Melatonin Alleviated

Mitochondria Damage After

Hyperglycemic ICH
We detected mitochondrial structure and function to evaluate

the effect of melatonin on rescuing damaged mitochondria

(Figure 3A). The optimal dose of melatonin (10 mg/kg) alle-

viated hyperglycemic ICH-induced mitochondria injury by

preventing mitochondria loss (P = 0.026; Figure 3B) and

reducing swollen mitochondria (P = 0.026; Figure 3C) at

3 days after ICH. Similar results were observed in rescuing

mitochondrial dysfunction including ATP (P = 0.046;

Figure 3D) and mtDNA levels (P = 0.045; Figure 3E) at

3 days after ICH.

Melatonin Activated the PPARδ/PGC-1α
Pathway to Protect Neurons After ICH
To explore the potential mechanism of melatonin in protecting

neuronal mitochondria after hyperglycemic ICH, we per-

formed Western blotting (Figure 4A-D), immunofluorescence

(Figure 4E), and siRNA techniques (Figure 5A-F).

Hyperglycemic ICH rats showed a 14.3% decrease in the

expression of PPARδ (P=0.039, Figure 4A), a 16.7%decrease
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in the expression of PGC-1α (P = 0.002, Figure 4B), a 26.4%

decrease in the expression of NRF-1 (P = 0.004, Figure 4C),

and a 27.9% decrease in the expression of TFAM (P = 0.009,

Figure 4D). Melatonin treatment diminished the reduction of

these proteins induced by ICH, including PPARδ (P = 0.002,

Figure 4A), PGC-1α (P = 0.002, Figure 4B), NRF-1

(P = 0.002, Figure 4C), and TFAM (P = 0.002, Figure 4D).

In addition, immunofluorescence staining indicated that

PPARδ and PGC-1α were mainly expressed in neurons

(Figure 4E). We used PPARδ siRNA and PGC-1α siRNA to

examine whether this pathway involved in the neuroprotection

of melatonin. Both PPARδ siRNA and PGC-1α siRNA could

Figure 1 Hyperglycemia aggravated brain injury after ICH. (A) T2 weighted imaging was performed to detect the changing process of hematoma volume and brain edema from

2 hours to 7 days after ICH operation. (B) Hyperglycemia delayed the shrinking process of hematoma volume. (C) Hyperglycemia raised the peak of brain edema. (D) TUNEL

staining was performed to explore the brain injury in cellular level. (E) Apoptosis of neuron and microglia were observed in perihematomal tissues after ICH. Hyperglycemia

increased the percentage of (F) TUNEL positive and (G) cleaved Caspase 3 positive neurons. Hyperglycemia exacerbated this ICH-induced mitochondrial dysfunction, including

(H) mtDNA and (I) ATP levels. Error bars represented mean ± standard deviation (SD). N = 6 per group. *P < 0.05 versus ICH group; ##P < 0.01 versus SHAM+DM group.

Repeated measurement ANOVA with multivariate ANOVA followed by a Bonferroni test were performed for (B and C). Mann–Whitney U-tests were used for (F–I).
Abbreviations: ICH, intracerebral hemorrhage; DM, diabetes mellitus; mtDNA, mitochondrial deoxyribonucleic acid; ATP, adenosine triphosphate.
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reverse the effect ofmelatonin onNRF-1, TFAM, and cleaved-

Caspase 3 (P < 0.05; Figure 5A-F). These results revealed that

melatonin alleviates neuronalmitochondria damage by activat-

ing the PPARδ/PGC-1α pathway after ICH.

Delayed Melatonin Administration

Showed Similar Effects on Improving

Neurological Functional Recovery
In order to detect the potential application value of mela-

tonin in treating ICH patients. We examined whether

delayed melatonin administration (6 hours after ICH) still

have neuroprotection. We observed that delayed melatonin

administration alleviated brain edema at 3 days after

hyperglycemic ICH (melatonin 6h vs melatonin 2h vs

vehicle: P < 0.05, Figure 6A and B). In addition, delayed

melatonin administration showed similar improvements of

neurological behaviors including corner test (P < 0.05,

Figure 6C) and fault foot (P < 0.05, Figure 6D).

Discussion
Melatonin alleviated brain injury and improved neurologi-

cal functional recovery by protecting neuronal mitochon-

dria after hyperglycemic ICH. Hyperglycemia not only

delayed the shrinking process of hematoma volume but

Figure 2 To explore the optimal dosage of melatonin in the therapy of hyperglycemic ICH. Behavior tests were performed to detect the effects of different doses of

melatonin on brain recovery after hyperglycemic ICH, including (A) corner tests, (B) fault foot, and (C) adhesive removal tests. (D) TUNEL staining was performed to

explore the anti-apoptotic effects of melatonin. (E) Significant decreases of apoptotic neurons were observed in 10 mg/kg and 15 mg/kg of melatonin treated groups, but not

in the 5 mg/kg of melatonin treated groups. N = 6 per group. *P < 0.05 versus ICH+DM group. Repeated measurement ANOVA with multivariate ANOVA followed by

a Bonferroni test were performed for (A–C). Mann–Whitney U-tests were used for (D).

Abbreviations: ICH, intracerebral hemorrhage; DM, diabetes mellitus.
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also raised the peak of brain edema after ICH. Melatonin

showed its neuroprotective effects on alleviating hypergly-

cemia-induced brain injury after ICH. This inspiring prop-

erty was associated with maintaining the homeostasis of

neuronal mitochondria via activating the PPARδ/PGC-1α

pathway. Moreover, the present study revealed that

delayed melatonin administration still showed positive

effects on improving neurological functional recovery

after ICH. All these data indicated that melatonin may be

a promising agent to treat those patients with hyperglyce-

mic ICH.

Cerebral microdialysis monitoring studies have reported

that perihematomal tissue has long-lasting signs of disturbed

metabolism.26 A metabolic penumbra theory has been

Figure 3 Optimal dose of melatonin alleviated mitochondria damage after hyperglycemic ICH. (A) Electron microscope was performed to mitochondrial structure and

function. The optimal dose of melatonin (10 mg/kg) alleviated hyperglycemic ICH-induced mitochondria injury by preventing (B) mitochondria loss and reducing (C) swollen

mitochondria. Similar results were observed in rescuing mitochondrial dysfunction including (D) ATP and (E) mtDNA levels. N = 6 per group. *P < 0.05 and **P < 0.01

versus SHAM+DM group; #P < 0.05 versus ICH+DM group. Mann–Whitney U-tests were used for (B-E).
Abbreviations: ICH, intracerebral hemorrhage; DM, diabetes mellitus.
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proposed that there is a metabolic rather than ischemic penum-

bra in ICH.27 Glucose metabolism dysfunction has been

reported in perihematomal tissues after ICH.28 Under normal

physiologic conditions, the glucose content in the cerebrosp-

inal fluid fluctuates between 0.82 and 2.4 mmol/L. When the

glucose content reached 10 mmol/L, neuronal mitochondrial

dysfunctions were observed in primary cortical neurons,

including mitochondrial depolarization, compromised

electron transport chain complexes, and intracellular ATP

deprivation.29 If the glucose content kept going up to 30

mmol/L, those extremely disordered mitochondria would

alter neuron morphology and promote neuron apoptosis.29

Our present study revealed that hyperglycemia exacerbated

the ICH-induced mitochondrial dysfunctions including dimin-

ished ATP and mtDNA levels, leading to a mass of neuronal

apoptosis. These findings were consistent with previous stu-

dies which also reported more neuronal apoptosis in hypergly-

cemic ICH rats than those in normoglycemic ICH rats.30

Figure 4 Melatonin activated the PPARδ/PGC-1α pathway. Western blotting was performed to detect the expression of (A) PPARδ, (B) PGC-1α, (C) NRF-1, and (D)

TFAM. Immunofluorescence staining indicated that (E) PPARδ and (F) PGC-1α were mainly expressed in neurons. N = 6 per group. *P < 0.05 versus SHAM+DM group;
#P < 0.05 versus ICH+DM group. Mann–Whitney U-tests were used for (A–D).

Abbreviations: ICH, intracerebral hemorrhage; DM, diabetes mellitus.
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Melatonin acts as a regulator ofmitochondrial bioenergetic

function.31 Because of its amphipathic nature, melatonin can

cross physiological barriers and penetrate into subcellular

compartments. We observed that 10 and 15 mg/kg but not

5mg/kg ofmelatonin could significantly improve neurological

behavioral performance lasting out to 14 days after ICH with

DM. Previous studies reported that 15,32 20,33 100, and

150 mg/kg34 of melatonin could suppress cell apoptosis after

ICH. In addition, 5 mg/kg of melatonin was also reported to

have effect on alleviating ICH-induced secondary brain injury

in rats.5 However, there is a study indicating that 5 mg/kg of

melatonin showed no effect on ameliorating basal ganglia

edema after ICH.32 Our data indicated that the ICH+DM

model has worse brain edema and neuron apoptosis compared

with the ICH model. Hence, 5 mg/kg of melatonin may not

enough to show its neuroprotection in this ICH+DM model.

Melatonin dosage varied from 0.1 mg to 50 mg/kg and was

administered orally in clinical studies.35Melatonin (10mg/kg)

was used in 40 newborns with grade III or IV respiratory

distress syndrome without major side effects.36 Both melato-

nin and its metabolites are powerful-free radical scavengers

which can maintain the mitochondrial homeostasis.37 Our

present study indicated that melatonin mitigated mitochondria

swelling and prevented mitochondria loss after hyperglycemic

ICH. This protective effect of melatonin on neuronal mito-

chondria leads to promote neuron survival and improve the

long-term neurological function recovery. Interestingly, the

present study revealed that melatonin activated PPARδ/PGC-
1α pathway to prevent mitochondria damage by hyperglyce-

mic ICH. PPARδ is a ligand-activated transcription factor that
performs essential functions in glucose metabolism, energy

production, and cellular differentiation.12 Because of its high

expression in brain tissues, PPARδwas considered as a crucial
target in therapy of central nervous system diseases. Previous

studies have showed that increased PPARδ transactivation

ameliorated mitochondrial dysfunction and improved neuron

survival.12,38 The present study revealed that melatonin upre-

gulated the expression of PPARδ, which was consistent with

previous studies reporting that melatonin upregulated PPARγ
to stimulate the biogenesis of mitochondria.13 In addition,

melatonin could also upregulate PGC-1α that was a co-

activator of PPARδ. PGC-1α controls a network of transcrip-

tional programs that culminate in mitochondrial biogenesis

and enhanced energy production.39 Our present study indi-

cated that both PPARδ and PGC-1α show important positions

in maintaining mitochondria homeostasis. Either PPARδ
siRNA or PGC-1α siRNA could reverse the effects of mela-

tonin on reducing neuron apoptosis after hyperglycemic ICH.

PPARδ could activate PGC-1α to promote the expression of

downstream proteins including TFAM andNRF-1.40 TFAM is

a mitochondrial DNA-binding protein that controls mitochon-

drial transcription.41 And NRF-1 is a nuclear DNA-binding

factor that also regulates mitochondrial transcription.41 These

two proteins could maintain mitochondria homeostasis to

Figure 5 To confirm whether melatonin alleviates neuronal mitochondria damage by activating the PPARδ/PGC-1α pathway. (A–C) We used PPARδ siRNA to block this

pathway and detect the downstream proteins including (A) NRF-1, (B) TFAM, and (C) cleaved-Caspase 3. (D–F) We used PGC-1α siRNA to block this pathway and detect

the downstream proteins including (D) NRF-1, (E) TFAM, and (F) cleaved-Caspase 3. N = 6 per group. *P < 0.05 versus ICH+DM group; #P < 0.05 versus ICH+DM

+Melatonin+Scramble siRNA group. Mann–Whitney U-tests were for (A–F).
Abbreviations: ICH, intracerebral hemorrhage; DM, diabetes mellitus.
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prevent neuron apoptosis. In summary, hyperglycemic ICH

aggravated mitochondria swelling leading to perihematomal

neuron apoptosis. Melatonin activated PPARδ/PGC-1α path-

way to increase the transcription of TFAM and NRF-1, which

maintained the structure and function of mitochondria leading

to reduction of neuron apoptosis (Figure 6E).

Several limitations should be noted in this present

study. First, the present study only focused on the effect

of melatonin on perihematomal neuronal apoptosis. In

fact, we observed that perihematomal microglia is acti-

vated and involved in the pathophysiology of brain injury

by hyperglycemic ICH. Our further study will explore the

role of microglia in hyperglycemic ICH and whether mel-

atonin could prevent microglia apoptosis. Second, we used

STZ to induce T1DM rats, while most of the ICH patients

combined with T2DM in clinical practice. Although the

present study only focused on the neuroprotective effect of

melatonin on acute hyperglycemic ICH, whether the brain

tissues influenced by long-term diabetes will reduce the

sensitivity to melatonin treatment should be considered.

Third, the design of the present study is too simple to

strictly prove that PPARδ/PGC-1α pathway was involved

in alleviating mitochondria damage in neurons by melato-

nin. Other molecular pathways might also participate in

Figure 6 Delayed melatonin administration showed similar effects on improving neurological functional recovery. (A) T2 weight scanning was performed to examine

whether delayed melatonin administration (6 hours after ICH) still have neuroprotection. (B) Delayed melatonin administration also alleviated brain edema at 3 days after

hyperglycemic ICH. (C–D) Delayed melatonin administration showed similar improvements of neurological behaviors including (C) corner test and (D) fault foot. N = 6 per

group. *P < 0.05 versus ICH+DM group. (E) The molecular mechanism might be involved in the role of melatonin in alleviating brain injury after hyperglycemic ICH.

Hyperglycemic ICH aggravated mitochondria swelling leading to perihematomal neuron apoptosis. Melatonin activated PPARδ/PGC-1α pathway to increase the transcription

of TFAM and NRF-1, which maintained the structure and function of mitochondria leading to reduction of neuron apoptosis. A Mann–Whitney U-test was used for (B).
Repeated measurement ANOVA with multivariate ANOVA followed by a Bonferroni test were performed for (C and D).

Abbreviations: ICH, intracerebral hemorrhage; DM, diabetes mellitus.
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this regulatory mechanism of melatonin. Mechanistic stu-

dies revealed that melatonin alleviated mitochondria

damage in neurons via activating the PPARδ/PGC-1α
pathway.

In conclusion, melatonin alleviated brain injury and

improved neurological functional recovery by protecting

neuronal mitochondria after hyperglycemic ICH. The

underlying mechanism might involve, at least in part,

PPARδ/PGC-1α pathway. In addition, delayed melatonin

administration still showed positive effects on improving

neurological functional recovery after ICH.
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