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SUMMARY

Aim: Jasminoidin and ursodeoxycholic acid are 2 bioactive compounds extracted from Chi-

nese medicine that have been proven to exert a synergistic effect as a combined administra-

tion for the treatment of stroke. The aim of this study was to reveal the pharmacogenomic

mechanism of this synergistic effect of jasminoidin and ursodeoxycholic acid. Methods:

One hundred and fifteen mice with brain damage, induced by focal cerebral ischemia/rep-

erfusion, were divided into 5 groups: jasminoidin-treated, ursodeoxycholic acid–treated,

combination-treated, vehicle group, and sham-operated group. Comparative analysis of

stroke-related gene expression profiles and Kyoto Encyclopedia of Genes and Genomes

pathways among the 3 treatment groups were performed to reveal the mechanism of this

synergistic effect. Results: This study demonstrated that (1) treatment with jasminoidin

alone caused similar changes in the pattern of gene expression as those treated with the

combination; (2) jasminoidin treatment and the combination treatment had more overlap-

ping changes in gene expression and activated pathways than the ursodeoxycholic acid

treatment; (3) Hspa1a and Ppm1e were only up-regulated in the combination-treated

group; (4) the nonoverlapping genes Fgf12, Rara, Map3k4, paxillin (PXN) in the combina-

tion-treated group were markedly expressed, and P53 pathway was obviously activated in

the combination-treated group. Conclusion: These findings may suggest that jasminoidin

is the major component of the combination, and the combination plays an important role of

the synergistic effect in up-regulating expression of gene Hspa1a, genes Fgf12, Rara,
Map3k4 and down-regulating gene PXN, as well as activating P53 pathway.

Introduction

Ischemic stroke is a substantial cause of death and disability

worldwide. There is good evidence from preclinical studies [1,2]

and randomized control trials [3,4] that combination therapy

offers a survival advantage and increases the effectiveness of treat-

ment for ischemic stroke without substantially increasing the side

effects. Millennia-old traditional Chinese medicine (TCM) treats

stroke with many combination therapies involving multiple ingre-

dients used in clinical practice. Because of its complex chemical

ingredients, however, it is becoming a substantial bottleneck to

determine the mechanism of interaction among the ingredients

for treating ischemic stroke.

Jasminoidin and ursodeoxycholic acid (Figure S1) are the 2 bio-

active compounds extracted from the Chinese medicine, Zhi Zi,

and artificial Niu Huang in TCM [5,6], respectively. These 2 Chi-

nese medicines have been used for the treatment of stroke for

thousands of years. In previous studies, it has been demonstrated

that ursodeoxycholic acid administered in high doses can be deliv-

ered to different tissues outside the liver, including the brain [7],

and is a potent neuroprotective agent in acute ischemic stroke.

The mechanism of this protection may be mediated by the inhibi-

tion of mitochondrial perturbation and subsequent caspase activa-

tion leading to apoptotic cell death [8]. Moreover, our previous

study showed that jasminoidin could also decrease the infarction

area in the rat brain with therapeutic effects against ischemic

stroke [9,10]. However, interestingly, in our previous studies, we

found that although the individual effects of jasminoidin and ur-

sodeoxycholic acid were not very strong, the combined adminis-

tration of jasminoidin and ursodeoxycholic acid could

significantly improve their effectiveness, such as decreasing the

neurological scores [11]. These findings were accordant with our

clinical practice of TCM where Zhi Zi and artificial Niu Huang

were often used together, especially for stroke treatment. Further-

more, our recent study reported that the combination of jasminoi-

din and ursodeoxycholic acid had a synergic effect on reducing

the infarct volume based on the median-effect method [12].

Despite favorable findings in our previous studies, we only com-

pared the global genomic expression profiles and the relevant

altered pathways among jasminoidin, ursodeoxycholic acid, and
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their combination treatment groups, and we did not determine

specific gene expression profile changes and pathways that corre-

late with stroke after treatment with the 2 compounds alone and

in combination. Therefore, we continued to use a specific micro-

array made from a collection of 374 cDNAs that are related to

stroke and performed a comparative analysis of the effects, the

gene expression profiles, and the significantly activated pathways

in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

analysis. The models were treated by individual or combined ja-

sminoidin and ursodeoxycholic acid for focal cerebral ischemia–

reperfusion injury, so as to reveal the synergistic mechanism

between jasminoidin and ursodeoxycholic acid.

Methods

Animal Model

Animal experiments were carried out in accordance with the Pre-

vention of Cruelty to Animals Act (1986) and National Institutes

of Health (NIH) guidelines for the care and use of laboratory ani-

mals for experimental procedures. The experimental protocol was

approved by a local committee review. The focal cerebral ische-

mia/reperfusion mouse models were induced as previously

described [12].

Drug Administration

Kunming mice (n = 115), 12 weeks of age and weighing 38–48 g,

were obtained from the Experimental Animal Center at the

Health Science Center of Peking University, China, and were

randomly divided into 5 groups(each consisting of 23 subjects):

jasminoidin-treated group (jasminoidin; 25 mg/mL), ursodeoxy-

cholic acid–treated group (ursodeoxycholic acid 7 mg/mL), com-

bination-treated group (the combination of jasminoidin and

ursodeoxycholic acid at the ratio of 1:1), vehicle group (0.9%

NaCl), and sham-operated group (0.9% NaCl).

The drug preparation used was a chemically standardized prod-

uct obtained from the National Institutes for Food and Drug

Control, which was validated by fingerprint chromatographic

methodologies. The drug was dissolved in 0.9% NaCl just before

use. All drugs in the form of injection were injected into the tail

vein 1.5 h after the induction of focal cerebral ischemia at

2 mL/kg mouse body weight.

Histological Analysis and Measurement of the
Cerebral Infarct Size by TTC Staining

A total of 6 mice from each group were selected for histological

analysis after 24-h reperfusion. Another 9 mice from each group

were used to calculate the infarction ratio after 24-h reperfusion.

The methods for histological analysis and measurement of the

cerebral infarct size by 2,3,5-triphenyltetrazolium chloride (TTC)

staining were conducted as previously described [12].

RNA Isolation and Microarray Analysis

The left hippocampus of 5 mice from each group was prepared for

RNA isolation and microarray analysis. The procedures for RNA

isolation, microarray preparation, and microarray data analysis

were conducted as previously described [12]. Microarrays were

constructed from a collection of 374 cDNAs (Clontech atlas 1.2

mouse brain microarray, “Biostar40S” 4065, and 16,463 mouse

oligo chip). The 374 genes consisted of 114 stroke-related genes

identified in the previous studies [9,13] and 260 other genes from

9 cerebral ischemia-related pathways (ERK, MAPK, Wnt, GnRH,

CaMK, VEGF, JAK, EGF, and PDGF) screened from 4 databases:

Science Signal Transduction Knowledge Environment, KEGG,

Biocarta, and Reactome.

Quantitative Real-Time Polymerase Chain
Reaction (RT-PCR) Analysis

Another 3 animals from each group were anesthetized with chlo-

ral hydrate (400 mg/kg) and decapitated. The total RNA from the

hippocampus tissue was extracted, and cDNAs were synthesized

from 200 ng total RNA using TaqMan reverse transcription

reagents (Applied Biosystems, Foster City, CA, USA). PCR was car-

ried out using 2 lL cDNAs in the SYBR Green PCR Core reagent

kit and analyzed by an ABI Prism 7000 Sequence Detection

System (Applied Biosystems). Reactions containing no cDNA, or

no primers served as negative controls. PCR primers for each gene

were designed in adjacent exons and the fluorogenic probe span-

ning the junction between them. The relative expression levels of

Hspa1a (primer: GCGCGACCTGAACAAGAGCATC; TCCGCTGA-

TGATGGGGTTACAC) and Rara (primer: CAGATGCACAACGC-

TGGC; CCGACTGTCGGCTTAGAG) were analyzed using the

comparative CT method for relative quantitation and the formula

2�DDCt method by normalizing to GAPDH gene expression. Results

were presented as the percent changes compared with matched

controls.

Cluster and Principal Components Analysis (PCA)

Normalized data were clustered and applied for visualization by

ArrayTrack software (National Center for Toxicological Research,

FDA, Jefferson, AR, USA). The expression level of the involved

genes was indicated by different colors: red representing up-regu-

lation and green representing down-regulation. Multidimensional

scaling using the principal components was performed based on

the covariance matrix of the normalized gene expression values.

PCA reduced the complexity of high-dimensional data structures

by projecting them into a low-dimensional subspace that

accounted for the majority of data variance.

Gene Ontology (GO) Analysis

The functional annotation of the differentially expressed genes

was obtained from the Gene Ontology database (http://www.

geneontology.org/) and NCBI Gene database (http://www.ncbi.

nlm.nih.gov/gene/), based on their respective molecular func-

tion, biological process, or cellular component. Functional cate-

gories were enriched within genes that were differentially

expressed among the 3 treatment groups. Twelve GO functional

categories that genes mainly involved in were selected for spe-

cific analysis: apoptosis, cell adhesion, cell cycle, cell differentia-

tion, cell motility, cell organization, development, metabolism,
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response to stress, signal transduction, transcription regulator,

and transport.

KEGG Analysis

All differentially expressed genes were uploaded to the KEGG

(http://www.genome.jp/kegg/) database, and one of the main fea-

tures of KEGG is the collection of pathway maps that computerize

the network information of molecular interactions, such as for

metabolism and signal transduction. This approach can be helpful

for revealing information that is not easily visible from the

changes of individual genes. Based on the KEGG database that

can provide searchable pathways to the uploaded genes, pathways

that had significant changes of P < 0.05 and fold change >1.5 were

identified for further analysis.

Results

Variation of Infarct Volumes in Different Groups

Neurons of CA1 with normal structure and plaque-like or gran-

ule-like Nissl bodies were seen in the sham-operated group

(Figure 1A); whereas in the model group, the Nissl bodies in

neurons were considerably depleted (Figure 1B). As for the

hippocampus in the jasminoidin, ursodeoxycholic acid, and com-

bination-treated groups, the loss in the neuron Nissl bodies was

significantly alleviated, but no abundant Nissl bodies were

observed (Figure 1C–E). The combination-treated group showed

a significant reduction in infarction volume compared with the

jasminoidin and ursodeoxycholic acid–treated groups (Figure 1F).

Cluster Analysis and PCA

Cluster analysis and PCA indicated that the data were more

clustered in the combination-treated and ursodeoxycholic acid–

treated groups compared with those of jasminoidin-treated group,

which were relatively dispersed. Overall, the accuracy and

credibility of the data were high. Two-way cluster analysis indi-

cated that the pattern of gene expression in the combination

group was similar to the jasminoidin-treated group than the urso-

deoxycholic acid–treated group, and the combination–jasminoidin

treatment comparisons had more overlapping up-regulated and

down-regulated genes (Figure 2A,B).

Differentially Altered Gene Expression Profiles

A total of 107 altered genes were significantly expressed in the

sham group, with 103 (96.33%) up-regulated genes and 4

(3.67%) down-regulated genes. The jasminoidin-treated group

had 50 differentially expressed genes, with 35 (70.00%) up-regu-

lated genes and 15 (30%) down-regulated genes. Fifty-four differ-

entially expressed genes were identified in the ursodeoxycholic

acid–treated group, with 38 (70.37%) up-regulated genes and 16

(29.63%) down-regulated genes. The combination-treated group

had 50 differentially expressed genes, with 27 (93.10%) up-regu-

lated genes and 2 (6.90%) down-regulated genes. In addition,

these data show that the overlapping altered genes, Hspa1a and

Ppm1e, in the ursodeoxycholic acid–combination treatment

comparisons were up-regulated in the combination-treated group

but down-regulated in the ursodeoxycholic acid–treated group

(Table S1 and Figure 2C,D).

According to the ratio of up-regulated and down-regulated lev-

els, the most up-regulated genes were Ccnal (ratio = 3.3891), F5

(ratio = 4.6549), and Arf1 (ratio = 2.8709) in the jasminoidin-,

ursodeoxycholic acid-, and combination-treated groups, respec-

tively. Conversely, the most down-regulated genes were Pou3f1

(ratio = 0.4651), Hspa1a (ratio = 0.3669), and Cdc42

(ratio = 0.6343) in jasminoidin-, ursodeoxycholic acid-, and com-

bination-treated groups, respectively. The top 10 ratio values of

the up-regulated or down-regulated differential genes in each

A B C

D E F

Figure 1 The changes of pathomorphology in mouse hippocampus and the effects on the infarction volume among the 5 groups. (A) Hippocampus in the

sham-operated group with normal structure and plaque-like or granule-like Nissl bodies (n = 6, magnification 9 400). (B) In the vehicle group, Nissl bodies

in neurons nearly got lost completely (n = 6, magnification 9 400); (C–E) Hippocampus with different loss degrees in neuron Nissl bodies in jasminoidin

(JA)-, ursodeoxycholic acid (UA)-, and the combination (JA + UA)-treated groups, respectively (n = 6, magnification 9 400). (F) Variation of infarction

volumes between different treatment groups versus vehicle group (n = 9, *p < 0.05; **p < 0.01 vs. vehicle group, ANOVA; Values are the mean ± SD).
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group are shown in Table S2 (based on the up-regulated level >2

or down-regulated level <0.5 except for combination-treated

group with only 2 down-regulated genes identified).

GO Categories of Differentially Expressed Genes

According to the GO analysis, the functional annotations of the

most differentially expressed genes among the 3 treatment groups

were related to metabolism, signal transduction, and development

(Figure 3A). Based on the function of the 29 differentially

expressed genes in the combination-treated group, 14 were

related to metabolism, 13 related to signal transduction, and 5

related to development or the cell cycle. Among the 50 differen-

tially expressed genes in jasminoidin-treated group, 23 were

related to metabolism, 20 related to signal transduction, and 14

related to development. The same distribution was also identified

in the 54 differentially expressed genes in the ursodeoxycholic

acid–treated group, of which 28 were related to metabolism, 22

Figure 2 The comparative analysis results of stroke-related gene expression profiles among jasminoidin-, ursodeoxycholic acid-, and the combination-

treated groups. (A) Cluster analysis of altered genes among the 3 treatment groups, which indicates that the profiles of gene expression in jasminoidin

(JA)- and the combination (JA + UA)-treated groups have some similarities, compared with those of ursodeoxycholic acid (UA)–treated group. (B) Principal

components analysis (PCA) of altered genes among jasminoidin-, ursodeoxycholic acid-, and the combination-treated groups, which shows the data in

jasminoidin (blue)-, ursodeoxycholic acid (red)-, and the combination-treated (green) groups are clustered, respectively, and the combination and

jasminoidin-treated groups are relatively close to each other. (C) Up-regulated differentially expressed genes overlapping and nonoverlapping among the

3 treatment groups, which shows that (1) 11 up-regulated differentially expressed genes overlapped among the 3 groups; (2) 10 up-regulated differentially

expressed genes overlapped between jasminoidin- and the combination-treated groups, only 1 up-regulated differentially expressed gene overlapped

between ursodeoxycholic acid- and the combination-treated groups, and 11 up-regulated differentially expressed gene overlapped between jasminoidin-

and ursodeoxycholic acid–treated groups; (3) 3, 15, or 5 differentially expressed genes were only up-regulated in jasminoidin-treated, ursodeoxycholic

acid–treated, or combination-treated group, respectively. (D) Down-regulated differentially expressed genes overlapping and nonoverlapping among the

3 treatment groups, which demonstrated that (1) only 1 down-regulated differentially expressed gene overlapped among the 3 groups; (2) none down-

regulated differentially expressed gene overlapped between jasminoidin- and the combination-treated groups or between ursodeoxycholic acid- and the

combination-treated groups, and 4 down-regulated differentially expressed genes overlapped between jasminoidin- and ursodeoxycholic acid–treated

groups; (3) 10, 9, or 1 differentially expressed genes were only down-regulated in jasminoidin-treated group, ursodeoxycholic acid–treated or,

combination-treated group, respectively.
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related to signal transduction, and 10 related to development

(Figure 3). The functions of the overlapping differentially

expressed genes among all 3 treatment groups were primarily

related to signal transduction and secondarily to metabolism.

However, although “development” was the third functional anno-

tation to which the differentially expressed genes were related,

there was only 1 overlapping gene among the 3 treatment groups

(Figure 3B).

RT-PCR Validation

The drug-induced changes in Hspa1a and Rara expression

obtained by the cDNA microarray analysis were further verified

by RT-PCR (Figure 4). RT-PCR analysis of Hspa1a gene expression

in drug-treated mouse brains showed a progressive increase in the

combination-treated group while decrease in ursodeoxycholic

acid–treated group. The expression of Rara mRNA was signifi-

cantly increased in the combination-treated group, as examined

by RT-PCR analysis. The outcome of RT-PCR analyses indicated

that broad, array-based gene expression measurements were reli-

able for the determination of gene expression patterns in the

brain.

KEGG Database Analysis

Using the KEGG database, 22 overlapping pathways were identi-

fied among the 3 groups, as well as 4 and 2 overlapping pathways

noted between the combination–jasminoidin treatment compari-

sons and jasminoidin–ursodeoxycholic acid treatment compari-

sons, respectively. However, no overlapping pathway between

the combination–ursodeoxycholic acid treatment comparisons

was identified (Figure 5A). Moreover, 3 pathways were signifi-

cantly activated in only the jasminoidin-treated group in addition

Figure 3 Distribution of differentially expressed genes based on GO analysis. (A) it illustrates the number of differentially expressed genes in each group

based on GO analysis. (B) it shows the overlapping and nonoverlapping genes related to development, metabolism, and signal based on GO analysis

among the 3 treatment groups.

Figure 4 Independent experiments to identify gene expression using

real-time polymerase chain reaction (RT-PCR). The expression of Hspa1a

and Rara in real-time RT-PCR compared with that in microarray. Values are

the mean ± SD.
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to 3 pathways in the ursodeoxycholic acid–treated group and only

1 pathway in the combination-treated group (Figure 5B–G). The

P53 signaling pathway was identified as one of the pathways

related to cerebral ischemia (Figure 6), which was only activated

in the combination-treated group.

Discussion

In this study, the pharmacological effects for reducing the infarc-

tion volume and the changes of pathomorphology in the mouse

hippocampus among the 3 treatment groups were similar to data

reported in our previous study [12]. According to the analysis of

the differential gene expression profiles, significantly up-regulated

or down-regulated genes were consistently the overlapping

altered genes in the 3 treatment groups, such as Ccna1, Rgs6, F5,

Rgs18, Bid, Tcfe2a, Taf7, Ikbkg, Adora1, Arf1, Rps6ka1, and

Cdc42. This indicates that the mechanism of action determined in

the 3 study groups were similar and may be the basis for their

pharmacological effects. Based on the results of GO analysis, the

functions of most differentially regulated genes were related to

metabolism, signal transduction, and development. Therefore,

the therapeutic mechanism for ischemic stroke in the 3 groups

(jasminoidin, ursodeoxycholic acid, and their combination)

may be related to their effects on cerebral metabolism, signal

transduction, and nervous development.

According to the cluster analysis, PCA, and gene expression pro-

file analysis, it was demonstrated that the pattern of gene expres-

sion in the combination-treated group was more similar to the

jasminoidin-treated group than the ursodeoxycholic acid–treated

group, and the combination–jasminoidin treatment comparisons

had more overlapping up-regulated and down-regulated genes.

Based on GO analyses, there were more overlapping altered genes

between the combination–jasminoidin comparisons than those

between the combination–ursodeoxycholic acid treatment com-

parisons. Furthermore, according to the KEGG analysis, there

were more overlapping significant pathways between the combi-

nation–jasminoidin treatment comparisons than between the

combination–ursodeoxycholic acid treatment comparisons. When

combined with the result of their pharmacological effects, these

data suggest that jasminoidin possibly contributes more important

pharmacological effects when given in the combination, which is

consistent with our recent findings [12].

Figure 5 The results of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. (A) the Wayne map about the significant pathways

distribution of the 3 treatment groups; (B) the 3 significant pathways only activated in jasminoidin-treated group (JA): long-term depression, thyroid

cancer, basal cell carcinoma; (C) the 3 significant pathways only activated in ursodeoxycholic acid–treated group (UA): Huntington’s disease, Fc epsilon RI

signaling pathway, basal transcription factors; (D) the 1 significant pathway only activated in the combination-treated group (JA + UA): P53 signaling

pathway; (E) the 2 overlapping pathways both activated in jasminoidin-treated group and ursodeoxycholic acid–treated group (JA � UA): Wnt signaling

pathway, melanogenesis; (F) the 4 overlapping pathways both activated in jasminoidin-treated group and the combination-treated group (JA + UA � JA):

melanoma, regulation of actin cytoskeleton, neurodegenerative diseases, T cell receptor signaling pathway; (H) the 22 overlapping pathways all activated

in the 3 treatment groups: long-term potentiation, dorso–ventral axis formation, VEGF signaling pathway, apoptosis, glioma, bladder cancer, chronic

myeloid leukemia, endometrial cancer, mTOR signaling pathway, prostate cancer, ErbB signaling pathway, insulin signaling pathway, gap junction, acute

myeloid leukemia, GnRH signaling pathway, natural killer cell–mediated cytotoxicity, focal adhesion, MAPK signaling pathway, colorectal cancer, renal cell

carcinoma, non–small cell lung cancer, pancreatic cancer.
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The current study suggested that the synergistic effect in

the combination-treated group may be related to 3 aspects as

following:

1 The overlapping genes, Hspa1a and Ppm1e, in the ursodeoxy-

cholic acid–combination treatment comparisons were up-

regulated in the combination-treated group (Hspa1a: ratio =

1.7337; Ppm1e: ratio = 1.6699) but down-regulated in the

ursodeoxycholic acid–treated group (Hspa1a: ratio = 0.3669;

Ppm1e: ratio = 0.6337). The up-regulation of these 2 genes

has been associated with apoptosis [14,15]. In particular, the

neuroprotective effects of Hspa1a (Hsp72) overexpression

have been reported in numerous studies during ischemia-

like conditions in neuronal cells [16–18], in vivo [17,19,20],

and in vitro models of ischemia [21,22]. Moreover, trans-

genic mice overexpressing the Hspa1a gene show significant

protection during focal cerebral ischemia [19,20], and injec-

tion of a vector carrying the Hsp72 gene into the rat hippo-

campal CA1 region provided protection to cells in the

vicinity of the injection site following 10 min of global

ischemia [23].Thus, in our study, the up-regulation of

Hspa1a in the combination-treated group may demonstrate

synergism.

2 The nonoverlapping altered genes expressed in the combina-

tion-treated group, which were up-regulated (Fgf12, Rara,
Map3k4) and those that were down-regulated gene (paxillin,

PXN), may also be involved with the synergistic effect of the

drugs. Fgf12 (ratio = 1.9774), as a member of the fibroblast

growth factor (FGF) family, was expressed in the developing,

and adult nervous systems and gene transcripts have been

detected in the developing of central nervous system in cells

outside the proliferating ependymal layer, suggesting that it is

likely related to nervous system development and function

[24,25]. Rara, as a member of retinoic acid receptors (RARs)

family, which is indispensable for morphogenesis and

differentiation of several tissues, including the nervous system

[26–28], can be found in the cortex and hippocampus

[29,30]. In addition, Rara (ratio = 1.6951) may be critically

involved in this form of retinoic acid signaling that is consid-

ered a synaptic signaling pathway and plays an important role

in the homeostatic synaptic plasticity by activating dendritic

GluR1 synthesis [31]. Additionally, Rara may be preferentially

involved in the generation of neural crest–derived arterial

smooth muscle cells [32].

Despite no previous reports that Map3k4 has any direct rele-

vance with cerebral ischemia, Map3k4 (MEKK4; ratio = 1.5293)

function is critical for some congenital malformation of human

cerebral cortex, such as periventricular heterotopia [33] and neu-

ral tube defects [34]. Previous reports demonstrate that mice defi-

cient in MEKK4 or possessing kinase-deficienct MEKK4

(MEKK4K1361R) develop central nervous system phenotypes,

including severe neural tube closure defects and massive neuro-

epithelial apoptosis [34,35]. Moreover, MEKK4 may be required

for cytoskeletal stability or integrity of the ventricular surface lin-

ing the developing forebrain, which could influence neuronal

migration away from the proliferative zone. MEKK4 contributes

to the integrity of the ventricular zone surface, regulates the

amount of filamin, and mediates cell migration during forebrain

development [33].

The current study identified that the PXN gene was down-

regulated (ratio = 0.6579) in the combination-treated group. It

Figure 6 The significant pathway only activated in the combination-treated group: P53 signal pathway in the Kyoto Encyclopedia of Genes and Genomes

(KEGG) database.
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has been reported that the knockdown of this gene induces

morphological changes of various neuronal cells and potentially

inhibits oligodendrocyte differentiation [36]. PXN acts as a

positive regulator in oligodendrocyte differentiation and has

been found to bind to the antiapoptosis protein, Bcl2, and is

thought to protect cells from apoptosis [37]. Although there

are no reports of the effect of PXN in cerebral ischemia, we

determined that PXN was down-regulated after combination

drug treatment in our study.

3 The only significantly activated pathway in the combination-

treated group, the P53 signaling pathway, is one of the path-

ways related to cerebral ischemia that may be correlated with

the synergistic effect. The activation of the P53 signaling path-

way is induced by a number of stress signals, including DNA

damage, oxidative stress, and activated oncogenes. Previous

reports suggest that the neuroprotective effect of drugs is

related to the suppression of the P53 signaling pathway [38].

Cerebral ischemia injury involves cell apoptosis and low-level

chronic inflammation, and P53 is also a well-known tran-

scription factor that mediates apoptosis by transactivation of

proapoptotic gene expression, including bax, apaf-1, and cas-

pase-6 [39]. Previous studies have demonstrated that p53

transcriptional activity is enhanced in ischemia–reperfusion

injury [40,41]. Moreover, the stress-activated signaling path-

way, p53, plays a major role in the regulation of low-level

chronic inflammation via the activities of wild-type p53-

induced phosphatase 1 (WIP1) and macrophage migration

inhibitory factor (MIF) [42]. Therefore, these data suggest that

treatment with the combination of jasminoidin and

ursodeoxycholic acid, opposed to the independent use of

either drug, may activate a novel P53 signaling pathway that

plays an important role in cerebral ischemia. The synergistic

effects of jasminoidin and ursodeoxycholic acid may be linked

to the pharmacological effect through the P53 pathway, dif-

ferent from the independent use of either jasminoidin or

ursodeoxycholic acid.

In conclusion, our findings indicate that jasminoidin contrib-

utes a more important pharmacological effect in the combination

treatment, which is consistent with our recent study [12]. The

synergistic effect of the combination treatment may correlate with

the following mechanisms: (1) the overlapping genes, Hspa1a and

Ppm1e, in ursodeoxycholic acid–combination treatment compari-

sons were only up-regulated in the combination-treated group;

(2) the nonoverlapping overexpressed genes Fgf12, Rara, Map3k4,

and PXN in the combination-treated group may be associated with

cerebral ischemia; (3) P53 signaling pathway, which plays an

important role in cerebral ischemia, was only significantly acti-

vated in the combination-treated group. Nevertheless, these data

did not determine the relationship between these altered genes

and the pathway and could not provide a complete understanding

of this synergistic effect. Thus, further studies on multiple and

subpathways may be needed to validate the mechanism of the

synergistic effect associated with cerebral ischemia–reperfusion

injury. The P53 pathways identified here should also be further

analyzed in the hope of gaining a more comprehensive

understanding of the pharmacological mechanism of cerebral

ischemia–reperfusion injury.
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