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Purpose: Isoborneol has been used in the treatment of cardiovascular disease for several

years in China. However, the mechanism is still unclear. The aim of this study was to identify

the novel mechanism of isoborneol for its application in atherosclerotic disease.

Materials and Methods: The whole-genome gene expression profiles of MCF-7 cells

treated with/or without isoborneol were detected by mRNA microarray analysis. The degree

of similarity between the gene expression profiles was compared with the Connectivity Map

(CMAP) database. An MTT assay was used to assess the toxicity of isoborneol on RAW

264.7 cells. Oil red O staining and a Dil-ox-LDL uptake assay in RAW 264.7 cells were also

used to detect the accumulation of lipids in the macrophages and the uptake of oxidized low-

density lipoprotein (ox-LDL).

Results: Isoborneol was proved to have mRNA expression profiles similar to that of ikaruga-

mycin which can inhibit the uptake of ox-LDL. This process has proved to be an important cause

of foam cell formation and early atherosclerotic lesions. It is speculated, therefore, that iso-

borneol may show similar activity to that shown by ikarugamycin. Subsequently, it was shown

that RAW 264.7 cells reduced the absorption of ox-LDL and the accumulation of intracellular

lipids after treatment with different concentrations of isoborneol.

Conclusion: The results indicate that isoborneol inhibits macrophage consumption of ox-

LDL, thereby preventing the accumulation of lipids in the macrophages. These results

provide evidence for the application of isoborneol in atherosclerotic disease.

Keywords: isoborneol, ikarugamycin, connectivity map, ox-LDL, atherosclerosis,

macrophage

Introduction
Atherosclerosis-associated cardiovascular disease has one of the highest morbidity

and mortality rates in Humans,1 and this condition is characterized by the slow

formation of lesions and stenosis of blood vessel walls.2 Mono-nuclear cells migrate

to the sub-endothelial to be activated and differentiated into macrophages, and macro-

phages can phagocytose modified low-density lipoprotein to form early foam cells

when the scavenger receptor is activated.3,4 Foam cells will rupture and die with this

constant accumulation of lipids.5 Foam cells, therefore, serve not only as marker cells

for the early stage of arteriosclerosis6 but also participate in the entire atherosclerotic

lesion process.7,8 These findings show that the inhibition of lipid accumulation in foam

cells can effectively reduce the occurrence and development of atherosclerosis-related

diseases.
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The gene expression of cell lines can be impacted by

small molecules and these changes can be captured by

gene chips technology. The Connectivity Map (CMAP) is

a collection of genome-wide transcriptional expression

data from cultured human cells treated with a thousand

bioactive small molecules. These data, used together with

simple pattern-matching algorithms, can enable the dis-

covery of functional connections between drugs, genes

and diseases through the transitory feature of common

gene expression changes. These algorithms can compare

two sets of genes that are up-regulated and down-regulated

in a specific condition with the whole CMAP database.

CMAP can, therefore, be utilized to identify small mole-

cules that create gene expression patterns similar to those

being searched for.9

Isoborneol, an isomer of borneol, is a monoterpenoid

alcohol present in the essential oils of numerous plants.10

Many Chinese medicines used for the treatment of cardiovas-

cular disease contain borneol or isoborneol.11 Previous studies

have shown that isoborneol has an anti-inflammatory effect12

and can protect the cardiovascular system.13 In addition, iso-

borneol has been proven to cross14 or assist other drugs in

crossing the blood-brain barrier.15 However, there is little

research on its action mechanism. The whole genome expres-

sion data of MCF-7 cells treated with/or without isoborneol

were assessed using microarray technology (Table S1). To

find the bio-activity of isoborneol and uncover its related

mechanisms, the CMAP database was searched using the

gene expression data of isoborneol-treated MCF-7 cells.

Finally, this study identified that ikarugamycin created gene

expression patterns similar to isoborneol. Ikarugamycin was

originally identified as an antibiotic and has subsequently been

found to inhibit the uptake of oxidized low-density lipoprotein

(ox-LDL) in cells. It is proposed therefore that isoborneol may

have similar activity with regard to inhibiting the uptake of ox-

LDL and formation of foam cells. Currently, there are no

reports in the literature concerning the effect of isoborneol

on maintaining the lipid stability of macrophage foam cells.

The aim of this study was to investigate whether isoborneol

inhibits the uptake of low-density lipoprotein and the accu-

mulation of intracellular lipids by RAW 264.7.

Materials and Methods
Reagents
Isoborneol was purchased from Chenguang Biotechnology

(Baoji, Shanxi, China). The purity of isoborneol was

greater than 97%. Dulbecco’s Modified Eagle’s Medium

(DMEM) was purchased from Sigma-Aldrich (St. Louis,

MO, USA). Dil-labeled oxidized low-density lipoprotein

(Dil-ox-LDL) was purchased from Solarbio (Beijing,

China). Penicillin-streptomycin, RIPA lysis buffer, MTT

kits and phosphate-buffered saline (PBS) were purchased

from Beyotime Biotechnology (Shanghai, China). Human

oxidized low-density lipoprotein (ox-LDL) was purchased

from Yiyuan Biotechnologies (Guangzhou, China). Fetal

bovine serum (FBS) was purchased from HyClone (GE

Healthcare, Buckinghamshire, UK).

Microarray Analysis
After pre-treatment with 10 μM isoborneol, MCF7 cells were

harvested, and total RNAwas extracted using TRIzol reagent

(Life Technologies, Carlsbad, CA, US) according to the

manufacturer’s instructions. DMSO-treated cells were

selected as a control. The gene expression profiles were

assessed using microarray technology with Affymetrix

Human Genome U133A 2.0 (Santa Clara, CA, US).

Comparison of Gene Expression Profiles
CMAP is a database with a collection of gene expression

data sets from cultured human cell lines treated with

various small molecules. The CMAP database was

searched with two lists of genes from MCF-7 cells after

treatment with isoborneol: one list comprised of the 20

most highly up-regulated genes and the other comprised of

the 20 most heavily down-regulated genes. CMAP

reported enrichment scores (which lie between −1 and 1)

of all the drugs on the basis of the relative correlations

between the signature of isoborneol and the reference gene

expression profiles of individual drugs in the CMAP data-

base. Higher absolute positive scores for a given signature

indicate that the experimental results of the particular drug

treatment in CMAP show a gene expression profile similar

to the signature that is provided by the user.

Cell Culture
The mouse macrophage (RAW 264.7) was provided by

Dr. Jigang Zhang from the laboratory of the Department of

Clinical Pharmacy, Shanghai General Hospital. The use of

this RAW 264.7 cell was approved by the institutional

review board of Qinghai University. Cells were grown in

DMEM supplemented with 10% FBS and 1% penicillin-

streptomycin and were maintained in an incubator

(Thermo Fisher Scientific, Marietta, USA) with humidified

air containing 5% CO2 at 37°C. RAW 264.7 cells were

grown to 70–80% fusion and were then used in the
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experiments. The MCF7 cells were purchased from the

Chinese Academy of Sciences Cell Bank (Shanghai,

China).

Oil Red O Staining
The lipid content was determined by using Oil Red

O staining. Oil Red O staining was performed using an

Oil Red O stain kit (Solarbio, Beijing, China). The RAW

264.7 cells were seeded in plates and pretreated with

different doses of isoborneol for 24 hrs in DMEM with

1% FBS, then loaded with 50 μg/mL ox-LDL for 24 hrs

and washed with PBS three times. Subsequently, the cells

were fixed for 30 mins and stained for 15 mins at room

temperature. After washing, an inverted microscope

(Nikon Ti-S, Japan) was used to observe the accumulation

of lipid in the macrophages. After oil red O staining, the

lipid content was measured by isopropanol extraction.

Absorbance was measured at 540 nm by using

a microplate reader (Thermo Scientific, Varioskan, LUX,

Finland).

Dil-ox-LDL Uptake Assay
The uptake of ox-LDL by the macrophages was detected

by Dil-ox-LDL. RAW 264.7 cells were seeded in 12-well

plates (1×105 cells/well). After 12 hrs, cells were sepa-

rately treated with isoborneol (0 μM, 5 μM, and 20 μM)

for 24 hrs followed by the addition of 20 μg/mL Dil-ox-

LDL at 37°C for 4 hrs. After the cells were washed with

PBS three times, they were viewed and photographed by

fluorescence inverted microscope (Nikon Ti-S, Japan). The

cells were lysed with RIPA lysis buffer to determine their

fluorescence with 530-nm excitation and 590-nm emission

filters using a microplate reader (Thermo Scientific,

Varioskan, LUX, Finland).

Cell Viability Measurement
Cell viability was determined by MTT assay. RAW 264.7

cells were inoculated in a 96-well plate with a density of

1×104 cells/well, and the cell survival rate was determined

by MTT assay. Briefly, the cells were treated with 50 μg/
mL ox-LDL and 5 μM or 20 μM isoborneol for 24 hrs.

MTT solution (5 mg/mL) was then added to the cells and

left for 4 hrs. Following this, solution reagent was added to

completely dissolve the formazan particles. The absor-

bance was determined with a microplate reader (Thermo

Scientific, Varioskan, LUX, Finland) at a wavelength of

570 nm.

Statistical Analysis
Quantitative results are expressed as the mean ± SD. All

the experimental results were confirmed by at least three

independent experiments. P-values < 0.05 were deemed to

be statistically significant.

Pathway Enrichment Analysis
Genes that had two-times fold changes were summitted to

the STRING online sever and pathway enrichment analy-

sis was performed by the sever. The enriched pathways

were outputted by the score of false discovery rate.16

Results
To find the bioactivity of isoborneol and it’s related

mechanism, the CMAP database was searched using data-

sets including the first 20 genes of MCF-7 cells that were

up-regulated or down-regulated by isoborneol, as shown in

Figure 1A and B (Table S1). The output from the CMAP

search provided an enrichment score in the range from 1

to −1, and in this study, the absolute enrichment score was

used as the metric according to previous research.17

Finally, ikarugamycin was identified as the top-ranking

chemical compound (Figure 1C). To check whether gene

expression profiles obtained for isoborneol and ikaruga-

mycin also showed the same relationship in different set-

tings, microarray results for ikarugamycin were obtained

from the CMAP database and these again displayed a high

level of similarity in a heat-map analysis between the first

20 genes that were up- or down-regulated (Figure 1D).

Ikarugamycin was originally identified as an antibiotic and

was subsequently found to inhibit the uptake of ox-LDL.

From these results, it was assumed, therefore, that isobor-

neol may show similar activity. The following experiment

was used to confirm whether isoborneol inhibited the

uptake of ox-LDL.

It was necessary to determine the cytotoxicity of iso-

borneol, as this could affect subsequent experiments.

Using the MTT assay, the cell viabilities of RAW 264.7

cells treated with 50 μg/mL ox-LDL alone or 50 μg/mL

ox-LDL with 5 μM or 20 μM isoborneol were found to be

101.5% ± 9%, 99.8% ± 7%, and 96.5% ± 8%, respectively,

when compared with untreated controls (100%). The

results showed that 20 μM isoborneol in the presence of

50 μg/mL ox-LDL did not damage cell growth. The high-

est concentration of isoborneol used in this study was

therefore 20 μM.
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To investigate whether isoborneol influenced lipid accu-

mulation in macrophages, the accumulation of intracellular

lipids in mouse RAW 264.7 cells was examined after

loading with 50 μg/mL oxidized LDL for 24 hrs with or

without the presence of isoborneol. As shown in Figure 2,

the occurrence of Oil Red O stained particles increased

Isoborneol microarray data
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Figure 1 Identification of isoborneol as sharing a similar gene expression profile with ikarugamycin. (A) Summary flow chart showing the identification of isoborneol as an

inhibitor for the uptake of ox-LDL by RAW 264.7 cells. (B) Heat map representing the isoborneol-regulated genes (20 most up-regulated, red; 20 most down-regulated,

green) obtained from MCF-7 cells treated with control or isoborneol. (10 μM, 12 h). (C) Distribution of the absolute enrichment scores of the individual compounds in the

CMAP database obtained using the isoborneol gene expression signature. (D) Heat maps generated from the CMAP database representing the isoborneol-regulated genes

(40 most up-regulated, red; 40 most down-regulated, green) and the corresponding changes in the same genes induced by ikarugamycin.

Control

A B

ox-LDL

ox-LDL + isoborneol 5 μM ox-LDL + isoborneol 20 μM

Figure 2 Isoborneol attenuates ox-LDL-induced lipid accumulation in macrophage foam cells. (A) RAW 264.7 macrophages were pretreated with isoborneol for 24 hrs, and

then stimulated with 50 µg/mL ox-LDL for 24 hrs. After incubation, the extent of lipid loading was assessed by Oil Red O staining. The cells were observed with bright-field

microscopy. The magnification of each panel is ×400. (B) The lipid content in RAW 264.7 macrophages after treating with or without Isoborneol. Values are the means ± SD

from at least three separate experiments. *P<0.05 vs the control was treated with vehicle (zero ox-LDL and zero isoborneol).
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significantly in the macrophages. Compared with the ox-

LDL group, the quantities of intracellular lipid accumula-

tion were decreased in the group treated with isoborneol at

different concentrations. The result suggests that isoborneol

can decrease the quantities of intracellular lipid accumula-

tion in ox-LDL-induced macrophages in a dose-dependent

manner.

The formation of macrophage foam cells is an important

part of atherosclerosis. Based on the experiments described

above, it was shown that isoborneol has an inhibitory effect on

the accumulation of lipids in macrophages. To further investi-

gate whether isoborneol had an effect on the formation of

foam cells, the uptake of Dil-ox-LDL in RAW 264.7 cells

with or without the presence of isoborneol was examined. As

shown in Figure 3, after the cells were loaded with Dil-ox-

LDL for 4 hrs, the red Dil fluorescent-labeled particles in the

macrophages increased significantly, and the content of the red

fluorescent-labeled particles decreased depending on the dose

of isoborneol (Figure 3A and B). These results indicate that

isoborneol inhibits the formation of ox-LDL-induced macro-

phage foam cells.

To explore the mechanism of isoborneol, the isoborneol-

regulated pathways were identified using pathway enrich-

ment analysis. Nine enriched pathways were identified

(Table 1). Among them, two pathways (hsa05200 and

hsa05203) were related to cancer, five pathways (hsa04810,

hsa04015, hsa04010, hsa04540, and hsa04072) were related

to cell migration and cell polarity, one pathway (hsa05032)

was related to addiction, and one pathway (hsa04750) related

to inflammation.

Discussion
Atherosclerosis is a complex inflammatory vascular disease

and persistent inflammation can promote the development of

atherosclerosis.8 Inflammation, therefore, plays an important

role in the formation of macrophage foam cells. Previous

studies have suggested that isoborneol has anti-inflammatory

activity and its derivatives can prevent the formation of macro-

phage foam cells and intracellular lipid accumulation.18

However, there are few studies investigating the role of iso-

borneol in the fight against atherosclerosis, such as the inhibi-

tion of the formation of macrophage-derived form cells. The

present study found that isoborneol inhibited the accumulation

of lipids and the uptake of ox-LDL inmacrophages, which can

prevent the formation of macrophage foam cells. Isoborneol

may, therefore, be used independently or in combination with

other drugs to combat atherosclerosis.

Previous research has proved that ox-LDL can inhibit the

migration of aortic endothelial cells in vitro.19 In addition,

ox-LDLwas proved to induce loss of cell polarity and inhibit

macrophage locomotion through its interaction with CD36,

a transmembrane glycoprotein receptor expressed in

a variety of cells including monocytes and macrophages.20

Here, five isoborneol-regulated pathways were identified that

can control cell migration and polarity. It is suggested there-

fore that isoborneol plays the role of inhibiting the accumula-

tion of lipids and the formation of macrophage foam cells in

mouse RAW 264.7 cells, mainly through counteracting the

adverse effect of ox-LDL on cell migration and polarity.

Recent decades have seen an increasing interest in the

effect of traditional Chinese medicine and its active ingre-

dients on atherosclerosis-related diseases.21 Isoborneol is

a chemical component often found in traditional Chinese

medicines, especially those used for the treatment of car-

diovascular disease. This study not only provides a new

molecular template for the treatment of atherosclerosis but

also provides a basis for the treatment of cardiovascular

disease using these traditional prescriptions.

Control

A B

Isoborneol 5μM

Figure 3 Isoborneol inhibited the uptake of ox-LDL by macrophages. (A) RAW 264.7 macrophages were cultured in isoborneol at different concentrations for 24 hrs, then

loaded with 20 μg/mL Dil-ox-LDL for an additional 4 hrs. The magnification of each panel is ×400. (B) Fluorescence intensity of each group. Values are the means ± SD from

at least three separate experiments. *P<0.05 vs the control was treated with vehicle (zero isoborneol).
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Conclusion
In conclusion, isoborneol can inhibit the accumulation of

lipids and the formation of macrophage foam cells in

mouse RAW 264.7 cells. Isoborneol may, therefore, be

a potential active ingredient from plants for use against

atherosclerotic disease.

Abbreviations
LDL, low-density lipoprotein; ox-LDL, oxidized low-

density lipoprotein; CMAP, Connectivity Map database.
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