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Purpose: Intracerebral hemorrhage (ICH) is a fatal disease without effective treatment. The damage of the blood–brain barrier (BBB) 
is a key cause of brain edema and herniation after ICH. Omarigliptin (also known as MK3102) is a potent antidiabetic that inhibits 
dipeptidyl peptidase (DPP4); the latter has the ability to bind and degrade matrix metalloproteinases (MMPs). The present study aims 
to investigate the protective effects of omarigliptin against the destruction of BBB following ICH in mice.
Methods and Materials: Collagenase VII was used to induce ICH in C57BL/6 mice. MK3102 (7 mg/kg/day) was administered after 
ICH. The modified neurological severity scores (mNSS) were carried out to assess neurological functions. Nissl staining was applied 
to evaluate neuronal loss. Brain water content, Evans blue extravasation, Western blots, immunohistochemistry and immunofluores-
cence were used to study the protective effects of BBB with MK3102 at 3 days after ICH.
Results: MK3102 reduced DPP4 expression and decreased hematoma formation and neurobehavioral deficits of ICH mice. This was 
correspondent with lowered activation of microglia/macrophages and infiltration of neutrophils after ICH. Importantly, MK3102 
protected the integrity of the BBB after ICH, associated with decreased expression of MMP-9, and preservation of the tight junction 
proteins ZO-1 and Occludin on endothelial cells through putative degradation of MMP-9, and inhibition of the expression of CX43 on 
astrocytes.
Conclusion: Omarigliptin protects the integrity of the BBB in mice after ICH injury.
Keywords: intracerebral hemorrhage, dipeptidyl peptidase, blood–brain barrier, omarigliptin

Introduction
Intracerebral hemorrhage (ICH) is an intractable health burden with 17.9 million sufferers globally.1 Although great 
progress has been gained due to the development of surgery for hematoma evacuation in recent years, the prognosis of 
ICH is far from satisfactory. The mortality rate of ICH remains as high as 68%.1 Perihematomal edema caused by the 
disruption of the blood–brain barrier (BBB) is closely associated with poor outcomes after ICH.2–5 With every milliliter 
increase in brain edema, the chances of malfunctioning doubles, especially for the occurrence of herniation.6

The BBB is mainly composed of the extracellular matrix (ECM), endothelial cells, astrocytes, and the cellular 
junctions (tight junction, eg, zonula occludens, ZOs; gap junction, eg, connexins, CXs; and adherence junction) between 
them.7 Preclinical evidence has informed that the BBB in ICH is damaged due to the reduction of those cellular junctions 
(collagenase IV/VII and autologous blood injection).8 In addition, matrix metalloproteinases (MMPs), a family of zinc- 
dependent endopeptidases that proteolyze ECM members, are significantly increased after ICH and cause BBB break-
down by directly degrading junctional proteins.7,9 Therefore, targeted maintenance of BBB integrity to reduce brain 
edema and secondary brain injury has been an appealing therapeutic strategy for the treatment of ICH.10
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Dipeptidyl peptidase 4 (DPP4) is a membrane-associated peptidase encoded by mitochondria and widely distributed 
in body organs to exert pleiotropic effects via degrading target peptide, such as glucagon-like peptide-1 (GLP-1), GIP, 
and neuropeptide Y.11 Recent evidence suggests that DPP4 has the ability to degrade ECM by binding to ECM directly or 
binding to adenosine deaminase and activating MMPs.12 Among all MMPs, the activity of MMP9 and MMP1 was most 
affected by DPP4.13 Moreover, DPP4 also mediates MMP activation and Cx43 internalization by stimulating the 
mitogen-activated protein kinase (MAPK) pathway.14,15 In addition, MMPs expression and ECM degradation can be 
regulated by GLP-1.16 These collective evidence suggest that DPP4 may be a potential target for protecting the BBB 
after ICH.

Omarigliptin (MK3102) is a novel, long-acting and potent DPP4 inhibitor for the treatment of type 2 diabetes 
mellitus.17 It can cross the BBB due to its low molecular weight and lipophilic properties.18 A recent study showed that 
MK3102 protected the BBB integrity destroyed by LPS stimulation.18 However, whether the disrupted BBB would be 
alleviated by MK3102 after ICH injury remains unclear. In this study, we explored the potential protective effect of 
MK3102 on BBB after ICH in mice.

Materials and Methods
Experimental Animals
According to the number of animals, we have used in previous studies19 and the guidelines for the design and statistical 
analysis of experiments using laboratory animals,20 a minimum of 114 adult male C57BL/6 mice, weighing 20–25 g, 
were used in this study for achieving the scientific objectives. All mice were purchased from Beijing Vital River 
Experimental Animals Centre (Beijing, China) and maintained under pathogen-free conditions in a Specified Pathogen- 
Free room with temperature at 22°C, relative humidity at 55%, and light/dark cycle at 12/12 hours. All experimental 
procedures were approved by the Ethics Committee of Zhengzhou University, according to the Laboratory Animal— 
Guideline for Ethical Review of Animal Welfare.

The ICH Models and MK3102 Administration
Mice were anesthetized with an isoflurane-oxygen mixture during the surgical procedure and fixed to the brain 
stereotactic apparatus (RWD, Shenzhen, China). 0.075 U of collagenase type VII (Sigma-Aldrich, Milwaukee, WI, 
USA) was dissolved in 0.75 μL of saline and injected into the right mouse brain with a rate of 0.1 μL/minute, according 
to coordinates (located in the right basal ganglia, 2.0 mm away from the midline, 3.5 mm under the skull, and 0.2 mm 
posterior of the bregma). After the injection, the needle was maintained for 10 minutes to prevent reflux, and the micro- 
syringe needle was slowly withdrawn. Finally, bone wax was used to seal the burr hole, followed by wound suturing and 
disinfection. The animals were placed in a cage with ad libitum access to food and water.

All mice were randomly assigned to three groups: sham group, ICH + DMSO treated group, and ICH + MK3102 (in 
DMSO) treated group. Mice in the ICH group received 0.75 μL of 0.075 U collagenase type VII in the right basal 
ganglia, while mice in the sham group received 0.75 μL of sterile saline. For the MK3102 treatment, the MK3102 
(Glpbio, USA) was dissolved in 10% DMSO and was given (7 mg/kg/day) via gavage starting from 1 hour after 
collagenase injection. The dosage of MK3102 was determined by the conversion of rat doses to mouse equivalent doses 
based on body surface area and the 11~22-hour half-life pharmacokinetic characteristics of MK3102.18,21 Mice in the 
vehicle group were administered with the same volume of DMSO. All treatments were conducted for 3 days as our 
previous work demonstrated that the prominent pathological insult of experimental ICH was observed at 3 days after 
collagenase type VII injection.9,22,23

Hematoma Volume Measurement
Mice were anesthetized using isoflurane-oxygen mixture. After cardiac perfusion with 4% paraformaldehyde, brains were 
immediately removed and fixed in the same fixative fluid for 3 days. Fixed brains were cut into coronal sections of 1 mm 
thickness through the needle entry site. The continuous slices were digitally photographed, and the size of the hematoma 
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was measured by image analyzer program (Image Pro-Plus 6.0). The total hematoma volume was calculated by adding 
the hematoma areas in each section and multiplying by the section thickness.11

Nissl Staining
Nissl staining was used to evaluate the viable neurons in brain tissue. The sections embedded in paraffin were placed in 
the Nissl solution (Beyotime, Nanjing, China) for 10 minutes after completely dewaxing and rehydration with gradient 
alcohol. Pictures of Nissl stained sections were taken with Olympus microscope (Olympus Co., Japan) by using 40X 
objective. The viable neurons which were defined by the presence of pale nuclei and large cellular bodies were analyzed 
with Image Pro-Plus 6.0 software, and the sum of four fields from three sections per mouse were counted manually with 
Image Pro-Plus 6.0 software. Neurons with dark staining and shrunken cellular bodies were considered dead and were 
not included for Nissl positive cell counting.24

Behavioral Test
Behavioral assessment was carried out by two independent investigators blinded to the experimental groups using the 
modified neurological severity score (mNSS) at the 3 days after ICH. The mNSS consisted of four components: motor, 
sensory, reflexes absent and abnormal movements, and beam balance tests. The scores were ranged from 0 to 18. The 
higher scores depict a more severe brain damage according to the scoring criteria.25

BBB Permeability Assay
BBB permeability was evaluated with Evans blue (EB) staining as previously described with slight modifications.26 

Briefly, 250 μL of 2% EB (Sigma Aldrich, USA) solution was administered through intraperitoneal injection at 3 days 
following ICH. The mice were euthanized after 3 hours of EB infusion and were then perfused transcardially with saline 
solution. The ipsilateral/contralateral brain hemispheres were collected, weighed and homogenized in methanamide 
solution in a ratio of 1:10. The tissues were then placed in a water bath with a constant temperature of 60°C for 24 hours, 
and then centrifuged at 14,000 × g for 30 minutes. The absorbance of the supernatant was measured at 610 nm by 
SpectraMax M5/M5e (Molecular Devices, USA) and quantified according to a standard curve. The experimental results 
were expressed as the ratio of the EB content in the ipsilateral/contralateral brain.

Brain Water Content Measurement
Brain edema was assessed using the dry and wet weight method as described previously with minor modifications.27 

The brain was harvested 3 days after ICH and dissected into ipsilateral and contralateral hemisphere, and 
cerebellum; the latter served as an internal control. Brain tissues were weighed on an electronic analytical balance 
before and after drying for 72 hours at 80 °C overnight. Brain water content (%) was calculated using the following 
equation: wetweight � dryweightð Þ=wetweight� 100%.

Immunohistochemistry
Brain tissues were harvested and cut into 5 μm paraffin sections on the third day after ICH. Sections from the lesion 
center and one each on either side spaced 200 μm from the center section were used for analysis. Briefly, sections were 
incubated under 4°C overnight with rabbit anti-myeloperoxidase (MPO) antibody (neutrophil marker, 1:800, Abcam, 
Cambridge, MA, USA) and rabbit anti-Iba1 polyclonal antibody (microglia marker, 1:400, Wako, Japan). The sections 
were then incubated with horseradish peroxidase-combined secondary anti-rabbit immunoglobulin G antibody (1:1000, 
Abcam, Cambridge, MA, USA) for 1 hour at room temperature. All staining outcomes were observed using an Olympus 
microscope (Olympus Co., Japan), and the positive MPO cells in 4 fields per section and 3 sections per mouse were 
analyzed with Image Pro-Plus 6.0 software.

For the degree of microglia/macrophage activation, the sections were analyzed blindly through determining the 
morphology and density of the Iba1-labeled cells as described previously.28 Homeostatic microglia were characterized by 
multi-branched processes projecting from the cell soma, which retracted and thickened when microglia were activated. 
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Iba1-stained sections were scored for activity using a scale of 1–4, in which one represents the least reactivity and score 4 
was with the highest. Considerations were applied for the size, shape, and relative density of Iba1-labeled cells.

Brain Tissue Frozen Section and Immunofluorescence Assay
Brain tissue frozen sections were prepared on the third day after ICH. Sections were incubated overnight at 4°C with 
rabbit anti-ZO-1 monoclonal antibody (1:100, Abcam, Cambridge, MA, USA), rabbit anti-Occludin (1:50, Affinity 
Biosciences, OH, USA), mouse anti-vWF (1:200, Proteintech, China), rabbit anti-CX43 (1:50, Cell Signaling, USA) and 
mouse anti-GFAP monoclonal antibody (1:100, Santa Cruz Biotechnology, CA, USA). The Alexa Fluor 488/594- 
conjugated goat anti-mouse/rabbit secondary antibody (1:500, Abbkine, California, USA) was added for 1 hour in the 
dark at room temperature. All sections were cover slipped using an anti-fade mounting medium with DAPI and then were 
observed under a fluorescent microscope (Olympus Co., Japan).

Western Blot Analysis
Mice were euthanized at 3 days after ICH, and their right brain hemisphere was extracted for Western blot analysis. The 
following primary antibodies were used: rabbit anti-DPP4 monoclonal antibody (1:1000, Abcam, Cambridge, MA, USA), 
rabbit anti-Occludin monoclonal antibody (1:1000, Abcam, Cambridge, MA, USA), rabbit anti-ZO-1 monoclonal antibody 
(1:5000, Proteintech, China), rabbit anti-MMP-9 monoclonal antibody (1:1000, Abcam, Cambridge, MA, USA), rabbit anti- 
CX43 monoclonal antibody (1:1000, Cell Signaling Technology, USA), rabbit anti-GAPDH monoclonal antibody (1:5000, 
Proteintech, China), and anti-α-Tubulin (1:1000, Proteintech, China). Enhanced chemiluminescence detection kit was 
employed to visualize immunoblots. The relative intensity of the bands was measured by ImageJ (NIH, United States).

Ethidium Bromide Staining
Ethidium bromide staining was used as a surrogate the activity of connexin 43 hemichannels.29 The sections were placed 
in the 0.01% ethidium bromide solution (Selleck, USA) for 2 minutes after completely dewaxed and rehydrated with 
gradient alcohol. Pictures of ethidium bromide staining were taken with Olympus microscope (Olympus Co., Japan) by 
using 40X objective. The ethidium bromide positive cells in 4 fields per section and 3 sections per mouse were counted 
manually with Image Pro-Plus 6.0 software.

Statistical Analysis
Statistical analyses were performed by the GraphPad Prism Version 6.0 (GraphPad, La Jolla, CA, USA). All data obtained 
were presented as mean ± standard deviation (SD). The Shapiro–Wilk test and/or D’Agostino & Pearson omnibus normality 
test were used to evaluate data normality. Comparisons between multiple groups were made using one-way analysis of 
variance (ANOVA), followed by Tukey’s Honestly Significant Difference (HSD) post-hoc test. The Kruskal–Wallis test was 
used to analyze data that did not exhibit the normal/Gaussian distribution. P < 0.05 was defined as statistically significant.

Results
Brain DPP4 Was Upregulated After ICH in Mice
We used Western blotting to examine the protein expression level of DPP4 after ICH. Our results showed an elevated expression 
of DPP4 in the ICH group compared to the sham group 3 days after ICH injury. Treatment with MK3102 after ICH markedly 
decreased DPP4 level compared to that in the ICH + DMSO group (0.8480 ± 0.08551 versus 1.085 ± 0.1114, p < 0.01, Figure 1).

Inhibition of DPP4 with MK3102 Decreased Hematoma Formation and 
Neurobehavioral Deficits After ICH
We determined whether DPP4 inhibition has neuroprotective effects in mice after ICH. The coronal sections of brain showed 
an obvious hematoma after collagenase injection (sham, 0.2606 ± 0.5193 mm3 versus ICH + DMSO, 11.69 ± 0.2119 mm3, p < 
0.0001; versus ICH + MK3102, 9.915 ± 0.7199 mm3, p < 0.0001, Figure 2A and B). MK3102 treatment significantly 
decreased hematoma volume when compared with ICH + DMSO treated group (9.915 ± 0.7199 mm3 versus 11.69 ± 
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0.2119 mm3, p < 0.001, Figure 2A and B) at 3 days after injury. Data obtained by Nissl staining show a smaller number of 
viable neurons in the area adjacent to hematoma in the ICH group compared to the sham group 3 days after ICH. MK3102 
treatment markedly preserved the number of viable neurons compared with that in the ICH + DMSO group (891.4 ± 92.05 
versus 540.6 ± 94.19, p < 0.0001, Figure 2C and D). Moreover, the mNSS highlighted a better functional outcome in ICH 
+MK3102 group compared with vehicle treatment group (10.10 ± 2.079 versus 13.60 ± 1.776, p < 0.001, Figure 2E). These 
results indicate that inhibition of DPP4 with MK3102 exerts a neuroprotective effect in ICH in mice.

MK3102 Protected the BBB Integrity Destroyed by ICH and Decreased Brain Edema
The EB leakage test was used to evaluate the integrity of the BBB. Our quantitative results show that ICH significantly 
increased EB dye leakage from vessels. Compared to vehicle, treatment with MK3102 markedly decreased the EB dye 
leakage compared with that in the ICH + DMSO group (1.161 ± 0.04222 versus 1.406 ± 0.05866, p < 0.0001, Figure 3A).

Brain edema was determined by brain water content. A significant increase of brain water content was observed in the 
ipsilateral hemisphere in ICH group, but no significant difference was observed in the contralateral hemisphere or cerebellum 
(as an internal control). MK3102 significantly decreased brain water content in the ipsilateral hemisphere compared with that 
in the ICH + DMSO group (78.63 ± 0.6836% versus 81.05 ± 0.7040%, p < 0.05, Figure 3B).

MK3102 Restrained the Activation of Microglia/Macrophages and Reduced Infiltration 
of Neutrophils After ICH
Our immunostaining results show that activated microglia/macrophages and infiltrated neutrophils were elevated in the 
ICH + DMSO group compared with the sham controls (activated microglia/macrophages: ICH + DMSO, 3.300 ± 0.4631 
versus sham, 1.294 ± 0.04374, p < 0.0001; infiltrated neutrophils: ICH + DMSO, 650.2 ± 24.47 versus sham, 7.600 ± 
10.16; p < 0.0001, respectively, Figure 4). MK3102 intervention significantly reduced the representation of activated 

Figure 1 Brain DPP4 was upregulated after ICH in mice. (A) Representative Western blot bands of DPP4. (B) Quantitative analyses of relative protein level of DPP4 at 3 
days after ICH. n = 6 per group. All data are displayed as mean ± SD. The difference between groups was analyzed using One-way ANOVA test. **p<0.01, ****p<0.0001 
compared with sham group. ##p<0.01 compared with the ICH + DMSO group.
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Figure 2 MK3102 reduced hematoma size and improved functional recovery after ICH. (A) Representative photographs of coronal sections of brain tissue at 3 days after 
ICH. Scale bar, 1 mm. (B) Quantitative analysis of hematoma volume. n = 5 per group. (C) Representative microphotographs of Nissl staining in the perihematomal area. 
Scale bar, 20 μm. The small black squares in the coronal section of brain indicate the area where microphotograph was taken. (D) Quantitative analysis of Nissl positive cells 
in the perihematomal area at 3 days after ICH. n = 5 per group. (E) Quantitative analysis of neurological scores at 3 days after ICH. n = 10 per group. All data are displayed as 
mean ± SD. The difference between groups was analyzed using One-way ANOVA test. ***p<0.001, ****p<0.0001 compared with sham group. ###p<0.001, ####p<0.0001 
compared with the ICH + DMSO group.
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microglia/macrophages (2.258 ± 0.4654 versus 3.300 ± 0.4631, p < 0.01) and infiltrated neutrophils (544.6 ± 60.92 
versus 650.2 ± 24.47; p < 0.01) compared to the ICH + DMSO group (Figure 4).

MK3102 Reduced MMP-9 Expression and Preserved the Tight Junction Protein ZO-1 
and Occludin on Endothelial Cells After ICH Injury in Mice
Western blot results showed that the expression level of ZO-1 and Occludin was downregulated, while MMP-9 was markedly 
increased after ICH injury. Compared to the ICH + DMSO group, MK3102 significantly decreased the expression level of 
MMP-9 while increasing the level of ZO-1 and Occludin after ICH injury (MMP-9: ICH + MK3102, 0.6362 ± 0.1409 versus 
ICH + DMSO, 0.9338 ± 0.1338, p < 0.05; ZO-1: ICH + MK3102, 1.003 ± 0.09752 versus ICH + DMSO, 0.7951 ± 0.1522, p < 
0.05; Occludin: ICH + MK3102, 1.023 ± 0.04652 versus ICH + DMSO, 0.6778 ± 0.1326, p < 0.01, respectively, Figure 5A– 
D). In addition, the immunofluorescence co-location results of ZO-1 and Occludin with vWF (endothelial cell marker) 
corroborated that ICH can cause endothelial cell death, as well as the degradation of ZO-1 and Occludin on endothelial cells. 
However, MK3102 treatment significantly promoted endothelial cell survival and inhibited the degradation of ZO-1 and 
Occludin on vascular endothelial cells by MMP-9, thus protecting the integrity of BBB after ICH (Figure 5E).

MK3102 Inhibited the Expression of CX43 Hemichannels on Astrocytes
Astrocytes are the main response cells to neuroinflammation in the brain after ICH, and the abnormal opening of CX43 
hemichannels on astrocytes triggers the release of inflammatory mediators to destruct the BBB. Therefore, in order to evaluate 
the effect of MK3102 on astrocytes, we observed the expression of CX43 hemichannels on astrocytes by immunofluorescence 

Figure 3 MK3102 decreased Evans blue extravasation and brain water content at 3 days after ICH. (A) Quantitative analyses of Evans blue extravasation (Ipsilateral/ 
Contralateral). n = 6 per group. (B) Quantitative analyses of brain water content (%). n = 5 per group. All data are displayed as means ± SD. The difference between groups 
was analyzed using One-way ANOVA test. **p<0.01, ****p<0.0001 compared with sham group. #p<0.05, ####p<0.0001 compared with the ICH + DMSO group.
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Figure 4 MK3102 alleviated the activation of microglia/macrophages and infiltration of neutrophils after ICH. (A) Representative images of MPO and IBA-1 in the 
perihematoma area at 3 days after ICH. Scale bar, 20 μm. The small black squares in the coronal section of brain indicate the area where microphotograph was taken. (B) 
Quantitative analysis of MPO positive cells. n = 5 per group. (C) Bar graph quantitating scores of activated microglia/macrophages after ICH. n = 5 per group. All data are 
displayed as mean ± SD. The difference between groups was analyzed using One-way ANOVA test. **p<0.01, ****p<0.0001 compared with sham group. ##p<0.01, compared 
with ICH + DMSO group.
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Figure 5 MK3102 prevented the change of MMP-9, ZO-1 and Occludin induced by ICH in mice. (A) Representative Western blot bands of MMP-9, ZO-1 and Occludin. (B– 
D) Quantitative analyses of relative protein expression level of MMP-9, ZO-1 and Occludin at 3 days after ICH. n = 5 per group. (E) Representative microphotographs of 
immunofluorescence co-localization staining for BBB tight junction protein ZO-1 and Occludin with vWF in the perihematomal area 3 days after ICH. Scale bar, 20 μm. All 
data are displayed as mean ± SD. The difference between groups was analyzed using One-way ANOVA test. *p<0.05, **p<0.01, compared with sham group. #p<0.05, 
##p<0.01, compared with the ICH + DMSO group. 
Abbreviation: NS, not significant.
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and Western blotting. Immunofluorescence co-localization of CX43 and GFAP (astrocyte marker) showed that CX43 was 
mainly expressed on astrocytes. After ICH injury, the expression of CX43 on astrocytes was increased. MK3102 treatment 
reversed this pathological change caused by ICH (Figure 6A). Western blot result showed that the expression level of CX43 
was up-regulated after ICH injury. Compared to the ICH + DMSO group, MK3102 significantly decreased the expression 
level of CX43 (0.3771 ± 0.2903 versus 1.030 ± 0.1402, p < 0.05, Figure 6B and C).

We employed ethidium bromide staining as a surrogate of the opening of Cx43 hemichannels in this study. Ethidium 
bromide-positive cells were significantly increased in the ICH+DMSO group compared with the sham group (788.0 ± 
114.7 versus 213.0 ± 85.34, p < 0.0001, Figure 6D and E), and this was lowered by MK3102 (461.6 ± 102.5 versus 788.0 
± 114.7, p < 0.001, Figure 6D and E) 3 days after ICH injury.

Discussion
ICH is a refractory disease with about 50% mortality rate within the first month, and more than 75% of survivors are 
functionally disabled at 1 year.30 The hematoma and the toxic substances released by hematoma catabolism lead to severe 
inflammatory responses and oxidative stress injury, and there is irreversible BBB damage.31,32 The disruption of BBB 
contributes to further infiltration of blood components, exacerbates brain edema and neurological injury after ICH. 
A large number of clinical studies have confirmed that brain edema caused by the destruction of the BBB is an 
independent predictor for worse functional outcomes in ICH patients.33,34

In this study, a mouse ICH model was utilized to simulate clinical ICH. Evans Blue extravasation test and brain water 
content measurement were used to detect the effect of DPP4 intervention on BBB after ICH. Our data show that enhanced 
expression of DPP4 was observed after ICH, and that DPP4 blocking with specific inhibitor MK3102 significantly lowered the 
expression of DPP4 and EB leakage from vessel. DPP4 inhibition also alleviated brain edema and decreased hematoma 
formation and neurobehavioral deficits after ICH. The protective effect of MK3102 was associated with reduced MMP-9 and 
CX43 levels, and preservation of the tight junction proteins ZO-1 and Occludin on endothelial cells.

DDP4 is a membrane-bound glycoprotein which is ubiquitously expressed on endothelial and epithelial cells. It exerts 
pleiotropic effects on glucose metabolism, inflammation, and immune system function by cleaving N-terminal dipeptides 
of proline or alanine-containing peptides, including incretin, neuropeptide, and chemokines.35 For the first time, we 
demonstrated a significant increase in brain DPP4 expression following ICH in mice (Figure 1). It is suggested that DPP4 
is involved in pathological changes after ICH. Similarly, DPP4 was upregulated in primary human brain microvascular 
endothelial cells after oxygen–glucose deprivation/reoxygenation stimulation.36 DPP4 deficiency effectively protects the 
brain and neurological function in rodent after ICH.37

MK3102 is a potent DPP4 inhibitor. The expression of DPP4 was prominently reduced by MK3102 in ICH mice. 
Importantly, MK3102 treatment was correspondent with accelerated hematoma clearance, neuronal survival and func-
tional recovery after ICH (Figure 2). In a model of Parkinson’s disease, MK3102 attenuated motor impairment, 
histological aberrations and α-synuclein accumulation, and rescued dopaminergic neurons.38 It is reasonable to speculate 
that the neuroprotective effect of MK3102 might be directly or indirectly related to the enhanced substrate GLP-1, GLP, 
neuropeptide Y, peptide YY, substance P, and stromal cell-derived factor 1. Also, the functional outcome of brain 
ischemia was improved by DPP-4 inhibition through the SDF-1α/CXCR4 pathway.39

Our previous study showed that the breakdown of the BBB (Evans Blue dye extravasation) and brain edema (observed by 
MRI) after ICH occurs in the ipsilateral hemisphere of the hematoma but not in the contralateral hemisphere and cerebellum.3 

In this study, we propose that DPP4 is involved in the BBB disruption induced by ICH because inhibition of DPP4 with 
MK3102 protects BBB integrity and reduces ipsilateral brain water content compared to the contralateral hemisphere and 
cerebellum (Figure 3). Consistent with our results, Du et al reported that the dysfunction of the integrity of the BBB induced by 
lipopolysaccharide in mice and bEnd.3 brain endothelial cells was mitigated by MK3102 administration.18 However, the 
comprehensive mechanisms remain unknown, and lipopolysaccharide does not model ICH.

Microglia are the main resident immune cells in response to ICH injury. BBB permeability can be directly altered by 
activated microglia/macrophages via atrophy of endothelial cells, thickening of basement membranes, and degenerating 
pericytes.32,40 Shortly after ICH, neutrophils infiltrate the injured brain tissue, secrete ROS and MMPs, and release 
neutrophil extracellular traps to further exacerbate BBB injury.41 Previous study determined that depleting neutrophil 
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Figure 6 MK3102 inhibited the expression of CX43 on astrocytes. (A) Representative microphotographs of immunofluorescence co-location staining for BBB connexin junction 
protein CX43 with GFAP in the perihematomal area 3 days after ICH. Scale bar, 20 μm. (B) Representative Western blot band of CX43. (C) Quantitative analyses of relative protein 
expression level of CX43 at 3 days after ICH. n = 3 per group. (D) Representative microphotographs of EtBr staining in the perihematomal area. Scale bar, 20 μm. (E) Quantitative 
analysis of EtBr positive cells in the perihematomal area at 3 days after ICH. n = 5 per group. All data are displayed as mean ± SD. The difference between groups was analyzed using 
One-way ANOVA test. **p<0.01, ****p<0.0001, compared with sham group. #p<0.05, ###p<0.001, compared with the ICH + DMSO group. 
Abbreviation: NS, not significant.
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with an anti-polymorphonuclear leukocyte antibody significantly reduced MMP-9 level and BBB breakdown after ICH.42 

In this study, we examined activated microglia/macrophages and infiltrated neutrophils with immunohistochemical 
methods, and found that both of them were remarkably attenuated after MK3102 treatment (Figure 4). Consistent with 
our reports, Du et al demonstrated that MK3102 might mitigate LPS-induced neuroinflammation.18 These results suggest 
that the protective effect of MK3102 on BBB integrity after ICH may be closely related to its anti-neuroinflammation.

The BBB comprises cellular constituents, including endothelial cells, pericytes, and astrocytes, as well as non-cellular 
components such as the cellular junctions and the basement membrane. Loss or dysfunction of any of these components can 
increase BBB permeability. Previous studies have shown that the BBB and junction proteins (ZO-1, occluding and cadherin- 
10) were markedly damaged on day 3 in collagenase-induced ICH model.27,43 Therefore, the timepoint of 3 days after ICH 
was selected to test the potential protective effect of MK3102 on BBB. Our present data demonstrate that MK3102 reversed 
the downregulation of ZO-1 and Occludin on endothelial cells after ICH. Moreover, MMP-9, which would breach BBB 
integrity by degrading the basal lamina and tight junction components,44 was reduced by MK3102 (Figure 5), which was 
consistent with previous report.18 In addition, connexin 43 is distributed mainly on astrocytes29 and the excessive opening of 
connexin hemichannels may increase BBB permeability by releasing toxic substances such as ATP and glutamate after ICH.45 

The expression of connexin 43 was regulated by DPP4 inhibition in the heart of diabetic mice.46 Consistent with these results, 
our immunofluorescence co-localization of CX43 and GFAP showed that CX43 was mainly expressed on astrocytes. After 
ICH injury, the expression of CX43 and the abnormal opening of connexin 43 hemichannels on astrocytes were increased. 
MK3102 treatment reversed this pathological change caused by ICH (Figure 6). These data indicate that the BBB protective 
effect by inhibiting DPP4 with MK3102 was involved, at least in part, in MMP-9 suppression and in reducing the 
inflammatory response mediated by microglia/macrophages, neutrophils and connexin 43 on astrocytes.

There are several limitations in the current study. Only one treatment dose was used in this study, and further studies are 
needed to determine the optimal dose for the neuroprotective effects of MK3102 in ICH. Since the BBB damage in the 
collagenase-induced ICH model is the most severe at 3 days,27 this study only tested the BBB protection of MK3102 at 3 days 
after ICH. Whether MK3102 can still reduce BBB damage and improve neurological function in other ICH model (such as 
autologous blood) and at a longer time point in the collagenase-induced ICH model requires further investigation. Moreover, 
future studies are needed to investigate the detailed molecular mechanism of BBB repair by MK3102. While MMP-9 protein 
level was assessed, an enzymatic assay for activity would be more reflective of the status of this metalloproteinase. In addition, 
only young male mice were tested in this study while increasing evidence indicates that estrogen has a neuroprotective effect 
in an ICH animal model;47 therefore, the protective effect of MK3102 in aged and female animals would require investigation.

Conclusion
In summary, our findings demonstrate that DPP4 was upregulated after ICH. MK3102 effectively blocked the DPP4 
increase, maintained the integrity of BBB, alleviated brain edema, and prevented functional deficits after ICH. Cellular 
junction proteins and MMP-9 may be implicated in the BBB protective effect of MK3102.
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