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Abstract. Stroke is a leading cause of disability and death 
world‑wide and there is currently a lack of effective treat-
ments for acute stroke. D‑Limonene is a common natural 
monocyclic monoterpene possessing various activities. The 
present study aimed to evaluate the therapeutic efficacy of 
D‑limonene against ischemia‑associated cerebral injury 
in hypertensive SHRsp rats. Although systolic blood pres-
sure was not altered by ischemia, D‑Limonene decreased 
the systolic blood pressure of SHRsp rats following stroke. 
Induction of stroke resulted in increased escape latency time, 
decreased time spent in the target quadrant in the probe trial, 
decreased capacity to distinguish between familiar objects 
and novel objects, and increased sensory neglect in the SHRsp 
rat, however these symptoms were significantly inhibited by 
D‑limonene. D‑limonene also decreased the cerebral infarct 
size in the SHRsp rats following stroke. D‑Limonene mark-
edly decreased the mRNA expression of interleukin‑1β, 
monocyte chemoattractant protein‑1 and cyclooxygenase‑2 
in SHRsp rats following stroke. The mRNA expression of 
vascular endothelial growth factor in the brain of SHRsp rats 
following stroke was significantly increased by D‑Limonene. 
D‑Limonene increased the activities of superoxide dismutase 
and catalase, decreased the malondialdehyde level, increased 
glutathione content and reduced the DHE‑staining in SHRsp 
rats following stroke. Overall, inhibition of cerebral inflam-
mation, vascular remodeling and antioxidant activities of 
D‑Limonene may be involved in the protective effects against 
ischemia‑induced damage in SHRsp rats. The present study 
identified D‑Limonene as a potential therapeutic candidate for 
treatment of stroke‑associated cerebral and vascular damage 
under conditions of hypertension.

Introduction 

Stroke is a leading cause of disability and death world‑wide 
and it is lack of effective treatments for acute stroke. Cerebral 
small vessel disease (CSVD) contributes to only 20‑30% of all 
strokes (1), and it substantially increases the risk of stroke in 
the future (2) and accounts for about 45% of dementia cases (3). 
Progressive CSVD and stroke lead to decline of cognition, 
causing a major burden on the individual and the healthcare 
system (4,5). One in three U.S. adults‑67 million people‑is 
estimated to have high blood pressure, which if not controlled 
can result in CSVD and cause cerebral stroke (6). Stroke‑prone 
spontaneously hypertensive (SHRsp) rats, derived from 
Wistar‑Kyoto (WKY) rats, serve as a widely‑used model of 
severe hypertension, given that the rats naturally progress to 
hypertension starting from 4 weeks to 12 weeks of age (7,8) 
and more than 95% of rats die of stroke (9). In SHRsp rats, 
cerebral blood flow could be reduced by severe hypertension 
and monocyte adhesion to the cerebral artery endothelium 
can be increased (10). The increased blood pressure induces 
cerebral vasogenic oedema (11).

D‑Limonene, a common natural monocyclic monoterpene, 
also known as 1‑methyl‑4‑(1‑methyl ethenyl) cyclohexene, 
which is widely distributed as a natural nonnutritive constituent 
in a variety of foods, including fruits (citrus fruits, especially 
lemon and orange) (12), vegetables (carrots) (13), coffee, bever-
ages, meat, and spices (nutmeg) (14). It is found naturally in 
orange juice at an average concentration of 100 mg/l  (15). 
D‑Limonene is usually used as a lemon fragrance in soaps, 
lotions, creams, detergents, and perfumes and as a flavoring 
agent in foods, beverages, and chewing gum (15). In the last 
years, numerous studies have found that D‑limonene possesses 
powerful antioxidative properties and protects organisms 
from oxidative damage  (16,17). In addition, D‑limonene 
exhibits antitumorigenic, hepatoprotective, immunomodula-
tory, and anti‑inflammatory properties (18‑22). In particular, 
D‑limonene has been shown to attenuate stress‑induced hyper-
tension and stress responses in SHRsp rats (23,24). However, 
the effect of D‑limonene on cognitive and memory function 
and ischemic injury in SHRsp rats is not clear.

The present study aimed to evaluate the therapeutic effi-
cacy of D‑limonene against the ischemia‑resulted injury of 
cognitive and memory and behavioral function and vascular 
remodeling. We showed that D‑limonene substantially 
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attenuated the decline of cognitive and memory and behav-
ioral function and ischemic injury in SHRsp rats.

Materials and methods

Animals and treatment. WKY and SHRsp rats were purchased 
from SLK (Shanghai, China) and then maintained in rooms 
under conditions of controlled temperature (21±2˚C), humidity 
(60±10%), and a 12 h light/dark cycle (exposed to artificial 
light from 7:00 am to 7:00 pm) and air ventilation (15 min/h). 
The rats were fed with a standard rodent laboratory diet and 
water ad libitum. Adequate measures were taken to minimize 
pain or discomfort, and the experiments were carried out in 
accordance with the conventional guidelines for experimenta-
tion with animals (National Institute of Health, Publication no. 
85‑23, revised 1996). All animal procedures were approved by 
the Review Board of Puai Hospital of Tongji Medical College, 
Huazhong University of Science and Technology.

After 1 week acclimatization, male 15‑week old rats 
with stroke surgery were randomly allocated the following 
groups:  (1) WKY: sham control (n=16);  (2) SHRsp: hyper-
tensive sham (SHRSP alone, n=16); (3) SHRSP undergoing 
transient middle cerebral artery occlusion (tMCAO) for 60 min 
and receiving vehicle (SHRSP + tMCAO, n=16); (4) SHRSP 
undergoing tMCAO and treated with D‑limonene (SHRSP 
+ tMCAO + D‑limonene, n=16). 1 h after the induction of 
tMCAO, animals were treated with 20 mg/kg of D‑limonene 
(97%; Sigma‑Aldrich, St. Louis, MO, USA) intraperitoneally 
once daily for 14 days. The dose of D‑limonene used in the 
study was selected according to our preliminary results and 
previous studies (25,26). We have observed mild liver toxicity 
of 50 mg/kg D‑limonene in mice.

Transient cerebral ischemia induced by occlusion of 
the right middle cerebral artery (MCA) was performed as 
previous described (27,28). A midline incision was cut on the 
ventral surface of the neck to expose the right common carotid 
arteries which were ligated with 6.0 silk suture. The internal 
carotid and pterygopalatine artery were temporarily occluded 
for 60 min using a microvascular cliRelative cerebral blood 
flow (CBF) was monitored during the process of occlusion. 
After the 60 min of tMCAO, reperfusion was allowed by with-
drawing the occluding filament back into the common carotid 
artery. Relative CBF was then monitored for 5 min and then 
the wound was sutured and the rats were then permitted to 
recover from anesthesia. Drug treatment was performed 5 min 
before the reperfusion. Sham‑operated WKY and SHRSP rats 
were subjected only to exposure of the carotid arteries but not 
the occlusion.

Blood pressure measurement. Systolic blood pressure was 
determined in quiet conditions by means of the tail‑cuff 
method after warming up the apparatus platform to 37˚C for 
10 min. Each rat was introduced into a restrainer and a blood 
pressure tail‑cuff was affixed to the base of the tail.

Morris water maze test. The Morris water maze test was 
conducted to evaluate the memory and cognitive function 
in rats. The Morris water maze test was performed as previ-
ously. In brief, a circular pool (1.3 m in diameter, 50 cm in 
depth) was filled with room‑temperature water. 1 cm below 

the surface of the water, a transparent platform was placed in 
the southeastern quadrant. On the first day, the rats were put 
into the pool without the platform for 2 min to get used to the 
experimental environment. Over the next 4 days, the platform 
acquisition test was conducted 4 times per day. The rats were 
released from different starting points and allowed to swim 
for 60 s to search for the platform. The escape latency time 
was defined by the time spent to find the hidden platform by 
the rats and times longer than 60 s were recorded as 60 s. 24 h 
later, the rats were released from a new start position in the 
pool without the platform, which was termed the probe trial. 
The amount of time spent in the southeastern quadrant was 
recorded.

Novel object recognition test. The rats were individually 
placed into a plastic box with two objects with different forms. 
The rats were allowed to freely move in the box for 5 min. This 
adaptive training was conducted again after 180 min. In the 
short‑term memory test, we replace one of the objects 180 min 
after the second training. The time spent by each animal with 
the novel object and the familiar object was recorded during a 
10 min test period. In the long‑term memory test, we replace 
the novel object 24 h after the second training. The time spent 
by each rat with the novel object and the familiar object was 
again recorded during a 10 min test period. In the tests, explo-
ration was defined as sniffing or touching the object with the 
nose or foreleg. the objects were washed after each test to to 
avoid olfactory perception by the next rat.

Behavioral tests

Grip strength. The degree of force necessary to make the 
animal release a pull grid assembly with its forepaw was 
evaluated using a grip strength meter (Columbus Instruments, 
Columbus, OH, USA) as previously described (28). For each 
rat, a digital reading (in Newtons) of two successive trials was 
recorded and analyzed.

Somatosensory neglect test. The sensory impairments were 
detected by measurement of the detection of, and reaction to, 
small pieces of adhesive tape applied to the forelimbs after 
MCAO. We place a removable sticky tape on the ventral side 
of the animal's paw contralateral to the induced stroke. The 
time spent by each rat to contact or sense the tape and the time 
spent to remove it was recorded for 180 s. Two successful trials 
for each animal were recorded for averaged analysis.

Spontaneous locomotor activity. Spontaneous motor activity 
was examined by Digiscan activity‑monitoring boxes 
(AccuScan Instruments, Columbus, OH, USA). Each test was 
performed under red‑light condition and lasted 5 min.

Measurement of infarct volume. Rats were deeply anesthetized 
using isoflurane. Transcardial perfusion was conducted using 
cold saline followed by 10% buffered formalin. Brains were 
collected and then fixed in gradient sucrose solution, and cut 
coronally into 20‑µm sections as previously described (29).

Quantitative real‑time PCR. Total RNA was extracted 
from brains using a RNA isolation kit and then reversely 
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transcribed into cDNA using an miScript II RT Kit (Thermo 
Fisher Scientific Inc., Waltham, MA, USA), according to the 
manufacturer's instructions. cDNA was used as a template in 
PCR reactions using gene‑specific primer pairs. Real‑time 
PCR was performed using an miScript SYBR Green PCR Kit 
(Thermo Fisher Scientific Inc., Waltham, MA, USA). β‑actin 
was used as endogenous control. The fold changes of target 
gene expression were determined with the ΔΔCt method, 
and the relative expression of these genes was calculated by 
the 2‑ΔCT method and normalized to β‑actin. IL‑1 β forward 
primer: 5'‑CAG​GCT​TCG​AGA​TGA​ACA​ACA​A‑3', and 
reverse primer: 5'‑GTC​CAT​TGA​GGT​GGA​GAG​CTT​T‑3'. 
MCP‑1 forward primer: 5'‑CTG​TCA​CGC​TTC​TGG​GCC​
TGT‑3', and reverse primer: 5'‑GCA​GCA​GGT​GAG​TGG​GGC​
AT‑3'. COX‑2 forward primer: 5'‑CCA​GAG​CAG​AGA​GAT​
GAA​ATA​CCA‑3', and reverse primer: 5'‑GCA​GGG​CGG​GAT​
ACA​GTT​C‑3'. VEGF forward primer: 5'‑GAT​GAG​ATA​GAG​
TAT​ATC​TTC​AAG​CCG​T‑3', and reverse primer: 5'‑TCT​ATC​
TTT​CTT​TGG​TCT​GCA​TTC​AC‑3'. β‑actin forward primer, 
5'CTC​CTG​CTT​GCT​GAT​CCA​CAT​C‑3', and reverse primer: 
5'‑CCA​CTG​CCG​CAT​CCT​CTT‑3'.

Oxidative stress. Superoxide dismutase (SOD) and catalase 
(CAT) and the levels of glutathione (GSH) and malondialde-
hyde (MDA) were determined using assay kits purchased from 
Nanjing Jiancheng Company (Jiangsu, China) as per the manu-
facturer's protocols. 20‑µm thick frozen brain sections were 
incubated with dihydroethidium (DHE) (10 µM) (Invitrogen, 
Carlsbad, CA) in PBS for 30 min at 37˚C in a humidified 
chamber in dark environment. The DHE‑positive cells were 
observed under a fluorescence microscope and the positive 
cells were counted using with Image J software and expressed 
as percentage of control.

Statistical analysis. Data were expressed as mean ± SEM. 
Data was analyzed using Graph Pad Prism software by 
one‑way analysis of variance followed by a Turkey test for 
multiple comparisons. P<0.05 was considered to be statisti-
cally significant.

Results

D‑Limonene reduces blood pressure in SHRsp rats after 
stroke. Body weights were not significantly different 

between WKY and SHRsp rats (Fig. 1A). Stroke resulted in 
a marked decrease of body weight (Fig. 1A). D‑Limonene 
did not significantly alter the body in SHRsp rats after stroke 
(Fig. 1A). The systolic blood pressure in SHRsp rats was 
significantly higher than that in WKY rats (Fig. 1B). Stroke 
did not result in a remarkable increase of systolic blood pres-
sure in SHRsp rats (Fig. 1B). D‑Limonene protected against 
the increase of systolic blood pressure SHRsp rats after 
stroke (Fig. 1B).

D‑Limonene attenuates memory and cognitive impairment in 
SHRsp rats after stroke. The function of memory and cogni-
tion was evaluated by means of Morris water maze test and 
novel object recognition test. On the first day, no significant 
difference was observed in the hidden platform acquisition test 
among different groups. On the 3‑5 days, the escape latency 
time in SHRsp rats was remarkably longer, compared with 
the WKY rats (Fig. 2A‑E). Stroke resulted in a significant 
increase of escape latency time in SHRsp rats (Fig. 2A‑E). The 
administration of D‑Limonene markedly decreased the escape 
latency time in SHRsp rats after stroke (Fig. 2A‑E). SHRsp 
rats spent less time in the target quadrant in the probe trial 
than that in WKY rats (Fig. 2F). Stroke resulted in a significant 
decrease of time spent in the target quadrant in the probe trial 
in SHRsp rats (Fig. 2F). The administration of D‑Limonene 
markedly increased the time spent in the target quadrant in the 
probe trial in SHRsp rats after stroke (Fig. 2F).

In the novel object recognition tests, there was a marked 
decrease in the capacity to distinguish between familiar objects 
and novel objects in the SHRsp rats, compared with that in 
WKY rats (Fig. 2G and H). Stroke resulted in a significant 
decrease of in the capacity to distinguish between familiar 
objects and novel objects in the SHRsp rats (Fig. 2G and H). 
The administration of D‑Limonene markedly increased the 
capacity to distinguish between familiar objects and novel 
objects in the SHRsp rats in the short and long term memory 
tests (Fig. 2G and H).

D‑Limonene attenuates behavioral impairment and infarct 
size in SHRsp rats after stroke. The behavioral tests were 
performed to evaluate the effect of D‑Limonene on behav-
ioral impairment in SHRsp rats after stroke. Grip strength in 
SHRsp rats was lower than that in WKY rats (Fig. 3A). Stroke 
resulted in a significant decrease of grip strength in the SHRsp 

Figure 1. The effect of D‑Limonene on systolic blood pressure in SHRsp rats after stroke. (A) Body weight (n=16). (B) The systolic blood pressure of the rats 
in each group was measured using the tail cuff method (n=16). *P<0.05, between the groups.
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rats (Fig. 3A). The administration of D‑Limonene markedly 
increased grip strength in SHRsp rats after stroke (Fig. 3A). 
There was no significant difference of sensory neglect between 
SHRsp and WKY rats (Fig. 3B). Stroke resulted in a significant 
increase of sensory neglect in the SHRsp rats (Fig. 3B). The 
administration of D‑Limonene markedly decreased sensory 
neglect in SHRsp rats after stroke (Fig. 3B). In the test of 
spontaneous motor activity, the distance travelled by SHRsp 
rats was significantly increased (Fig. 3C). However, stroke and 
D‑Limonene had no significant effect on the distance travelled 
by the rats in SHRsp group (Fig. 3C). Ischemia‑induced infarct 

volume in SHRsp rats was evaluated. As shown in Fig. 3D, the 
infarct volume induced by ischemia was significantly reduced 
by D‑Limonene administration.

D‑Limonene attenuates inflammation and increases angio‑
genesis in SHRsp rats after stroke. As shown in Fig. 4A‑C, the 
mRNA expression of IL‑1β, monocyte chemoattractant protein‑1 
(MCP‑1) and cyclooxygenase‑2 (COX‑2) was significantly higher 
in the brain of SHRsp rats compared with that of WKY rats. 
Stroke resulted in a significant increase in the mRNA expression 
of IL‑1β, MCP‑1 and COX‑2 in the SHRsp rats (Fig. 4A‑C). The 

Figure 2. The effect of D‑Limonene on memory and cognitive function in SHRsp rats after stroke. Morris water maze test and novel object recognition test 
were performed to evaluate memory and cognitive function. The escape latency time (n=8) was presented as (A) an overall value, and at (B) day 2, (C) day 3, 
(D) day 4 and (E) day 5. (F) Time spent at the target quadrant (n=8). (G) Discrimination‑index in the short term memory test (n=8). (H) Discrimination‑index 
in the long term memory test (n=8). *P<0.05, between the groups.
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Figure 3. The effect of D‑Limonene on behavioral function in SHRsp rats after stroke. (A) Grip strength (n=8) (B) Sensory neglect test (n=8), (C) Locomotor 
activity (n=8) and (D) Infarction volume (n=8). *P<0.05, between the groups.

Figure 4. The effect of D‑Limonene on inflammation and angiogenesis in SHRsp rats after stroke. mRNA expression of IL‑1β (A), MCP‑1 (B) and COX‑2 (C), 
and VEGF (D) in the brain in SHRsp rats after stroke was determined by real‑time PCR. (n=6). *P<0.05, between the groups.
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administration of D‑Limonene markedly decreased the mRNA 
expression of IL‑1β, MCP‑1 and COX‑2 in SHRsp rats after 
stroke (Fig. 4A‑C). As shown in Fig. 4D, the mRNA expression 
of vascular endothelial growth factor (VEGF) was significantly 
decreased in the brain of SHRsp rats compared with that 
of WKY rats. Stroke resulted in a significant decrease in the 
mRNA expression of VEGF in the SHRsp rats (Fig. 4D). The 
administration of D‑Limonene markedly increased the mRNA 
expression of VEGF in SHRsp rats after stroke (Fig. 4D).

D‑Limonene attenuates oxidative stress in SHRsp rats after 
stroke. The effect of D‑Limonene on oxidative stress under 
stroke condition was determined. As shown in Fig.  5, in 
SHRsp rats, the activities of antioxidant enzymes, including 
SOD (A) and CAT (B), was decreased, the level of MDA 
(C) was increased, the level of GSH (D) was decreased, and 
DHE‑staining (E) was increased. Stroke resulted in a decrease 
of the activities of SOD and CAT, an increase of MDA, a 
decrease of GSH and an increase of DHE‑staining (Fig. 5). 

The administration of D‑Limonene markedly increased the 
activities of SOD and CAT, decreased the levels of MDA, 
increased the GSH level and decreased the DHE‑staining in 
SHRsp rats after stroke (Fig. 5).

Discussion

Previous studies have showed that D‑Limonene can reduce 
monocrotaline‑induced pulmonary hypertension  (30). 
Natural products containing D‑Limonene have been shown 
to attenuate stress‑induced hypertension and stress responses 
in SHRsp rats (23,24). In our study, we examined the effect 
of D‑Limonene on changes of hypertension and isch-
emia‑resulted neurological and vascular impairment in SHRsp 
rats. We showed that although the systolic blood pressure was 
not altered by ischemia operation, D‑Limonene significantly 
decreased the systolic blood pressure in SHRsp rats after 
stroke. The administration of D‑Limonene notably decreased 
the escape latency time and increased the time spent in the 

Figure 5. The effect of D‑Limonene on oxidative stress in the brain in SHRsp rats after stroke. The activities of (A) SOD and (B) CAT, and levels of (C) MDA 
and (D) GSH were detected using commercial assay kits. (E) ROS level was determined by DHE staining and shown as percentage of control. (n=8). *P<0.05, 
between the groups.
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target quadrant in the probe trial in Morris water maze test, 
and markedly increased the capacity to distinguish between 
familiar objects and novel objects in the SHRsp rats in the 
short and long term memory tests. The results suggested that 
D‑Limonene protected against ischemia‑induced memory and 
cognitive impairment under the condition of hypertension.

It has been shown that D‑Limonene may inhibit stimu-
lant‑induced behavioral changes via regulating dopamine 
levels and 5‑HT receptor function (31). In the current study, 
we also evaluated the effect of D‑Limonene on behavioral 
changes in SHRsp rats after stroke. We found that the admin-
istration of D‑Limonene markedly increased grip strength and 
decreased sensory neglect in SHRsp rats after stroke, indi-
cating that D‑Limonene protected against ischemia‑induced 
behavioral impairment under the condition of hypertension. 
The improvement of functional deficits could be attributed to 
the attenuation of infarct size after stroke.

Although the exact mechanisms and signaling pathways not 
clear, cerebral inflammation is implicated in the pathogenesis 
of hypertension and stroke. After transient cerebral ischemia, 
macrophages could be activated and produced IL‑1β, which is an 
important mediator of neurodegeneration. Increase of cytokines 
and regulators play critical roles in cerebral vascular damage and 
stroke injury. In the study, we found that D‑Limonene inhibited 
the increase of IL‑1β, MCP‑1 and COX‑2 in SHRsp rats after 
stroke, indicating the amelioration of cerebral inflammation.

Vascular remodeling after stroke is an important process 
for neural regeneration (32,33). Under the condition of hyper-
tension, VEGF expression is reduced, resulting in reduction 
of nitric oxide production and leading to vascular constric-
tion and reduction in sodium ion renal excretion  (34). We 
found that stroke‑resulted reduction of VEGF expression 
was significantly inhibited by D‑Limonene. We speculated 
that D‑Limonene may promote vascular remodeling through 
upregulation of VEGF expression.

SHRsp rats can produce more hydroxyl radicals than 
WKY rats, making them more vulnerable to oxidant damage 
after transient ischemic stroke (9). Attenuation of ROS levels 
has been shown to promote hypertensive cerebral vessel 
remodeling  (35). Increase of ROS production, resulting in 
oxidative stress and playing critical roles in a variety of 
brain and neurological diseases. Previous studies have shown 
that D‑Limonene have potential antioxidant activities under 
different conditions. In the current study, we also found that 
D‑Limonene exhibited potent antioxidant effects through 
increasing SOD and CAT activities, decreasing MDA levels, 
increasing GSH levels and decreasing ROS levels. The results 
suggested that the antioxidant role of D‑Limonene may be 
involved in the protective effects against neurological and 
vascular impairment in SHRsp rats after stroke.

In conclusion, we found that D‑Limonene decreased blood 
pressure in ischemia‑treated SHRsp rats and protected against 
memory and cognitive and behavioral impairment in SHRsp 
rats after stroke. Inhibition of cerebral inflammation, vascular 
remodeling and antioxidant activities of D‑Limonene may be 
involved in the protective effects against ischemia‑induced 
damage in SHRsp rats. In future studies, more attention 
should be paid to explore the molecular mechanism and 
find the target of D‑Limonene. Overall, our study identified 
D‑Limonene as a potential therapeutic candidate for treatment 

of stroke‑resulted cerebral and vascular damage under the 
condition of hypertension.
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