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Abstract: We recently reported the protective effects of chlorogenic acid (CGA) in a transient 

middle cerebral artery occlusion (tMCAo) rat model. The current study further investigated 

the protective effects of the metabolites of CGA and dihydrocaffeic acid (DHCA) was 

selected for further study after screening using the same tMCAo rat model. In the current 

study, tMCAo rats (2 h of MCAo followed by 22 h of reperfusion) were injected with various 

doses of DHCA at 0 and 2 h after onset of ischemia. We assessed brain damage, functional 

deficits, brain edema, and blood-brain barrier damage at 24 h after ischemia. For investigating 

the mechanism, in vitro zymography and western blotting analysis were performed to determine 

the expression and activation of matrix metalloproteinase (MMP)-2 and -9. DHCA (3, 10, 

and 30 mg/kg, i.p.) dose-dependently reduced brain infarct volume, behavioral deficits, brain 

water content, and Evans Blue (EB) leakage. DHCA inhibited expression and activation of 

MMP-2 and MMP-9. Therefore, DHCA might be one of the important metabolites of CGA 

and of natural products, including coffee, with protective effects on ischemia-induced neuronal 

damage and brain edema. 

Keywords: dihydrocaffeic acid; cerebral ischemia; brain edema; blood brain barrier;  

matrix metalloproteinase 
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1. Introduction 

Coffee is a widely consumed beverage worldwide. The beneficial activities on human diseases, 

especially on vascular diseases and cerebral ischemia, have been well documented [1]. The major 

component is thought to be caffeine, but chlorogenic acid (CGA), which is present in higher amounts 

than caffeine, is reported to also be a major effective compound in coffee [1,2]. The pharmacological 

activities of CGA have been studied extensively [1,3]. We previously reported the protective effects of 

CGA against brain edema, as well as brain infarction, in a transient focal cerebral ischemia rat model 

via inhibition of matrix metalloproteinase (MMP)-2 and -9 expression and activities [4]. Furthermore, it 

is well recognized that CGA is broken down to many metabolites after administration to animals and 

humans [5–7]. To expand upon the results of our previous report, we preliminarily screened the effects 

of several CGA metabolites and found that caffeic acid (CA) and dihydrocaffeic acid (DHCA) showed 

potent protective effects (data not shown). CA is a well-known anti-oxidant component and has protective 

effects on various cerebral ischemia animal models [8,9]. Moreover, caffeic acid phenethyl ester, which 

is the mostly studied derivative of CA, showed protective effects on various cerebral ischemia models 

through anti-inflammatory and anti-oxidative mechanisms [8,9]. DHCA, a metabolite of CGA (also of 

CA), is also a well-known anti-oxidant component, and there are several studies on the beneficial activities 

of DHCA, such as anti-oxidative [10,11], anti-Alzheimer’s [12], neuroprotective [13], arousal [14], and 

lipid-lowering effects [15]. 

However, to our knowledge, the effect of DHCA on cerebral infarction and brain edema in a cerebral 

ischemia animal model has not been reported yet. Therefore, we evaluated the effects of DHCA on brain 

damage, behavioral deficits, brain water content (BWC), and Evans blue (EB) extravasation in the same 

model used in our previous study. Further, we analyzed the effects of DHCA on MMP-2 and MMP-9 

expression and activity to study the mechanisms of action [4]. 

2. Results and Discussion 

2.1. Results 

2.1.1. Effect of DHCA on Brain Infarct Volume and Sensory-Motor Function Deficit 

In the brain of the vehicle-treated rat, white area (infarcted area) could be seen in whole sections, 

which extended from the ischemic core to the penumbra, after middle cerebral artery occlusion (MCAo). 

However, DHCA-treated rats showed less brain damage than vehicle-treated rats (Figure 1A). DHCA (3, 10, 

and 30 mg/kg, i.p.) showed dose-dependent effects on brain infract volume (35.4% ± 3.1%, 32.6% ± 3.1%, 

and 23.8% ± 4.1% of infarct volume, respectively), compared to the vehicle (35.0% ± 1.3% of infarct 

volume), and the 30 mg/kg DHCA-treated group showed a 31.9% protective effect compared to the 

vehicle-treated group (p < 0.05; Figure 1B). Significantly lower scores in the balance-beam test were 

observed in the vehicle-treated group compared to the sham group (1.0 ± 0.1 vs. 6.0 ± 0.0 points,  

p < 0.01). While, DHCA treatment at 3, 10, and 30 mg/kg showed dose-dependent improvement in 

behavioral score (1.1% ± 0.1%, 1.2% ± 0.0%, and 1.6% ± 0.1%, respectively; p < 0.05 in the 30 mg/kg 

DHCA-treated group; Figure 1C). 
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Figure 1. The protective effect of dihydrocaffeic acid (DHCA) on cerebral infarct volume 

(A,B) and sensory-motor function deficits in a middle cerebral artery occlusion (MCAo) rat 

model (C). Images represent 2,3,5-triphenyltetrazolium chloride (TTC)-stained brain sections 

from vehicle- and DHCA-treated (3, 10, and 30 mg/kg, i.p.) groups (A). Graphs show the 

percentage of brain infarct volume (B) and the behavioral score for each group (C). Sham 

indicates sham-operated group. Data represent the mean ± SEM (n = 7–10). * p < 0.05,  

** p < 0.01, and *** p < 0.001 compared with the vehicle-treated group. 

2.1.2. Effect of DHCA on BWC and EB Extravasation 

Brain water contents at 22 h after ischemia in the ipsilateral hemisphere were more than in the 

contralateral hemisphere. All doses of DHCA decreased mean BWC in the ipsilateral hemisphere (vehicle: 

83.2% ± 0.2%, 3 mg/kg DHCA: 82.6% ± 0.3%, 10 mg/kg DHCA: 82.4% ± 0.3%, 30 mg/kg DHCA: 

82.3% ± 0.2%; p < 0.05 in all DHCA-treated groups; Figure 2A). There were no significant differences 

in BWC in the contralateral hemisphere between groups. 

 

Figure 2. The effect of dihydrocaffeic acid (DHCA) on brain water content (BWC) (A)  

and Evans Blue (EB) leakage after middle cerebral artery occlusion (MCAo) (B). Veh is 

vehicle-treated group. Data represent the mean ± SEM (n = 8). * p < 0.05 compared with the 

contralateral hemisphere of the vehicle-treated group. 
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The MCAo rat model also showed greater EB extravasation in the ipsilateral hemisphere than in the 

contralateral hemisphere. The vehicle-treated group showed EB content f 4.6 ± 0.7 µg/g tissue in the 

ipsilateral hemisphere, whereas the 3, 10, and 30 mg/kg DHCA-treated groups showed a dose-dependent 

decrease (3.9 ± 0.8, 2.4 ± 0.5, and 2.7 ± 0.5 µg/g tissue, respectively; p < 0.05 in the 10 and 30 mg/kg 

DHCA-treated group; Figure 2B). There were no significant differences in EB content in the contralateral 

hemisphere between groups. 

2.1.3. Effect of DHCA on MMP-2 and MMP-9 Protein Expression 

MMP-2 and MMP-9 protein levels in the vehicle-treated group at 24 h after ischemia were upregulated 

compared to that of the sham-operated group. Treatment with 3, 10, and 30 mg/kg DHCA dose-dependently 

downregulated MMP-2 and MMP-9 protein expressions (p < 0.05, vehicle vs. 30 mg/kg DHCA-treated 

group; Figure 3). 

 

Figure 3. The effect of dihydrocaffeic acid (DHCA) on matrix metalloproteinase (MMP)-2 

and MMP-9 protein expression at 24 h after middle cerebral artery occlusion (MCAo).  

Veh is vehicle-treated group. Data represent the mean ± SEM (n = 6 per group) and are 

normalized as a percentage of the vehicle-treated group. * p < 0.05 and ** p < 0.01 compared 

with the vehicle-treated group. 

2.1.4. Effect of DHCA on MMP-2 and MMP-9 Activity 

DHCA concentration-dependently inhibited MMP-2 and MMP-9 activities as assessed by in vitro 

zymography. DHCA (100 µg/mL) significantly inhibited MMP-2 and MMP-9 activities. The positive 
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Figure 4. The effect of dihydrocaffeic acid (DHCA) on matrix metalloproteinase (MMP)-2 

and MMP-9 activity assessed by in vitro zymography. The image is representative of a typical 

zymogram for MMP-2 and MMP-9. The graphs show the effect of DHCA on MMP-2 and 

MMP-9 activity. EDTA is a positive control (20 mM). Data are represented as mean ± SEM 

(n = 3 per group) and are normalized as a percentage of the vehicle-treated group.  

*** p < 0.001 compared with the vehicle-treated group. 

2.2. Discussion 

In the present study, DHCA inhibited brain infarct volume, sensory-motor function deficit, brain edema, 

and BBB damage via the inhibition of MMP-2 and -9 expressions and activities in a MCAo rat model. 

Intraperitoneal injection of DHCA (3, 10, and 30 mg/kg) dose-dependently protected against brain damage 

and improved the functional behavior of rats. The current animal model is well-known and extensively 

studied in the field of brain stroke [16,17], which is characterized by the type of cell death, including 

necrotic type in the ischemic core and apoptotic type in the penumbra [18]. The former is known to be 

recovered by recanalization within 3 h of onset, and the latter could be recovered after 3 h of onset [19]. 

DHCA did not reduce the damage in the ischemic core but reduced that in the penumbra. The current 

results were supported by results of the balance-beam test. Although we did not compare the activities 

of CGA and DHCA directly, CGA might show more activity than DHCA [4], which suggests that the 

effects of CGA partly come from DHCA as well as other metabolites. 

In the current study, DHCA dose-dependently reduced BWC and decreased EB extravasation in the 

ipsilateral hemisphere at 24 h after MCAo, which were measured to investigate the effects on brain edema 

and the BBB damage, respectively [20,21]. The pathophysiological characteristics of brain edema and 

BBB damage have been well investigated [22], and reducing brain edema and BBB damage could be 

indirect mechanisms of the effects of DHCA on stroke [4,23,24]. The current results suggested that the 

inhibitory effects of DHCA on brain edema might originate from its ability reduce breakdown of the BBB. 
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DHCA dose-dependently downregulated MMP-2 and MMP-9 expression compared to the vehicle-treated 

group. DHCA inhibited MMP-2 and MMP-9 activity in in vitro zymography assays. MMP-2 and MMP-9 

are reported to be the main candidates for the mechanisms of BBB breakdown [21,25–28] and are known 

to directly degrade the extracellular matrix and lead to BBB damage followed by brain edema. Inhibition 

of MMP-2 and MMP-9 could reduce brain edema via inhibiting BBB damage in the acute phase of brain 

ischemia [20,21,25,29]. Brain edema is reported to aggravate brain damage by reduction of blood flow 

to the damaged area due to increase of cranial pressure [20–22]. The current results are supported by 

radical scavenging activities of DHCA because, free radical is reported to be a major mediator in MMPs 

upregulation [30,31], and by the direct MMPs inhibitory activities of CGA and CA, which are the 

precursors of DHCA [4,32–34]. 

3. Experimental Section 

3.1. DHCA Preparation 

DHCA (purity > 98%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). DHCA was dissolved 

in water and filtered for preparation of an injectable solution. 

3.2. Animals 

Sprague-Dawley rats (SD rat, 8-weeks-old, Samtaco, Osan, Gyeonggi Province, Korea) were 

acclimatized for 1 week under conditions of controlled temperature (22 ± 2 °C), constant humidity, and 

a 12-h light/dark cycle, and food and water were made available ad libitum. Rats weighing 290–310 g 

were used after acclimatization for the study. All surgical procedures were conducted according to the 

animal welfare guidelines of the NIH; this study was approved by the Kyung Hee University Institutional 

Animal Care and Use Committee (KHUASP(SE)-12-027). 

3.3. Focal Cerebral Ischemia Rat Model Induction and Treatment 

Focal cerebral ischemia was induced by MCAo using the intraluminal suture method, which was 

described previously [4,16]. Briefly, rats were anesthetized with isoflurane in N2O and O2 (70:30). 

MCAo was induced by inserting sutures (360 µm in thicknesses; Doccol Co., Sharon, NM, USA)  

19–20 mm from the bifurcation of the internal and external carotid arteries for 2 h. Reperfusion was 

achieved by retracting the sutures. In the sham-operated group, the procedure was the same except for 

the probe insertion length (10 mm). The vehicle-treated group was injected intraperitoneally with water 

(3 mL/kg) twice at 0 h and 2 h after ischemia. DHCA-treated groups were treated various dosages of 

DHCA (3, 10, and 30 mg/kg) using the same method as the vehicle-treated group. The rectal temperatures 

of rats were controlled throughout surgery and for 6 h after surgery (37 ± 0.5 °C). 

Rats were divided into four groups (vehicle-treated, 3, 10, and 30 mg/kg DHCA-treated) for measurement 

of infarct volume (n = 10), EB leakage (n = 8), and BWC (n = 8). Rats were divided into five groups 

(sham, vehicle-treated, 3, 10, and 30 mg/kg DHCA-treated) for assessment of sensory-motor function  

(n = 6 for sham, n = 10 for other groups) and western blotting for MMP-2 and MMP-9 (n = 6). 
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3.4. Balance Beam Test 

The balance-beam test was performed at 22 h after ischemia, using a modified method of the previous 

method [4]. Briefly, rats were placed on a wooden square bar (2.5 cm width, 122 cm length, 42 cm 

height) and scored in a blinded fashion as follows: rats unable to stay on the beam for 30 s, 0; rats able 

to stay on the beam for 30 s, 1; rats able to turn to the left or right side of the beam and stay without 

walking, 2; rats able to turn left or right and walk on the beam with more than one step, 3; rats able to 

traverse the beam with more than 50% of foot slip of the affected hind limb, 4; rats able to transverse 

the beam with less than 50% of foot slip of the hind limb, 5; and rats able to traverse the beam with not 

more than one foot slip, 6. 

3.5. Measurement of Infarct Volume 

Rats were over-anesthetized with urethane (i.p., 1.25 g/kg) at 24 h after ischemia, and the brains were 

isolated quickly and cut into six coronal sections with 2-mm thickness, starting 4 mm from the rostral 

extremity of the frontal cortex. Sections were incubated with 2% 2,3,5-triphenyltetrazolium chloride 

(TTC; Sigma-Aldrich) in saline for 30 min at 37 °C. TTC-stained sections were imaged and analyzed 

using an image analysis system (Optimas; Media Cybernetics, Silver Springs, MD, USA). Correlated 

infarct volume (%) was calculated based on a reported method [35]. 

3.6. Measurement of BWC 

The BWC was measured using a method previously described [4]. Briefly, rat brains were isolated 

quickly and divided into the ipsilateral and contralateral hemispheres at 24 h after ischemia. The wet 

weight of each hemisphere was measured within 90 s of isolation, and the dry weight was measured after 

drying the brain in an oven at 105 °C for 24 h. The BWC of each hemisphere was calculated as ([wet 

weight − dry weight]/wet weight] × 100%. 

3.7. Measurement of EB Extravasation 

EB extravasation was analyzed 24 h after MCAo using the method reported previously [10], with some 

modifications. EB dye (2%, 6 mL/kg body weight; Sigma-Aldrich) was injected slowly into the femoral 

artery at 21 h after occlusion and allowed to circulate for 3 h. After brain isolation, the pons and olfactory 

bulb were removed, and the brain was separated immediately into the ipsilateral and contralateral 

hemispheres. Each hemisphere was weighed, formamide was added (800 μL, Sigma-Aldrich), and then the 

hemisphere was homogenized. Each homogenized hemisphere was incubated at 60 °C for 24 h and then 

centrifuged at 14,000 rpm for 30 min. The absorption of the supernatant was measured at 610 nm with 

a spectrophotometer. A standard curve of EB in blank formamide was used to convert the absorbance 

into the concentration of EB dye. Data are presented as µg of EB dye per gram of tissue [10]. 

3.8. Western Blot 

Brain tissues were isolated at 24 h after ischemia and lysed in triple-detergent lysis buffer (50 mM 

Tris-HCl, 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% NP-40; 0.02% sodium azide, 0.5% 
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sodium deoxycholate, and 1 mM phenylmethylsulfonylfluoride; pH 8.0). Protein (80 μg for each sample) 

was separated using 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a 

nitrocellulose membrane (Whatman, Dassel, Germany). The membrane was blocked with 5% skim milk 

and incubated with anti-rabbit primary antibodies against MMP-2 (1:1000; ABclonal Biotech Co., Ltd., 

Cambridge, MA, USA), MMP-9 (1:1000; Epitomics, Burlingame, CA, USA), or β-actin (1:2000;  

Cell Signaling, Beverly, MA, USA). Horseradish peroxidase-linked secondary antibody (1:2000; Cell 

Signaling, Beverly, MA, USA) was used. Proteins were detected by incubating blots with Rapid Step™ 

ECL Reagent (Calbiochem®, San Diego, CA, USA). Bands were analyzed using Quantity One 1-D 

analysis software (Bio-Rad, Hercules, CA, USA). 

3.9. In Vitro Zymography 

MMP-2 and MMP-9 activities were determined by gelatin zymographic analysis as described 

previously [4,36], with some modifications. Briefly, human recombinant MMP-2 and MMP-9 (6 ng and 

0.6 ng per lane, respectively; Sigma-Aldrich) were isolated on an 8% SDS-PAGE gel (1-mm thickness) 

containing gelatin (2%). The gels were washed with 2.5% Triton X-100 and then incubated with the 

incubation buffer (0.05 M Tris-HCl (Invitrogen, San Diego, CA, USA) containing 0.005 M CaCl2,  

0.2 M NaCl, (Merck, Darmstadt, Germany), and 0.02% NaN3; pH 7.5) at 37 °C for 20 h with or without 

DHCA (0.1, 1, 10, and 100 µg/mL) or EDTA (50 µM). The gels were stained with 0.05% Coomassie 

brilliant blue R-250 in 25% methanol and 10% acetic acid for 2 h at room temperature on a shaking 

platform and then destained with 4% methanol and 8% acetic acid for 30 min. The zymograms were 

scanned using the PowerLook 1000 scanner (UMAX, Dallas, TX, USA), and the gelatinolytic bands 

were analyzed using Quantity One 1-D analysis software (Bio-Rad). 

3.10. Statistical Analysis 

All results are presented as mean ± SEM, and comparisons between experimental groups were 

analyzed using one-way ANOVA followed by Dunnett’s test. Values of p < 0.05 were considered 

statistically significant. 

4. Conclusion 

Taken together, the current results suggested that the inhibitory effects of DHCA on BBB damage 

might result from a reduction in the production and activity of MMP-2 and MMP-9. Taken together, 

DHCA may be one of the major active metabolites and compounds of natural products, including coffee, 

responsible for the protective effects of CGA on ischemic stroke. 

Acknowledgments 

This study was carried out with the support of the “Basic Science Research Program  

(NRF-2012R1A1A2008587)”, National Research Foundation, Republic of Korea (NRF). 
  



Molecules 2015, 20 11938 

 

 

Author Contributions 

Kyungjin Lee and Bum-Jun Lee performed the experiments and wrote the manuscript. Youngmin Bu 

designed research and contributed substantially to the editing of the manuscript and performed extensive 

proofreading of the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Higdon, J.V.; Frei, B. Coffee and health: A review of recent human research. Crit. Rev. Food Sci. Nutr. 

2006, 46, 101–123. 

2. Olthof, M.R.; Hollman, P.C.; Katan, M.B. Chlorogenic acid and caffeic acid are absorbed in humans. 

J. Nutr. 2001, 131, 66–71. 

3. Bonita, J.S.; Mandarano, M.; Shuta, D.; Vinson, J. Coffee and cardiovascular disease: In vitro, 

cellular, animal, and human studies. Pharmacol. Res. 2007, 55, 187–198. 

4. Lee, K.; Lee, J.S.; Jang, H.J.; Kim, S.M.; Chang, M.S.; Park, S.H.; Kim, K.S.; Bae, J.; Park, J.W.; 

Lee, B.; et al. Chlorogenic acid ameliorates brain damage and edema by inhibiting matrix 

metalloproteinase-2 and 9 in a rat model of focal cerebral ischemia. Eur. J. Pharmacol. 2012, 689, 

89–95. 

5. Moridani, M.Y.; Scobie, H.; Jamshidzadeh, A.; Salehi, P.; O’Brien, P.J. Caffeic acid, chlorogenic 

acid, and dihydrocaffeic acid metabolism: Glutathione conjugate formation. Drug Metab. Dispos. 

2001, 29, 1432–1439. 

6. Ludwig, I.A.; Paz de Pena, M.; Concepcion, C.; Alan, C. Catabolism of coffee chlorogenic acids 

by human colonic microbiota. Biofactors 2013, 39, 623–632. 

7. Redeuil, K.; Smarrito-Menozzi, C.; Guy, P.; Rezzi, S.; Dionisi, F.; Williamson, G.; Nagy, K.; 

Renouf, M. Identification of novel circulating coffee metabolites in human plasma by liquid 

chromatography-mass spectrometry. J. Chromatogr. A 2011, 1218, 4678–4688. 

8. Altug, M.E.; Serarslan, Y.; Bal, R.; Kontas, T.; Ekici, F.; Melek, I.M.; Aslan, H.; Duman, T. Caffeic 

acid phenethyl ester protects rabbit brains against permanent focal ischemia by antioxidant action: 

A biochemical and planimetric study. Brain Res. 2008, 1201, 135–142. 

9. Khan, M.; Elango, C.; Ansari, M.A.; Singh, I.; Singh, A.K. Caffeic acid phenethyl ester reduces 

neurovascular inflammation and protects rat brain following transient focal cerebral ischemia.  

J. Neurochem. 2007, 102, 365–377. 

10. Hunneche, C.S.; Lund, M.N.; Skibsted, L.H.; Nielsen, J. Antioxidant activity of a combinatorial 

library of emulsifier-antioxidant bioconjugates. J. Agric. Food Chem. 2008, 56, 9258–9268. 

11. Huang, J.; de Paulis, T.; May, J.M. Antioxidant effects of dihydrocaffeic acid in human ea.Hy926 

endothelial cells. J. Nutr. Biochem. 2004, 15, 722–729. 
  



Molecules 2015, 20 11939 

 

 

12. Cheng, B.; Liu, X.; Gong, H.; Huang, L.; Chen, H.; Zhang, X.; Li, C.; Yang, M.; Ma, B.; Jiao, L.; 

et al. Coffee components inhibit amyloid formation of human islet amyloid polypeptide in vitro: 

Possible link between coffee consumption and diabetes mellitus. J. Agric. Food Chem. 2011, 59, 

13147–13155. 

13. Verzelloni, E.; Pellacani, C.; Tagliazucchi, D.; Tagliaferri, S.; Calani, L.; Costa, L.G.; Brighenti, F.; 

Borges, G.; Crozier, A.; Conte, A.; et al. Antiglycative and neuroprotective activity of colon-derived 

polyphenol catabolites. Mol. Nutr. Food Res. 2011, 55, S35–S43. 

14. Shinomiya, K.; Omichi, J.; Ohnishi, R.; Ito, H.; Yoshida, T.; Kamei, C. Effects of chlorogenic acid 

and its metabolites on the sleep-wakefulness cycle in rats. Eur. J. Pharmacol. 2004, 504, 185–189. 

15. Kim, H.K.; Jeong, T.S.; Lee, M.K.; Park, Y.B.; Choi, M.S. Lipid-lowering efficacy of hesperetin 

metabolites in high-cholesterol fed rats. Clin. Chim. Acta 2003, 327, 129–137. 

16. Longa, E.Z.; Weinstein, P.R.; Carlson, S.; Cummins, R. Reversible middle cerebral artery occlusion 

without craniectomy in rats. Stroke 1989, 20, 84–91. 

17. Krafft, P.R.; Bailey, E.L.; Lekic, T.; Rolland, W.B.; Altay, O.; Tang, J.; Wardlaw, J.M.; Zhang, J.H.; 

Sudlow, C.L. Etiology of stroke and choice of models. Int. J. Stroke 2012, 7, 398–406. 

18. Xu, X.H.; Zhang, S.M.; Yan, W.M.; Li, X.R.; Zhang, H.Y.; Zheng, X.X. Development of cerebral 

infarction, apoptotic cell death and expression of x-chromosome-linked inhibitor of apoptosis 

protein following focal cerebral ischemia in rats. Life Sci. 2006, 78, 704–712. 

19. Lipton, P. Ischemic cell death in brain neurons. Physiol. Rev. 1999, 79, 1431–1568. 

20. Gotoh, O.; Asano, T.; Koide, T.; Takakura, K. Ischemic brain edema following occlusion of the 

middle cerebral artery in the rat. I: The time courses of the brain water, sodium and potassium 

contents and blood-brain barrier permeability to 125i-albumin. Stroke 1985, 16, 101–109. 

21. Simard, J.M.; Kent, T.A.; Chen, M.; Tarasov, K.V.; Gerzanich, V. Brain oedema in focal ischaemia: 

Molecular pathophysiology and theoretical implications. Lancet Neurol. 2007, 6, 258–268. 

22. Gerriets, T.; Walberer, M.; Ritschel, N.; Tschernatsch, M.; Mueller, C.; Bachmann, G.;  

Schoenburg, M.; Kaps, M.; Nedelmann, M. Edema formation in the hyperacute phase of ischemic 

stroke. Laboratory investigation. J. Neurosurg. 2009, 111, 1036–1042. 

23. Lee, K.; Park, J.W.; Lee, B.; Bu, Y. Pathologic factors of brain edema in acute ischemic stroke 

research. Orient. Pharm. Exp. Med. 2015, 15, 1–5. 

24. Bu, Y.; Lee, K.; Jung, H.S.; Moon, S.K. Therapeutic effects of traditional herbal medicine on 

cerebral ischemia: A perspective of vascular protection. Chin. J. Integr. Med. 2013, 19, 804–814. 

25. Jin, R.; Yang, G.; Li, G. Molecular insights and therapeutic targets for blood-brain barrier disruption 

in ischemic stroke: Critical role of matrix metalloproteinases and tissue-type plasminogen activator. 

Neurobiol. Dis. 2010, 38, 376–385. 

26. Cunningham, L.A.; Wetzel, M.; Rosenberg, G.A. Multiple roles for mmps and timps in cerebral 

ischemia. Glia 2005, 50, 329–339. 

27. Romanic, A.M.; White, R.F.; Arleth, A.J.; Ohlstein, E.H.; Barone, F.C. Matrix metalloproteinase 

expression increases after cerebral focal ischemia in rats: Inhibition of matrix metalloproteinase-9 

reduces infarct size. Stroke 1998, 29, 1020–1030. 

28. Rosenberg, G.A.; Estrada, E.Y.; Dencoff, J.E. Matrix metalloproteinases and timps are associated 

with blood-brain barrier opening after reperfusion in rat brain. Stroke 1998, 29, 2189–2195. 



Molecules 2015, 20 11940 

 

 

29. Morancho, A.; Rosell, A.; Garcia-Bonilla, L.; Montaner, J. Metalloproteinase and stroke infarct 

size: Role for anti-inflammatory treatment? Ann. N. Y. Acad. Sci. 2010, 1207, 123–133. 

30. Lehner, C.; Gehwolf, R.; Tempfer, H.; Krizbai, I.; Hennig, B.; Bauer, H.C.; Bauer, H. Oxidative 

stress and blood-brain barrier dysfunction under particular consideration of matrix metalloproteinases. 

Antioxid. Redox Signal. 2011, 15, 1305–1323. 

31. Gasche, Y.; Copin, J.C.; Sugawara, T.; Fujimura, M.; Chan, P.H. Matrix metalloproteinase inhibition 

prevents oxidative stress-associated blood-brain barrier disruption after transient focal cerebral 

ischemia. J. Cereb. Blood Flow Metab. 2001, 21, 1393–1400. 

32. Jin, U.H.; Lee, J.Y.; Kang, S.K.; Kim, J.K.; Park, W.H.; Kim, J.G.; Moon, S.K.; Kim, C.H. A 

phenolic compound, 5-caffeoylquinic acid (chlorogenic acid), is a new type and strong matrix 

metalloproteinase-9 inhibitor: Isolation and identification from methanol extract of euonymus 

alatus. Life Sci. 2005, 77, 2760–2769. 

33. Park, W.H.; Kim, S.H.; Kim, C.H. A new matrix metalloproteinase-9 inhibitor 3,4-dihydroxycinnamic 

acid (caffeic acid) from methanol extract of euonymus alatus: Isolation and structure determination. 

Toxicology 2005, 207, 383–390. 

34. Ngameni, B.; Touaibia, M.; Patnam, R.; Belkaid, A.; Sonna, P.; Ngadjui, B.T.; Annabi, B.; Roy, R. 

Inhibition of mmp-2 secretion from brain tumor cells suggests chemopreventive properties of a 

furanocoumarin glycoside and of chalcones isolated from the twigs of dorstenia turbinata. 

Phytochemistry 2006, 67, 2573–2579. 

35. Bu, Y.; Kwon, S.; Kim, Y.T.; Kim, M.Y.; Choi, H.; Kim, J.G.; Jamarkattel-Pandit, N.; Dore, S.; 

Kim, S.H.; Kim, H. Neuroprotective effect of ht008–1, a prescription of traditional korean medicine, 

on transient focal cerebral ischemia model in rats. Phytother. Res. 2010, 24, 1207–1212. 

36. Kleiner, D.E.; Stetler-Stevenson, W.G. Quantitative zymography: Detection of picogram quantities 

of gelatinases. Anal. Bbiochem. 1994, 218, 325–329. 

Sample Availability: Samples of dihydrocaffeic acid are available from the authors. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


