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Abstract
The discovery of efficacious anti-ischemic drugs remains a challenge.  Recently we have found that rosmarinic acid n-butyl ester 
(RABE), a derivative of rosmarinic acid, significantly protects SH-SY5Y cells against oxygen glucose deprivation (OGD)-induced cell 
death.  In the present study we simultaneously investigated the effects of RABE on the two key players in the pathophysiology of 
cerebral ischemia, ischemic neuronal damage and microglial inflammation.  Pretreatment with RABE (1, 10 μmol/L) dose-dependently 
attenuated OGD- or H2O2-induced reduction of the viability of SH-SY5Y neuroblastoma cells.  RABE pretreatment concurrently reduced 
the apoptotic cell rate, down-regulated the expression of the pro-apoptotic proteins Bax and p53, and up-regulated the expression of 
the anti-apoptotic protein phosphorylated death-associated protein kinase (DAPK).  Furthermore, pretreatment with RABE (3 μmol/L) 
markedly inhibited lipopolysaccharide (LPS)-induced increases in the release of TNF-α, IL-1β, NO and PGE2, and the expression levels of 
iNOS, and COX-2 in cultured rat microglial cells.  In conclusion, these results reveal for the first time the potential anti-ischemic effects 
of RABE on neuronal and glial cells and elucidate the molecular mechanisms involved in its dual beneficial profiles in vitro.  RABE may 
be a promising drug lead/candidate for the treatment of ischemic stroke.
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Introduction
Stroke is a multifactorial disease caused by a combination 
of environmental and genetic factors, and it is a major cause 
of serious long-term disability in adults and the second 
leading cause of death worldwide[1, 2].  Approximately 87% 
of stroke patients are ischemic, and the remaining cases are 
hemorrhagic[3].  Ischemic strokes are caused by an interruption 
of the blood supply to the brain, while hemorrhagic strokes 
result from the rupture of a blood vessel or an abnormal 
vascular structure.  Only recombinant tissue-plasminogen 
activator (rt-PA) for thrombolysis is approved by US Food 
and Drug Administration for use in the treatment of this 
devastating disease, but the use of this drug is restricted by a 
short treatment window[4], a narrow eligible range[5], and the 

risk of hemorrhage[6].  Effective therapeutic strategies remain 
a challenge despite the advances in our understanding of the 
pathophysiology of cerebral ischemia.  

Ischemic stroke often occurs with complex pathophysiological 
events, and neuronal damage and microglial inflammation 
are two of the key players[7–10].  Neuronal death in the brain 
following ischemic injury is a dynamic and prolonged process 
that involves several apoptosis-related pathways, including 
the Fas signaling pathway[11], notch pathway[12], and p53 
signaling pathway[13].  Death-associated protein kinase (DAPK) 
is a newly identified Ca2+/calmodulin-dependent kinase that 
plays an important role in the apoptosis process.  A recent 
study demonstrated that DAPK was an irreplaceable regulator 
in ischemic neuronal death[14, 15].  The DAPK-p53 interaction 
is a point of convergence during necrotic and apoptotic 
pathways, and this complex was considered a desirable target 
for the treatment of ischemic insults[16].  Cerebral ischemia 
also triggers a robust activation of microglial cells, which play 
pivotal roles in the acute and chronic phases of injury[17, 18].  
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Microglia constitute approximately 12% of brain cells[19], 
and these cells are responsible for inflammation, which is 
characterized into three stages after ischemic injury: acute, 
chronic and resolution[20].  Microglia largely produce pro-
inflammatory cytokines, such as tumor necrosis factor-α 
(TNF-α) and interleukin-1β (IL-1β), in the acute phase of 
brain inflammation in ischemic stroke[21].  Microglia-induced 
chronic inflammation leads to excessive release of nitric oxide 
(NO) by inducible nitric oxide synthase (iNOS)[22-24] and pros-
taglandin E2 (PGE2) by cyclooxygenase-2 (COX-2)[25].  These 
inflammatory responses are substantial and detrimental 
factors in the pathogenesis of ischemic stroke[26].  There is a 
bidirectional interaction and communication between neu-
rons and neighboring glial cells, and the amelioration of 
ischemia-associated neuronal damage and suppression of pro-
inflammatory cytokines in activated microglia are generally 
accepted as important therapeutic regimens in the treatment 
of ischemic stroke.

Natural products are reliable resources in drug discovery 
and development processes[27].  For example, Butylphthalide 
(isolated from Apium graveolens)[28] is used clinically for the 
treatment of stroke in China.  in the current study, Rosmarinic 
acid (RA) and its synthetic derivatives (2–12) (Supplementary 
Chart S1) were investigated in oxygen-glucose deprivation 
(OGD) injury to identify the most effective agent as a new 
lead compound that is effective against ischemic stroke.  
Rosmarinic acid n-butyl ester (RABE) (5) was the most potent 
RA derivative, and it almost completely protected cells against 
OGD-induced reduction in the survival of SH-SY5Y cells 
(Supplementary Figure S1).  We further demonstrated the dual 
protective effects of RABE against ischemia-associated neu-
ronal damage and inflammatory responses of microglial cells 
and investigated the potential molecular mechanisms underly-
ing this beneficial profile.

Materials and methods
RABE preparation
RABE (Figure 1) is a derivative of rosmarinic acid.  The RABE 
employed in the present study was provided by Prof Wei-
min ZHAO of the Shanghai Institute of Materia Medica, 
Chinese Academy of Sciences.  The synthetic procedures of 
RABE and purity reports are provided in the Supplemen-
tary  Information.  RABE purity was above 95% using high-
performance liquid chromatography (HPLC) analysis [HPLC: 
column, Athena C18-WP, 21 mm×50 mm; solvent system, 
acetonitrile-0.2‰ HCOOH with gradient elution; flow rate, 
0.3 mL/min; UV detection, 327 nm; Shimadzu LC-MS-2020, 
Shimadzu Corporation, Kyoto, Japan].  RABE was dissolved in 

dimethylsulfoxide (DMSO) to 10 mmol/L as a stock solution 
and stored at -20 °C.  The stock solution was diluted with 
culture medium before use.  Cell cultures were pre-incubated 
with different concentrations of RABE for 2 h prior to exposure 
to various insults.

Cell culture
Human neuroblastoma SH-SY5Y cells were obtained from 
the American Type Culture Collection (ATCC, Manassas, 
VA, USA) and cultured in a 1:1 mixture of Eagle’s minimum 
essential medium and Ham’s F12 medium (MEM/F12; Gibco, 
Grand Island, NY, USA) supplemented with 10% fetal bovine 
serum (FBS; Gibco, Grand Island, NY, USA), 100 U/mL peni-
cillin and 100 μg/mL streptomycin.  The cells were seeded into 
96-well plates or 6-well plates (Corning, NY, USA) at a density 
of 2×105 cells/mL and maintained at 37 °C in 95% air/5% CO2 
in a humidified incubator.  The culture media were replaced 
with fresh media 24 h after seeding for H2O2 stimulation, or 
with the DMEM medium for OGD insult.

Primary microglia were prepared from the cortex of Sprague 
Dawley (SD) rats at postnatal d 1 using the “shaking-off” 
method as described previously[30].  Briefly, mechanically dis-
sociated cortical cells were seeded in 75-cm2 T-flasks (1 brain/
flask) containing DMEM/F12 medium (Gibco, Grand Island, 
NY, USA) supplemented with 10% FBS, 100 U/mL penicil-
lin and 100 μg/mL streptomycin at 37 °C in 95% air/5% CO2 
in a humidified incubator with the medium replaced every 
three days.  Microglia floated off and separated from mixed 
glial cultures on d 14 in vitro, and these cells were seeded into 
96-well plates or 6-well plates.

Hydrogen peroxide (H2O2), OGD, or lipopolysaccharide (LPS) 
insults
H2O2 was freshly prepared from an 8.8-mol/L stock solution 
prior to each experiment, and the final concentration in 
the culture medium was 100 μmol/L for the entire study.  
The cells used for OGD exposure were washed with OGD 
medium (DMEM medium without glucose) and placed in 
OGD medium in a hypoxia chamber (85% N2/10% H2/5% 
CO2 at 37 °C) for 1 h.  The cells were placed in normal DMEM 
medium (supplied with 1 g/L glucose and 10% FBS) after 
OGD insults and returned to a standard incubator (95% 
air/5% CO2 at 37 °C) for another 24 h.  The culture medium 
of the control group was changed to normal DMEM medium 
at the same time, and these cells were incubated for another 
24 h.  Microglia were incubated with 100 ng/mL LPS for 24 h 
to induce inflammatory responses.  Assays were performed 
at different times after exposure, as specified in the following 
methods.

Cell viability assay
Cell viability was evaluated using morphological observa-
tion under a microscope (Nikon TE2000, Melville, NY, USA) 
and the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT; Sigma, St Louis, MO, USA) assay.  When 
obtained by the live cell, MTT is transformed to formazan, and Figure 1.  Chemical structure of RABE. 
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the amount of formazan directly correlates with the number 
of metabolically active cells[31].  MTT was added to the culture 
media at a final concentration of 0.5 mg/mL after different 
treatments and incubated at 37 °C for 3 h.  The formed forma-
zan was dissolved by the addition of 100 μL DMSO to each 
well.  Cell plates were shaken for 5 min, and the absorbance 
of each well was recorded on a DTX 800 Multimode Detector 
(Beckman Coulter, Fullerton, CA, USA) at 490 nm.

Lactate dehydrogenase (LDH) assay
LDH is a stable cytosolic enzyme that is released upon cell 
lysis, and it is used to measure cytotoxicity.  The supernatant 
medium was collected 24 h after H2O2 or OGD exposure and 
centrifuged at 300×g for 10 min to pellet debris.  The superna-
tant medium was used for LDH assay, which was performed 
according to the LDH kit manufacturer’s instructions (Nanjing 
Jiancheng, Nanjing, China).  The absorbance was measured at 
a wavelength of 450 nm using a DTX 800 Multimode Detector 
(Beckman Coulter, Fullerton, CA, USA).

Flow cytometry analysis
Annexin V-FITC and propidium iodide (PI) staining (BD Bio-
sciences, San Jose, CA, USA) was used to identify apoptotic 
cells.  Annexin V-FITC staining precedes the loss of membrane 
integrity that accompanies the latest stages of cell death result-
ing from apoptotic or necrotic processes, while PI identifies 
early apoptotic cells.  SH-SY5Y cells were collected via centrif-
ugation at 300×g for 10 min.  The cells were washed twice with 
cold PBS and resuspended in 100 μL (1×105 cells) of binding 
buffer.  Annexin V-FITC (5 μL) and PI (5 μL) were added to 
the binding buffer and incubated for 15 min at room tempera-
ture in the dark.  Another 400 μL of binding buffer was added 
to the samples, and cells were analyzed using flow cytometry 
(BD Biosciences, San Jose, CA, USA) within 1 h.

Nuclear fraction extraction
The primary contribution of p53 to apoptosis in response 
to ischemic injury is dependent on transcriptional activity.  
In order to test the effect of RABE on the transcriptional 
activation of p53, nuclear fraction extraction was performed to 
assess changes in protein from the cytoplasm to nucleus.  Cells 
were harvested using trypsin-EDTA and centrifuged at 500×g 
for 5 min.  Nuclear extracts were obtained using NE-PER 
Reagents (Thermo Scientific, USA) for Western blotting.

Western blot analysis
Protein levels were determined using immunoblotting.  Cells 
were homogenized in RIPA buffer (50 mmol/L Tris-base, 
150 mmol/L NaCl, 0.5% sodium deoxycholate, 1% NP-40, 
0.1% SDS, pH 7.5) with protease inhibitors and centrifuged 
at 12 000×g for 10 min at 4 °C.  The protein concentrations in 
supernatants were determined using a bicinchoninic acid 
(BCA) assay kit (Pierce, Rockford, IL, USA).  After addition 
of loading buffer, protein samples were electrophoresed on 
8%–12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to polyvinylidene diflu-

oride (PVDF) membranes (0.45 μm; Millipore, Billerica, MA, 
USA).  The membranes were blocked with 5% skimmed milk 
in T-TBS (0.05% (v/v) Tween-20, 50 mmol/L Tris-base, 150 
mmol/L, pH 7.5) at room temperature for 1 h and probed with 
primary anti-Bax (1:30 000; Abcam, Cambridge, UK), anti-p53 
(1:2000; Cell Signaling, Beverly, MA, USA), anti-p-DAPK, anti-
DAPK (1:1000; Sigma, St Louis, MO, USA), anti-iNOS (1:1000; 
BD Biosciences, San Jose, CA, USA), anti-GAPDH (1:10 000; 
Kangcheng, Shanghai, China), and anti-lamin B (1:5000; Cell 
Signaling, Beverly, MA, USA), or anti-α-tubulin (1:5000; Santa 
Cruz, CA, USA) antibodies at 4 °C overnight, followed by 
incubation with a horseradish peroxidase (HRP)-conjugated 
secondary antibody (1:5000; Kangcheng, Shanghai, China) for 
1 h at room temperature.  Membranes were washed and devel-
oped using an enhanced chemiluminescence (ECL) reagent 
(Millipore, Billerica, MA, USA) according to the manufactur-
er’s instructions and visualized using autoradiography film.  
Band intensity was quantified using Image J software.

NO release assay
The LPS-induced lease of NO in the cultured supernatants 
was determined by measuring Nitrite (NO2

–) concentrations, 
a major stable product of NO.  The nitrite concentrations were 
measured using the Griess reaction.  Each sample (50 μL) was 
reacted with an equal volume of Griess reagent in 96-well 
plates for 15 min at room temperature in the dark.  The absor-
bance of the mixture at 540 nm was determined using a DTX 
800 Multimode Detector (Beckman Coulter, Fullerton, CA, 
USA).  Nitrite concentrations were calculated from a sodium 
nitrite standard curve.

Measurement of inflammatory cytokines
Culture media were collected 24 h after LPS treatment.  The 
samples were centrifuged at 1000×g for 10 min.  The superna-
tants were collected and stored at -80 °C until analysis.  TNF-α, 
IL-1β and PGE2 protein levels were quantified using ELISA 
kits (Invitrogen, Carlsbad, CA, USA) according to manufactur-
er’s instructions.  Absorbance at 450 nm was recorded using 
a DTX 800 Multimode Detector (Beckman Coulter, Fullerton, 
CA, USA).  Cytokine concentrations were normalized to pro-
tein content, which was measured using a BCA Protein Assay 
Kit.

Statistical analysis
All data were collected from at least three independent experi-
ments.  The data are expressed as the mean±SEM.  Statistical 
analyses of differences between groups were analyzed using 
one-way ANOVA followed by Tukey’s test for multiple com-
parisons or Student's t-test for single comparisons.  Statistical 
significance was established at P value <0.05.

Results
Neuroprotective effects of RABE on SH-SY5Y cells
Two harmful ischemic stimuli, OGD and H2O2, were used to 
stimulate SH-SY5Y neuronal cells to investigate the neuropro-
tective effects of RABE.  OGD or H2O2 stimulation caused a sig-
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nificant reduction in cell viability, as observed by morphologi-
cal changes and MTT and LDH assays.  SH-SY5Y cells exposed 
to OGD for 1 h followed by reoxygenation for 24 h or H2O2 for 
24 h resulted in cell morphological changes, such as neurite 
disappearance, body shrinkage and reduced cell numbers 
(Figure 2A and 2D).  In contrast, cell morphological changes 
induced by OGD or H2O2 were remarkably attenuated by pre-
treatment with 1 or 10 μmol/L of RABE (Figure 2A and 2D).  
Ischemia-induced cell damage was also demonstrated by a sig-
nificant MTT reduction (48.86%±3.17%, P<0.01; 39.58%±3.93%, 
P<0.01, respectively) (Figure 2B and 2E) and an excessive 
release of LDH (207.33%±11.35%, P<0.01; 139.00%±4.78%, 
P<0.01, respectively) (Figure 2C and 2F) compared to the con-
trol group.  However, RABE pretreatment (1 and 10 μmol/L) 
exhibited a dose-response attenuation of OGD or H2O2-
induced cell viability reduction with maximum protection at 

10 μmol/L (restored viability to 96.26%±4.69%, P<0.01 vs OGD 
group; 86.70%±0.51%, P<0.01 vs H2O2 group) (Figure 2B and 
2E).  RABE pretreatment of SH-SY5Y cells reduced LDH levels 
only at 10 μmol/L (140.33%±20.61%, P<0.05 vs OGD group) 
(Figure 2C) when exposed to OGD insult.  RABE at 1 and 10 
μmol/L decreased LDH to 121.00%±3.61% (P<0.05 vs H2O2 
group) and 117.17%±3.70% (P<0.01 vs H2O2 group) (Figure 2F), 
respectively, in the H2O2 model.  RABE at 1 and 10 μmol/L 
exerted no obvious toxic effects on SH-SY5Y cells with 24 h of 
incubation (Supplementary Figure S2).

The anti-apoptotic effects of RABE on SH-SY5Y cells
Flow cytometry using annexin V-FITC and PI staining was 
performed to examine whether the neuroprotective effects of 
RABE in SH-SY5Y cells corresponded to reduced apoptosis.  
The distribution of SH-SY5Y cells to the lower left quadrant 

Figure 2.  Effects of RABE on SH-SY5Y cells exposed to OGD or H2O2 injury.  SH-SY5Y cells were pre-treated with 1 or 10 μmol/L of RABE followed by 
exposing to OGD for 1 h followed by reoxygenation for 24 h or H2O2 for 24 h.  Phase-contrast micrographs (×100) of SH-SY5Y cells after different RABE 
treatment with OGD (A) or H2O2 (D) insult.  Cell viability was measured by MTT assay after RABE pretreatment with OGD (B) or H2O2 (E) injury.  LDH in the 
culture medium was measured after RABE treatment with exposure to OGD (C) or H2O2 (F) injury.  The data were presented as mean±SEM from three 
independent experiments.  **P<0.01 vs control.  #P<0.05, ##P<0.01 vs OGD or H2O2 group.  
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suggested that these cells were viable and without measurable 
apoptosis.  OGD and H2O2 insults induced obvious increases 
in cell numbers in the upper right quadrants, which indicated 
that these SH-SY5Y cells underwent late apoptosis (Figure 
3A and 3C, respectively).  The percentage of SH-SY5Y cells at 
early and late stages of apoptosis increased from 8.19%±2.40% 
to 23.90%±3.45% (P<0.01) (Figure 3B), in the OGD group com-
pared to the control group.  The percentage of apoptotic cells 
increased significantly from 9.09%±0.84% to 24.98%±2.75% 
after exposure to H2O2 (Figure 3D, P<0.01 vs control).  Pretreat-
ment with RABE at 10 μmol/L suppressed the apoptotic ratio 
to 10.46%±1.93% (Figure 3B, P<0.05 vs OGD group), and 1 
μmol/L exhibited a trend of attenuation of the apoptotic rate, 
but it was not statistically significant.  RABE decreased the 
percentage of apoptotic rate to 16.36%±1.65% (P<0.05 vs H2O2 

group) and 12.51%±2.59% (P<0.05 vs H2O2 group) at 1 and 10 
μmol/L, respectively (Figure 3D).

The DAPK-p53 signaling pathway was involved in RABE 
neuroprotection of SH-SY5Y cells
The influence of RABE on DAPK, p53, and Bax expression 
were examined to elucidate the potential molecular mecha-
nism involved in the anti-apoptotic effects of RABE.  OGD and 
H2O2 injury markedly induced Bax expression (62.75%±13.58%, 
P<0.05 compared to the OGD group; 61.33%±6.06%, P<0.01 
compared to the H2O2 group) (Figure 4A and 4D), p53 
nuclear translocation (20.60%±10.23%, P<0.01 compared to 
the OGD group; 17.33%±3.71%, P<0.01 compared to the H2O2 
group) (Figure 4B and 4E), and DAPK dephosphorylation 
(33.40%±14.22%, P<0.01; 28.60%±10.13%, P<0.01 compared 

Figure 3.  Effect of RABE on apoptosis in SH-SY5Y cells induced by OGD or H2O2.  SH-SY5Y cells were pre-treated with the indicated concentration of 
RABE for 2 h before stimulating with OGD or H2O2 for 24 h.  Representative plots of flow cytometric analysis for OGD and H2O2-treated cells respectively (A, 
C), which shows of the percentage of apoptotic cells: the sum of the upper right and lower right quadrants.  The percentage of apoptosis was showed by 
the histogram (B, D), which was from results of three independent experiments.  **P<0.01 vs control.  #P<0.05 vs OGD or H2O2 group.
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to the control group) (Figure 4C and 4F).  RABE at 1 and 10 
μmol/L remarkably down-regulated OGD- or H2O2-induced 
Bax (64.00%±7.02%, P<0.01, 52.75%±7.48%, P<0.01 compared 
to the OGD group; 54.33%±12.55%, P<0.05, 46.00%±17.10%, 

P<0.05 compared to the H2O2 group) and p53 over-expression 
(69.20%±11.16%, P<0.05, 36.20%±11.84%, P<0.01 compared to 
the OGD group; 32.33%±14.77%, P<0.05, 12.33%±7.36%, P<0.01 
compared to the H2O2 group) (Figure 4A, 4B, 4D and 4E) and 

Figure 4.  Effect of RABE on Bax, p53 and phosphorylated DAPK expression in SH-SY5Y cells after OGD or H2O2 injury.  SH-SY5Y cells were pre-incubated 
with RABE and exposed to OGD or H2O2 for 24 h.  The expression of Bax (A, D), p53 (B, E) and p-DAPK/DAPK (C, F) were determined by Western blot 
analysis.  The histogram of the protein expression percentage was the results of three independent experiments.  **P<0.01 vs control.  #P<0.05, 
##P<0.01 vs OGD or H2O2 group.
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significantly reversed the dephosphorylation of DAPK follow-
ing OGD or H2O2 exposure only at 10 μmol/L (74.80%±17.10%, 
P<0.05 compared to the OGD group; 95.40%±21.02%, P<0.05 
compared to the H2O2 group) (Figure 4C and 4F).

RABE decreased the production of acute pro-inflammatory 
cytokines in LPS-stimulated primary microglia
LPS-stimulated primary microglia were used to investigate 
the effects of RABE on inflammatory responses.  ELISAs dem-
onstrated that LPS (100 ng/mL) exposure for 24 h resulted 
in increased TNF-α (549.00±44.23 pg/mL, P<0.01 vs control) 
(Figure 5A) and IL-1β (239.45±9.95 pg/mL, P<0.01 vs control) 
(Figure 5B) release in the supernatants of primary microglia 
cultures.  Pre-incubation with 3 μmol/L RABE significantly 
suppressed the increase in TNF-α and IL-1β production to 
357.74±52.46 pg/mL (P<0.05 vs LPS group) (Figure 5A) and 
99.89±37.36 pg/mL (P<0.05 vs LPS group) (Figure 5B), respec-
tively.  No significant changes in cell viability were observed 
in primary microglia after incubation with 3 μmol/L of RABE 
or 100 ng/mL of LPS for 24 h (Supplementary Figure S3).  

RABE inhibited of nitrite production and iNOS expression in LPS-
stimulated primary microglia
LPS stimulation for 24 h resulted in increased nitrite release 
in the supernatants of primary microglia cultures (9.81±1.07 
μmol/L, P<0.01) compared to the control (2.46±0.48 μmol/L) 
(Figure 6A).  Treatment with 3 μmol/L of RABE reduced 
nitrite production to 4.13±0.92 μmol/L (P<0.05 vs LPS group).  

We investigated the expression of iNOS, which is responsible 
for the release of NO, to delineate the mechanism of RABE-
mediated inhibition of LPS-induced NO release.  LPS stimu-
lation markedly up-regulated iNOS expression (control was 
5.00%±1.53% of LPS group, P<0.01), and RABE treatment at 3 
μmol/L significantly decreased iNOS levels (20.50%±12.50%, 
P<0.01 vs LPS group) (Figure 6B).  

RABE reduced PGE2 levels and COX-2 expression in LPS-
stimulated primary microglia
An ELISA was used to investigate the effect of RABE on 
PGE2 production in LPS-induced microglia.  Exposure of 
primary microglia to LPS increased the secretion of PGE2 
(1260.47±151.80 pg/mL, P<0.01) compared to the control 
(215.00±36.08 pg/mL) (Figure 7A).  However, 3 μmol/L of 
RABE treatment significantly suppressed LPS-induced over-
expression of PGE2 (667.83±39.47 pg/mL, P<0.01 vs LPS group) 
(Figure 7A).  We measured changes in COX-2 expression, 
which is an upstream enzyme for PGE2 production, to further 
investigate the mechanism underlying the effect of RABE on 
PGE2

[40].  LPS induced a robust increase in COX-2 levels (con-
trol is 26.33%±6.12% of LPS group, P<0.01), and 3 μmol/L of 

Figure 5.  Effect of RABE on the production of TNF-α and IL-1β in culture 
media of LPS-stimulated primary microglia.  After pre-treatment with 
3 μmol/L RABE, primary microglia were exposed to LPS for 24 h.  The 
levels of TNF-α (A) and IL-1β (B) were assessed by ELISA assay.  Values were 
expressed as mean±SEM (n=3).  **P<0.01 vs control.  #P<0.05 vs LPS 
group.

Figure 6.  Effect of RABE on LPS-stimulated nitrite production and iNOS 
expression in LPS-induced primary microglia.  Cells were pretreated with 
RABE for 2 h before stimulation of LPS for another 24 h.  The release 
of nitrite was analyzed by a Griess reaction in culture media (A).  The 
expression of iNOS was analyzed by Western blot (B).  Values were 
expressed as mean±SEM of three independent experiments.  **P<0.01 vs 
control.  #P<0.05, ##P<0.01 vs LPS group.
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RABE treatment reduced the increased expression of COX-2 
(85.00%±1.73%, P<0.01 vs LPS group) in primary microglia 
(Figure 7B).  We also observed that the cell viability of neurons 
was significantly decreased after exposure to LPS-exposed 
culture medium of microglia (primary microglia-condition 
medium, CM) for 24 h.  In contrast, culture medium from LPS-
exposed microglia with RABE treatment did not cause notable 
damage to the survival of primary neurons (Supplementary 
Figure S4).

Discussion
Accumulating evidence indicates that therapies modulating 
single target generally do not achieve satisfactory efficacy in 
the treatment of complex disease, including ischemic stroke.  
Alternatively, substantial effort has been exerted to discover 
potent small molecules that target multiple key cellular signal-
ing pathways to produce superior therapeutic effects[32].  The 
present study identified a rosmarinic acid derivative, RABE, 
that exhibited dual antagonistic effects against neuronal dam-
age and glial inflammation via concurrent regulation of apop-
totic pathways and reduction of inflammatory factors.  To our 
knowledge, this study is the first report of a rosmarinic acid-
skeleton small molecule that directly ameliorated neuronal 

and glial dysfunction in separate cellular systems.  
An OGD-stimulated SH-SY5Y neuronal model was used 

to mimic the lack of energy supply in neurons after ischemic 
insult in the current study[33, 34], and an H2O2-stimulated SH-
SY5Y neuronal model was used to mimic the influence of 
ischemia-caused oxidative insult to neurons[35].  RABE exhib-
ited marked protection against OGD- and H2O2-stimulated 
neuronal damage, as indicated by MTT and LDH measure-
ments (Figure 1).  These protective effects of RABE occurred 
concurrently with its amelioration of apoptotic damage 
induced by the same stimuli (Figure 2).  Neuronal death is 
generally considered the result of necrosis or apoptosis.  The 
LDH assay is used to assess the loss of cell membrane integrity 
associated with necrosis[36], and MTT measurement reflects 
neuronal viability, which is affected by apoptosis or necro-
sis[36–38].  Therefore, the beneficial roles of RABE on the two 
ischemic-neuronal models suggest that RABE treatment may 
simultaneously suppress ischemic-associated necrotic and 
apoptotic neuronal deaths.  

The potential molecular mechanisms of the anti-apoptotic 
activity of RABE were further investigated by assessing 
apoptosis-associated pathway.  Apoptosis is an important 
mechanism of cell death after ischemia insults.  DAPK is an 
important regulator of neuronal death, including apopto-
sis[14, 15].  DAPK is phosphorylated in the resting state, but 
OGD induces DAPK dephosphorylation[39].  A previous study 
demonstrated that activated DAPK catalyzed direct binding 
with p53, which may produce a transcription-dependent path-
way of apoptosis[16].  The primary roles of p53 in cell apoptosis 
involve the transcriptional induction of pro-apoptotic genes, 
such as Bax[40].  Our study demonstrated that RABE inhibited 
Bax over-expression, p53 translocation and DAPK dephos-
phorylation.  

Later events of ischemia-reperfusion, such as the microglia-
induced inflammatory responses, are widely propagated to 
exacerbate neuronal death after ischemic stroke attacks[41].  
Microglia are the resident immune cells that mediate inflam-
mation via the over-production of various pro-inflammatory 
cytokines, such as TNF-α and IL-1β, in the central nervous sys-
tem (CNS) during the acute stage[21].  A chronically activated 
state of microglia releases toxic amounts of NO via iNOS[22–24] 
and PGE2 via COX-2[25], which have a deleterious effect on 
post-ischemic inflammation.  LPS is the most common toxic 
agent used to induce inflammation in primary microglia[42], 
and this agent was used to investigate the effects of RABE 
on inflammatory responses.  We found that RABE inhib-
ited TNF-α and IL-1β release from LPS-stimulated primary 
microglia.  RABE also suppressed LPS-induced NO and PGE2 
over-production in primary microglia, which may be medi-
ated by iNOS and COX-2 inhibition.  The anti-inflammatory 
effect of RABE was further demonstrated by the protection of 
primary neurons against toxicity of a culture medium derived 
from LPS-exposed microglia.

In summary, the primary finding of the present study is 
the novel identification of an active rosmarinic acid analogue, 
RABE, which exhibited dual protective effects on ischemia-

Figure 7.  Effect of RABE on the release of PGE2 and the expression of 
COX-2 in LPS-induced primary microglia.  Primary microglia were treated 
with RABE for 2 h, followed by the stimulation of LPS for 24 h.  After 
incubation, the culture media were collected and analyzed by ELISA assay 
for PGE2 production (A).  Cell lysates were subjected to Western blot for 
COX-2 measurement (B).  Results were expressed as mean±SEM (n=3).  
**P<0.01 vs control.  ##P<0.01 vs LPS group.
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induced neuronal damage and microglial inflammation 
(Figure 8).  We demonstrated the potent protective effects of 
RABE on neuronal cells against two different ischemic insults, 
OGD or H2O2 injury.  These beneficial profiles of RABE were 
closely associated with its anti-apoptotic effect, which may 
be partially attributed to the DAPK-p53 signaling pathway.  
We also observed a significant suppressive effect of RABE 
on microglial inflammation via the simultaneous inhibition 
of acute-phase inflammatory responses, such as TNF-α and 
IL-1β over-production, and chronic-phase inflammatory 
responses, including NO and PGE2 release, which may occur 
via regulation of the upstream enzymes, iNOS and COX-2, 
respectively.  Taken together, our study suggests that the dual 
anti-ischemic effects of RABE on neuronal and glial damage 
and the novel potential mechanisms provide important sup-
port for the development of drug leads/candidates against 
ischemic stroke.  However, solid evidence of the efficacy of 
the post-treatment effects of RABE in primary cultured neu-
rons, microglia and ischemia-reperfusion animal models, 
and the precise mechanisms of the beneficial aspects of this 
compound, are necessary to make a firm recommendation for 
future research.
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