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A B S T R A C T

Natural products obtained in dietary components may aid the prevention and treatment of a variety of diseases.
Reports in the scientific literature have demonstrated that the consumption of terpenes is a successful alternative
in the treatment of several diseases, triggering beneficial biological effects in clinical and preclinical studies. The
monoterpene limonene is largely used in alimentary items, cleaning products, and it is one of the most frequent
fragrances used in cosmetics formulation. The therapeutic effects of limonene have been extensively studied,
proving anti-inflammatory, antioxidant, antinociceptive, anticancer, antidiabetic, antihyperalgesic, antiviral,
and gastroprotective effects, among other beneficial effects in health. In this review, we collected, presented, and
analyzed evidence from the scientific literature regarding the usage of limonene and its activities and underlying
mechanisms involved in combating diseases. The highlighting of limonene applications could develop a useful
targeting of innovative research in this field as well as the development of a limonene-based phytomedicine
which could be used in a variety of conditions of health and disease.

1. Introduction

Plant-derived compounds show important biological properties that
can be used for promotion and maintenance of health. Compounds
commonly found in dietary products offer protection against diseases,
and they are therapeutically important because of their properties, such
as antioxidant and anti-inflammatory potential. A regular dietary intake
of fruits and vegetables in the diet has protective effects against dif-
ferent pathologies [1].

The international definition for essential oil is the product obtained
by hydrodistillation, steam distillation or dry distillation or by a sui-
table mechanical process without heating (for Citrus fruits) of a plant or
some part of it [2]. Essential oils are volatile oily liquids, rarely colored
and characterized by a strong odor [3]. This aroma results from the
combination of the aromas of each molecule which composes the oil
[4]. Typically, essential oils are composed by terpenes, including
monoterpenes, which are the most common constituent [3].

The genus Citrus (Rutaceae) includes the most cultivated fruits in
the world, such as orange, lemon, and mandarin [5]. In Citrus species,
the fruit peel contains secretory cavities filled with essential oil [6]. The
extraction of essential oils from Citrus fruits dates from the sixteenth
century. Nowadays, the extraction process can be basically summarized
in the following steps: rupture of the peel utricles by mechanical action,
enabling the oil release, a water flow transports the essential oil and, at
last, essential oil and water are separated by centrifugation [7].

Citrus essential oils are characterized by a volatile and a non-

volatile fraction, which can be composed of more than 200 compounds.
The volatile fraction is mainly composed of monoterpene and sesqui-
terpene hydrocarbons, also by their oxygenated derivatives, aliphatic
aldehydes, alcohols and esters, forming until 99% of the essential oil.
The non-volatile fraction could contain hydrocarbons, sterols, fatty
acids, waxes, carotenoids, coumarins, psoralens, and flavonoids [7,8].

Terpenes, the main components of essential oil, are produced by
various species of plants and present diverse functions, such as defense
mechanism against herbivores and pathogens and plant developmental
physiology. The terpene basic chemical structure consists of an isoprene
unit [9]. Terpenes can present diverse chemical structure and they are
synthesized by metabolic pathways by several types of specialized plant
cells [10,11]. Terpenes are employed in disease prevention and treat-
ment, offering various biological effects such as antimicrobial, anti-al-
lergenic, antioxidant, anti-inflammatory and immunomodulatory
properties [12]. The terpenes large use in health can also be explained
by its favorable pharmacokinetic properties, such as lipophilicity and
low molecular weight [3,13].

Limonene is one of the most common terpenes in nature and a major
constituent of numerous essential oils from Citrus. Limonene is a col-
orless liquid and it exists as two optical isomers, named d- or L-limo-
nene, and as a racemic mixture [14]. Limonene possesses a pleasant
lemon-like odor, which makes it widely used as a flavor and fragrance
additive in common food items, such as fruit juices, candies, chewing
gums, soft drinks, ice creams. Limonene is one of the most frequent and
inexpensive fragrances used in cosmetics formulation, and can be found
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in many types of beauty products such as soaps, perfumes, shampoos,
hair conditioners, and shower gels [15–17], cleaning products and
ecofriendly pesticides [18]. In addition, it is considered safe for food
preservation [19] and could be used as a green solvent for the extrac-
tion of natural products [20].

After oral administration, limonene is rapidly absorbed in the gas-
trointestinal tract, distributed and metabolized. Limonene is considered
safe, presenting low toxicity to humans, without inducing mutagenic,
carcinogenic, or nephrotoxic risk to humans [19].

Schmidt and Göen [21] investigated the limonene metabolism and
elimination kinetics in humans. The authors found that the metabolites
carveol, perillic acid, limonene-1,2-diol, and limonene-8,9-diol, but not
perillyl alcohol or limonene itself, were detectable in the volunteers'
blood after 5 h of an oral dose of limonene, evidencing a rapid first-pass
metabolism. The urinary profile of metabolites is very similar to that in
blood. The product of exocyclic oxidation limonene-8,9-diol was the
main renal metabolite. Limonene or its metabolites also underwent
respiratory elimination, leaving a characteristic odor in the exhaled air.
Human limonene metabolism occurs rapidly, and the body is almost
entirely cleared from the metabolites after 24 h of limonene ingestion.

Numerous therapeutic properties have been attributed to limonene
(1-methyl-4-(1-methylethenyl) cyclohexane), a naturally occurring 10-
carbon cyclohexanoid monoterpene derivative [22]. The present review
article covers the last ten years (2008–2017) of publications about li-
monene therapeutic effects published in the scientific literature, aiming
to disseminate the knowledge about this useful compound and shed
light in future researches regarding its biological activities in preclinical
and clinical studies.

2. Biological effects of limonene

2.1. Preclinical studies

2.1.1. Anti-inflammatory activity
Kummer et al. [5] investigated the anti-inflammatory activity of

limonene from Citrus latifolia Tanaka fruit bark essential oil using zy-
mosan-induced peritonitis and in vitro assays. Using gas chromato-
graphy-mass spectrometry technique, the authors confirmed that li-
monene was the main compound present (62%) in the essential oil of
Citrus latifolia. Limonene, as well as the essential oil, did not present in
vitro cytotoxicity on neutrophils derived from the peritoneal cavity of
BALB/c mice. Limonene decreased neutrophils migration when formyl-
Met-Leu-Phe and leukotriene B4 were used as chemoattractants. Re-
garding in vivo assays, oral pretreatment with limonene reduced leu-
kocytes infiltration, as well as the levels of tumor necrosis factor alpha
(TNF-α), a pro-inflammatory cytokine, in the peritoneal exudate after
zymosan-induced peritonitis in BALB/C mice. The levels of anti-in-
flammatory cytokine interleukin 10 (IL-10) were not altered. The au-
thors attributed the anti-inflammatory effect of limonene to the de-
creased levels of TNF-α and to the reduction of chemotaxis of
neutrophils and leukocytes.

Macrophages play an important role in the inflammatory response,
including the overproduction of pro-inflammatory cytokines and in-
flammatory mediators. Aiming to investigate the effects of limonene in
the production of cytokines and inflammatory mediators in macro-
phages, Yoon et al. [23] incubated RAW 264.7 macrophages and
treated them with lipopolysaccharide (LPS) and several concentrations
of limonene. Limonene was able to reduce the expression of inducible
nitric oxide synthase (iNOS) and cyclooxygenase (COX) as well as the
production of prostaglandin E2 (PGE2), which are related to in-
flammatory response. The levels of pro-inflammatory cytokines TNF-α,
interleukin 1 beta (IL-1β), and interleukin 6 (IL-6), were also decreased
after the limonene treatment, in a dose-dependent manner. A cyto-
toxicity assay performed on HaCat keratinocytes showed no evidence of
cytotoxicity. The authors suggested that limonene could be an effective
anti-inflammatory agent to be used as a cosmetic or medicine in skin

disorders.
Doxorubicin is a drug used for cancer treatment and has some side

effects such as the production of reactive oxygen species (ROS) as well
as the enhancement of the inflammatory response, causing tissue da-
mage. Rehman et al. [24] hypothesized limonene could protect kidneys
from the side effects of doxorubicin. Before doxorubicin administration,
limonene was offered with the diet to Wistar rats for 20 days. Doxor-
ubicin group presented an enhancement in TNF-α, nuclear factor kappa
B (NF-κB), iNOS and COX-2 expressions, inflammatory markers which
were restored in limonene group. Histological analyses evidenced pre-
servation of renal architecture and less neutrophil infiltration in the
limonene-treated group. Serum blood urea nitrogen, creatinine and
kidney injury molecule-1 are nephropathy markers, which were in-
creased in the doxorubicin group; limonene pretreatment caused a
decrease in these markers levels. Limonene also reduced doxorubicin
harmful action in kidneys displaying an antioxidant activity, restoring
the levels of glutathione and superoxide dismutase, besides increasing
the activities of catalase, glutathione peroxidase and glutathione
transferase. In conclusion, doxorubicin-induced kidney damage was
attenuated by a possible anti-inflammatory and antioxidant activities of
limonene, indicating that this compound could be used in combination
with doxorubicin.

Osteoarthritis is a degenerative disease, characterized by articular
inflammation and loss of cartilage, among other complications. Rufino
et al. [13] tested the activity of limonene in human chondrocytes sti-
mulated with IL-1β, a cell model of osteoarthritis. IL-1β-induced nitric
oxide (NO) production and the expressions of inflammatory markers,
anti-catabolic and pro-anabolic genes were evaluated. Limonene, at
three different concentrations, inhibited NO production and NF-κB and
p38 activation. Likewise, limonene decreased the expression of iNOS,
an inflammatory marker, besides matrix metalloproteinase-1 (MMP-1)
and matrix metalloproteinase-13 (MMP-13), which are catabolic genes
responsible for hydrolyzing the major articular cartilage-specific matrix
components. Limonene induced an increase in the expression of anti-
catabolic gene tissue inhibitor of metalloproteinase 1 (TIMP-1), but it
was not able to increase the expression of extracellular matrix-specific
genes, such as collagen II. These results granted limonene an anti-in-
flammatory effect on human chondrocytes by the inhibition of NO
production, the decrease in iNOS expression and the non-activation of
pathways linked to inflammatory response.

Investigating the effects of limonene on human eosinophilic leu-
kemia HL-60 clone 15 cells, Hirota et al. [16] described that limonene,
isolated from Citrus junos Tanaka fruit bark essential oil, decreased ROS
production induced by phorbol 12-myristate 13-acetate (PMA) in df-
HL-60 clone 15 cells, before and after eotaxin stimulation. Monocyte
chemoattractant protein-1 (MCP-1) is a chemokine spontaneously
produced by eosinophilic cells and its production increases leukocyte
recruitment, triggering inflammatory or allergic reactions; limonene
decreased MCP-1 production by the cells, even in the presence of a
potent proteasome inhibitor. Limonene also decreased the activity of
NF-κB in nuclear extracts of the cells and decreased the chemotaxis
when combined with a specific p38 mitogen-activated protein kinases
(MAPK) inhibitor. In summary, limonene presented an anti-in-
flammatory effect by decreasing ROS production, NF-κB activity and
eosinophil migration.

We can conclude that limonene exerted an anti-inflammatory effect
on in vitro and in vivo assays mainly by modulating the action of cy-
tokines and participating in pathways that are closely linked to in-
flammatory response. Regarding in vitro studies, different models were
performed, and the authors suggested that in vivo assays are needed to
elucidate the anti-inflammatory effect of limonene.

2.1.2. Antioxidant activity
Oxidative stress is a consequence of the overproduction of ROS in

the organism and is related to many diseases. Acting against oxidative
stress, the human body has antioxidant mechanisms which have the
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capacity of attenuating damages caused by the overproduction of ROS.
The ingestion of natural products with potential antioxidant activity
can help the organism to counteract the oxidative stress-induced im-
pairment.

Overproduction of ROS is one of the complications caused by dia-
betes mellitus in the human body. Murali et al. [25] induced diabetes
using streptozotocin in Wistar male rats and treated them orally with
limonene for 45 days. Antioxidant assays were performed to investigate
limonene action in the diabetic condition in rat blood, kidney and liver.
Diabetic rats, which received saline solution, presented high levels of
thiobarbituric acid reactive substances (TBARS), lipid hydroperoxides
and conjugated dienes in plasma and tissues. However, the limonene
group showed a decrease in all these oxidative stress markers. Limo-
nene group showed a significant increase of superoxide dismutase,
catalase, glutathione peroxidase and glutathione transferase, which
levels showed a decrease in untreated diabetic rats. The activity of
glutathione and vitamin C were elevated in the limonene treated group.
Limonene treatment, on histopathological analysis, led to an improve-
ment in the liver and kidneys compared to saline treatment which
presented damages in these tissues caused by diabetes. In conclusion,
limonene demonstrated an antioxidant activity, attenuating oxidative
stress in diabetic rats.

Similar results were observed in cultured murine lymphocytes from
BALB/c mice. Limonene at low concentrations presented a high 2,2-
diphenyl-1-picrylhydrazyl (DPPH) scavenging activity, an increase in
the activity of catalase and peroxidase, as well as a reduction in the
levels of hydrogen peroxide. It is known that superoxide dismutase
converts superoxide into hydrogen peroxide and dioxygen. At high
concentrations, limonene showed an enhancement of superoxide dis-
mutase activity and in the levels of hydrogen peroxide. Cell prolifera-
tion is modulated by hydrogen peroxide and, in this study, limonene at
low concentrations stimulated cell proliferation, but at high con-
centrations a cytostatic effect was observed. These results together
suggested that limonene can protect lymphocytes from oxidative stress
and at low concentrations it can stimulate cell proliferation [17].

Oxidative stress is also associated with the development of catar-
acts. Bai et al. [26] induced oxidative stress in human lens epithelial
cells using hydrogen peroxide after limonene treatment. Hydrogen
peroxide caused a decrease in cell viability, however in cells treated
with limonene an increase was observed. Limonene reduced the ex-
pression of caspase-3 and caspase-9, which are proteins linked to
apoptosis. The Bax/Bcl-2 ratio also plays an important role in apoptosis;
limonene was able to prevent the decrease of this ratio caused by hy-
drogen peroxide. In order to analyze the antioxidant mechanism, which
limonene plays a part, MAPK pathway was verified; limonene could
inhibit the phosphorylation of p38 MAPK, which mediates oxygen
peroxide-induced apoptosis. These results suggested that limonene can
protect the lens epithelial cells from oxidative stress through anti-
oxidant and anti-apoptotic pathways.

Investigating the antioxidant, cytotoxicity, genotoxic and anti-
genotoxic effects of limonene, Bacanli et al. [27] showed that limonene
presented a decrease in cell viability in a dose-dependent way in 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Limonene at low concentrations did not cause genotoxic damage in
lymphocytes and fibroblasts in COMET assay and decreased the fre-
quency of micronuclei in cells. In conclusion, limonene prevented
lymphocytes and fibroblasts from chromosome breakage and from DNA
damage, besides showing an antioxidant effect.

Ahmad and Beg [28] analyzed the hypolipidemic and antioxidant
effect of limonene and thymoquinone on rats fed with atherogenic
suspension. As a result, limonene presented a lipid-lowering efficacy
and improved the cardiovascular disease induced by oxidative stress
through a decrease in HMG-CoA reductase activity and restoration of
MDA values. In addition, the intake of limonene reduced the oxidation
of low density lipoprotein (LDL), small dense low density lipoprotein
(sd-LDL) and large-buoyant low density lipoprotein (lb-LDL). In

conclusion, limonene presented a potential atheroprotective and anti-
oxidant effect in rats fed with atherogenic suspension.

Phenolic compounds, like limonene, showed an antioxidant activity
by its free radical scavenging property. These studies above showed
that limonene was able to attenuate the oxidative stress impairment on
in vitro and in vivo models, confirming its antioxidant effect.
Nevertheless, more studies are necessary to elucidate the pathways and
mechanisms in which limonene takes part.

2.1.3. Anticancer activity
Citrus bergamia essential oil is 70% composed of limonene and li-

nalyl acetate and it reduces the proliferation and the survival rate of
human neuroblastoma cells SH-SY5Y [29]. Russo et al. [30] studied
Citrus bergamia essential oil main compounds by individually testing
them in neuroblastoma cultures, in order to identify the ones re-
sponsible for neuroblastoma cell death. The individual treatments with
limonene, linalyl acetate, linalool, γ-terpinene, β-pinene and bergapten
at the percentages of 0.02 and 0.03% showed a significant increase of
hypodiploid events, confirming previous data of decreased cell death
under these percentages of oil [29], whereas the cytotoxicity caused by
the essential oil was not increased. When only limonene and linalyl
acetate were assessed, results showed no accumulation of cells with
sub-G1 (fragmented DNA) following a single exposure to either com-
ponent. However, with combined usage, accumulation of cells with sub-
G1 was observed, along with mitochondrial damage, cytoskeletal re-
organization and decrease in cell volume. All those alterations were
concentration-dependent and only occurred with combined exposure of
limonene and linalyl acetate to SH-SY5Y cells. The detailed mechanism
by which these monoterpenes influence cell death is yet unknown.

Investigating the antitumor effect of limonene and berberine, as
well as the combination of both, Zhang et al. [31] concluded that these
compounds synergistically exerted anticancer effects on human gastric
carcinoma cell line MGC803. Limonene and berberine, when combined,
increased apoptosis, generation of ROS and caspase-3 expression
(mediator of apoptosis). Moreover, the expression of anti-apoptotic
protein Bcl-2 and Rh 123 (a mitochondria-binding specific cationic
fluorescent dye, related to mitochondrial transmembrane potential)
presented lower levels when combined limonene and berberine than
when exposed to limonene and berberine separately. The inference of
the authors was that the cytotoxic effects on human gastric carcinoma
cells could be obtained, in part, by the apoptosis mediated by the cas-
pase induction and the formation of ROS.

In a similar way, Jia et al. [32] investigated the activity of limonene
in LS174T human colon cancer cells. The researchers attested that the
limonene, in a dose-dependent manner (variating from 0.4 to 3.2 μmol/
L), decreased LS174T cell viability and induced apoptosis. The effect of
limonene on Akt proteins expression and activation was also analyzed;
there was no expressive variation of Akt protein level, but there was a
decrease in its phosphorylates residues Ser473 and Thr308, suggesting
that limonene could diminish Akt activity. The treatment with limo-
nene revealed the upregulation of pro-apoptotic Bax protein, down-
regulation of anti-apoptotic Bcl-2 and an increase of cytosol cytochrome
c level, related to the trigger of activation of procaspase-9. Furthermore,
a rise in the cleavage maturation of caspase-3 and caspase-9, confirmed
the caspase activation, indicating that apoptosis induced by limonene is
partly moderated via mitochondrial pathway. The author concluded
that limonene anticancer effect was involved with the inhibition of Akt
activation as well as with the mitochondrial apoptosis signaling
pathway activation.

In the search for strategies to improve the efficacy of docetaxel-
based treatments for hormone-refractory prostate cancer, Rabi and
Bishayee [33] used limonene to enhance tumor response to docetaxel in
metastatic prostate cancer, using human prostate carcinoma DU-
145 cells. The authors observed that Limonene and docetaxel in com-
bination enhanced the cytotoxicity to prostate carcinoma cells, but not
to normal prostate epithelial cells, which can be explained by the fact
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that normal cells express more effective antioxidant mechanisms than
cancer cells. The combination of docetaxel and limonene also induced
ROS generation by breaking down hydrogen peroxide (H2O2)-scaven-
ging system, depletion of glutathione, and increased caspase activity, in
comparison to docetaxel alone. The double therapy also induced clea-
vage of caspase-9 and caspase-3, an apoptotic effect that was reversed
after pretreatment with N-acetylcysteine, a potent antioxidant, evi-
dencing that antitumor effect involved ROS generation with a strong
participation of caspase cascades. In this study, limonene enhanced the
antitumor effect of docetaxel against prostate cancer cells without any
cytotoxicity to normal prostate epithelial cells, in an effect mediated by
generation of ROS and activation of caspase-9 and caspase-3.

Wilson et al. [34] hypothesized if dietary chemoprevention would
be effective in delaying the onset of male cancer. Thus, this research
aimed to determine if limonene had a chemopreventive effect on in-
duction and protease activity of sex accessory gland tumors in Lobund-
Wistar rats. After prostate tumor induction by nitrosomethylurea and
promotion by testosterone, tumors were found in the seminal vesicles
and dorsal and anterior prostate lobes from rats. However, the re-
searchers found no difference in the distribution of tumors, site of origin
or number of rats presenting metastases between control rats and li-
monene-treated animals. Given the importance of proteolytic activities
in cancer invasion and metastasis, the activity of plasminogen activator
and matrix metalloproteinases 2 and 9 were investigated. Sex accessory
gland tumors and metastases expressed increased levels of plasminogen
activator and metalloproteinases, but no difference between rats re-
ceiving limonene or control was noted. This study indicated that dietary
supplementation with limonene could not delay or prevent the devel-
opment of sex accessory gland tumors.

We can conclude that limonene presented potential anticancer ac-
tivity regarding in vitro studies, but there is a need to develop a larger
amount of in vivo studies to direct more conclusive answers about this
effect.

2.1.4. Antinociceptive activity
In a recent study, Piccinelli et al. [35] orally administered limonene

to mice which had previously received an intrathecal injection of gly-
coprotein gp120, IL-1β or TNF-α, hypothesizing that limonene could
prevent the hyperalgesia caused by the inflammatory cytokines or
gp120. Limonene was able to decrease the production of IL-1β and IL-
10 after intrathecal injection of gp120. The activity of superoxide dis-
mutase was increased after spinal injection of IL-1β or TNF-α in limo-
nene treated mice, showing it can be involved in the antihyperalgesic
effect since superoxide dismutase has a role in the management of pain.
In conclusion, limonene was able to prevent the hyperalgesia caused by
gp120, IL-1β, and TNF-α, probably by modulating cytokines production
and superoxide dismutase expression.

Kaimoto and collaborators [36] investigated the in vivo and in vitro
effect of limonene on transient receptor potential (TRP) channels,
which are related to the perception of pain. Intraplantar injection of
limonene in mice evoked a pain response, which was attenuated in
transient receptor potential ankyrin 1 (TRPA1) null-mice, suggesting
that limonene activated TRPA1, consequently triggering acute pain.
However, systemic administration of limonene did not induce a pain
response but induced a decrease in hydrogen peroxide-induced noci-
ception. In DRG neurons and HEK 293 cells, when stimulated with
hydrogen peroxide, limonene ceased the nociceptive effect of TRPA1
stimulation. With these results, the authors suggested that limonene has
a bimodal effect on the perception of pain, mediated by TRPA1; when
topically applied, limonene elicited pain, but its systemic application
inhibited nociception.

With these results, it is possible to state that limonene exerted an-
tinociceptive effect. However, more investigation is necessary to clearly
understand the mechanisms related to the antinociceptive effect of li-
monene.

2.1.5. Antidiabetic activity
The increasing numbers of diabetic patients and current medicine

side effects have brought the studies of potential antiglycating agents
into focus. The main substances which cause complications in diabetes
mellitus, such as nephropathy, arteriosclerosis, retinopathy and neu-
ropathy, are the advanced glycation end-products (AGEs) [37]. The
AGEs are responsible for alterations like physiological changes in pro-
teins [38], intervening in its interaction with other compounds, and
initiating pro-inflammatory responses [39], causing cell damage. Due to
AGEs rapid formation in hyperglycemic conditions, its inhibition would
prevent the mentioned complications.

Studies using Aegle marmelos leaves containing limonene showed
antidiabetic activity [40]. Panaskar et al. [41] experimented on male
Wistar rats with streptozotocin-induced diabetes mellitus to test the
effects of limonene for antiglycative activity, utilizing chloroform ex-
tract from Aegle marmelos leaves. The usage of the extract enhanced the
use of glucose (antihyperglycemic effect) and significantly decreased
AGEs formation. Kidney functions were not affected, and AGEs for-
mation was low in rats treated with the chloroform extract, concluding
that the treatment could prevent complications such as nephropathy
and cataract. GC-MS analysis evidenced that limonene was the main
compound in chloroform extract from Aegle marmelos leaves. Purified
limonene showed inhibitory effect on cataract formation, increasing
reduced glutathione, catalase and superoxide dismutase activities in
lens homogenate. Purified limonene also showed antiglycating activity
at a much lower concentration than the currently used aminoguanidine.
Authors concluded that limonene demonstrated potent antiglycative
properties in very low concentrations.

Based on the results obtained by Panaskar et al. [41], Joglekar et al.
[42] investigated the mechanisms of glycation inhibition by limonene.
It was observed a decrease in protein unfolding in the presence of li-
monene. Since the limonene structure precludes the direct interaction
with proteins as aminoguanidine does, it is suggested by the researchers
that limonene inhibition of glycation happens by stabilizing the protein
structure through hydrophobic interactions.

A more recent study by Joglekar et al. [43] assessed the combined
usage of limonene and aminoguanidine. The benefits showed by the
usage of aminoguanidine were many, such as the prevention of some
diseases such as some nephropathy [44], atherosclerosis [45], cataract
formation [46] and neuropathy [47]. The negative side to this drug, as
discussed, is the large dose needed leads to toxicity, while limonene
does not present this problem. When used together, however, they
demonstrated a higher percentage of AGE reduction than when used
separately. The presence of aminoguanidine did not prevent the binding
of glucose to bovine serum albumin (BSA). The combination BSA-
aminoguanidine presented an affinity rate for glucose more than twenty
times higher than the BSA-limonene affinity. It is clear that amino-
guanidine has benefits that are outweighed by its negative effects;
however, the use of limonene alongside with aminoguanidine can
suppress the negative effects and provide a more effective antiglycative
effect.

In brief, limonene is a potential alternative as an antiglycative
agent; it can be used in lower doses and has no report of toxicity.

2.1.6. Treatment of metabolic syndrome
The large number of obese individuals in areas with high dietary

consumption of fat has become a great concern [48], especially con-
sidering the higher risk of developing certain disorders, such as cardi-
ovascular problems, hyperlipidemia, certain types of cancer and type 2
diabetes [49,50]. The nonalcoholic fatty liver disease (NAFLD), present
in 75–92% of the obese population and which is the most common liver
disease in the United States is also associated with obesity. Regarding
those disorders brought about or aggravated by obesity, attention has
been drawn to solutions involving dietary prevention and therapy,
given the aggressiveness and low efficiency of medications. A greatly
studied natural product that has been reported to cause positive effects
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in metabolic disorders is limonene [51].
Recent studies have reported peroxisome proliferator-activated re-

ceptors (PPARs) and liver X receptors (LXRs) as targets of citrus-derived
compounds for the treatment of metabolic diseases [52–54]. Jing et al.
[51] investigated limonene as one of these possible compounds, along
with the assessment of limonene effects on dyslipidemia and hy-
perglycemia in mice, which had not yet been reported. Dyslipidemia is
a disorder which presents high levels of triglyceride (TG) and total
cholesterol (TC), while high-density lipoprotein (HDL) cholesterol le-
vels are low. When limonene was applied in high-fat diet-fed mice,
there was a decrease of TG and LDL cholesterol, and an increase in HDL
cholesterol, while TC levels remained unaffected. The hyperglycemia
was lowered in high-fat diet-fed mice in the presence of limonene.
Moreover, the study also indicated a glucose tolerance built in obese
mice under the use of limonene, denoting its positive effects in in-
dividuals with hyperglycemia and dyslipidemia. Regarding PPARs and
LXRs, previous studies showed that the activation of PPARα with ago-
nists can reduce TG levels and HDL cholesterol [55] and improve
dyslipidemia in obese mice [56], while LXRs have a key role in sig-
naling pathways related to hyperlipidemia [57]. Jing et al. [51] in-
dicated that limonene activated PPARα, increasing its expression levels
and enabling the conclusion that PPARα protects against dyslipidemia.
Concerning LXRs, limonene suppressed the expression of its targets in
the liver, indicating that the decrease of serum lipid levels can be due to
the modulating effects of LXRs signaling.

Santiago et al. [58] studied limonene effects against biochemical or
histological liver alterations, in high-fat diet-fed mice and L-NAME-in-
duced metabolic syndrome associated with NAFLD. Liver-specific en-
zymes such as aspartate aminotransferase (AST), alanine transaminase
(ALT) and alkaline phosphatase (ALP) were observed regarding its ac-
tivities in the plasma. The study results with limonene intake in high-fat
diet-fed mice and high-fat diet-fed mice with L-NAME-induced meta-
bolic syndrome showed a significant decrease in those enzymes plasma
activities. NAFLD is also related to fat deposition in the liver, resulting
in insulin resistance [59,60]. The authors observed that limonene in-
take lowered fat accumulation in both groups of mice. There was also a
decrease in glucose blood levels and pancreatic β-cell mass with limo-
nene supplementation. These results showed a great effect of limonene
in treating metabolic syndrome associated with NAFLD.

Both studies showed limonene has a great potential regarding the
treatment of metabolic syndrome and its consequences.

2.1.7. Effects in gastrointestinal tract
Researchers have been studying the gastroprotective and ulcer

healing effects of essential oil from Citrus fruits and its major compound
limonene, in the search for new compounds which could be cheap and
induce no side effects.

A study carried out by Moraes et al. [61] investigated the action of
limonene and essential oil from Citrus aurantium on gastric mucosa in
rats, inducing ulcers through the ethanol and non-steroidal anti-in-
flammatory drug methods. Results demonstrated that the essential oil is
composed of 97% limonene, and both compounds almost entirely
avoided gastric ulcers formation at the tested doses. The gastro-
protective effect could be explained by the increase of gastric mucus,
which neutralizes H+ concentration in the gastric juice. PGE2 plays an
important role by stimulating the secretion of mucus and bicarbonate,
protecting the stomach from ulcer formation. Moreover, the PGE2 levels
of limonene-treated rats presented normalized values, similar to the
ones in the control group. However, gastric H+ secretion and glu-
tathione levels were not altered by limonene oral treatment.

In acetic acid-induced gastric ulcers, essential oil from Citrus aur-
antium and limonene offered respectively 44% and 56% of healing rate
in male Wistar rats. The researchers investigated the role of vascular
endothelial growth factor (VEGF), proliferating cell nuclear antigen
(PCNA) and cyclooxygenase 2 (COX-2), which are proteins and en-
zymes involved in the healing process. All the three factors were

enhanced in limonene-treated rats, indicating an expressive increase of
cell proliferation, increased angiogenesis and production of PGE2, en-
suring the improvement of mucosal integrity [62].

Rozza and collaborators [63] analyzed the gastroprotection of es-
sential oil from Citrus lemon and its majority compounds limonene and
β-pinene. In both ethanol and indomethacin-induced gastric ulcer
model, the essential oil and limonene offered effective gastroprotection;
however β-pinene did not show gastroprotective activity. The authors
concluded that limonene was responsible for the gastroprotective effect
of Citrus lemon essential oil, stimulating the production and secretion of
mucus and heat-shock protein-70. Nevertheless, limonene gastro-
protective effect was neither involved with the conservation of glu-
tathione levels, releasing of nitric oxide nor the maintenance of sulf-
hydryl compounds.

d'Alessio et al. [64] aimed to investigate the anti-inflammatory ef-
fect of limonene using a rat model of colitis and cell cultures of fibro-
blasts and enterocytes. In colitis model, limonene was administrated to
Wistar rats after an injection of 2,4,6-trinitrobenzenesulfonic acid
(TNBS) to induce colitis. When compared to ibuprofen, rats treated with
limonene presented decreased inflammatory scores and TNF-α con-
centration in serum compared to untreated rats. Using cultured fibro-
blasts, limonene-containing orange peel extract was able to inhibit
TNFα-induced NF-κB translocation, suggesting that limonene acts in the
NF-κB pathway. Limonene also increased epithelial resistance in colonic
HT-29/B6 cell monolayers. In conclusion, limonene displayed anti-in-
flammatory effect in vivo, probably acting in subcellular mechanisms.

Limonene exerted protective and healing effects in the gastro-
intestinal tract in gastric ulcer and colitis models, serving as a propi-
tious target to be assessed in these diseases.

2.1.8. Effects in respiratory tract
Acute lung injury, when associated with inflammation, is a serious

disease which has high morbidity and mortality rates with no specific
drug available for its treatment. Therefore, Chi and collaborators [22]
hypothesized limonene could prevent acute lung injury induced by
intranasal LPS in mice. As a result, limonene showed to be an effective
lung protective, improving pulmonary function through its anti-in-
flammatory activity. Limonene was able to decrease inflammatory
neutrophil infiltration and the subsequent activity of myeloperoxidase
(MPO). Inflammatory cytokines such as TNF-α, IL-1β and IL-6 are
considered therapeutic targets in acute lung injury; limonene treatment
decreased the activity of these cytokines. Some inflammatory me-
chanisms were investigated and limonene was able to attenuate the
activation of NF-κB, ERK, JNK, and p38 MAPK signaling pathways,
showing an anti-inflammatory effect on the prevention of LPS-induced
acute lung injury and evidencing a potential new bioactivity for limo-
nene.

Bronchial asthma is a chronic inflammatory disease which affects
300 million people worldwide. This illness is clinically characterized by
airway obstruction in response to allergens, chronic eosinophilic airway
inflammation, mucus hypersecretion, and airway remodeling and non-
specific airway hyperresponsiveness [65]. Individuals susceptible to
asthma or allergic airway disease are considered more sensitive to in-
haled irritant agents due to these airway abnormalities. Therefore, a
study performed by Hirota et al. [66] aimed to evaluate whether li-
monene could reduce allergic airway and improve the asthma symp-
toms in Dermatophagoides farinae-induced (DER) airway inflammation
model. The results obtained showed that oral treatment with limonene
significantly decreased the production of immunoglobulin E (IgE)
(important marker of allergic inflammation), representative Th-2 cell
type (responsible for producing pro-inflammatory cytokines), che-
moattractant cytokines MCP-1 (important for the influx of in-
flammatory cells) and TGF-β1 (associated with the development of
airway remodeling in asthma). Histopathological changes also showed
that treatment with limonene efficiently reduced the influx of eosino-
phils into the lungs, airway fibrosis and mitigated the collagen
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deposition. In addition, limonene treatment was able to attenuate the
bronchoconstriction caused by the administration of acetylcholine in
DER mice, showing involvement with cholinergic receptors. These re-
sults showed that limonene possesses a potent therapeutic effect on the
allergic airway and for asthma. However, further researches are ne-
cessary to ensure these same beneficial effects in asthmatic human
patients.

Several epidemiological studies have described associations be-
tween bronchial asthma attacks and high levels of air pollution, such as
ozone (O3). Thus, Hansen et al. [67] verified whether the inhalation of
the reaction products of O3 and limonene, as well as limonene and low-
level O3, were able to provoke airway inflammation and allergic sen-
sitization in a subchronic mouse inhalation model and allergen oval-
bumin (OVA) in BALB/cJ mice. The results showed that the mixture of
O3 and limonene stimulated the OVA-specific IgE production compared
to limonene and O3 separately, suggesting that this reactive mixture
provokes an adjuvant effect on allergic sensitization. Although limo-
nene has decreased IL-5 levels and surfactant protein D (SP-D) ex-
pression, this monoterpene did not decrease neutrophils and eosino-
phils infiltration. On the other hand, its mixture decreased the number
of inflammatory cells, neutrophils, and eosinophils, compared to the
control group, which showed that this mixture did not cause any al-
lergic lung inflammation. This study does not support the fact that the
mixture of O3 and limonene in indoor air promotes allergic airway in-
flammation. The authors reinforce that the inflammation is a char-
acteristic of allergic asthma and its absence in the present study pos-
sibly occurred due to the antioxidant effects of limonene. Another study
performed by the same group of researchers [68] investigated whether
limonene, O3 or the O3–limonene reaction mixture could aggravate
allergic lung inflammation in BALB/cJ mice. This study showed that
mice exposed via inhalation for three consecutive days to clean air,
ozone, limonene or an O3–limonene reaction mixture, did not suffer
exacerbation in the airway allergy by any of these exposures, and mice
which inhaled limonene or the reaction mixture presented a decreased
allergic inflammation. Although limonene itself did not show any re-
duction in cell infiltration, the reaction mixture decreased the infiltra-
tion of inflammatory cells, pro-inflammatory cytokines and SP-D ex-
pression. This research concludes that the reduction of allergic airway
responses after short-term exposure to limonene and mixture reaction
possibly might be attributed to the antioxidant and anti-inflammatory
properties of this monoterpene.

2.1.9. Other activities
Peripheral nerve injury can lead to harmful consequences, including

depression and associated cognitive and emotional comorbidities [69].
A study performed by Piccinelli et al. [70] showed antidepressant and
antihyperalgesic effects of limonene on spared nerve injury (SNI) model
of neuropathic pain in rats. In this study, rats were treated for up to 15
days with limonene and the results demonstrated antihyperalgesic ac-
tivity in the SNI-induced mechanical hyperalgesia as well as decreased
depressive-like behavior, however it was not able to prevent the sen-
sitivity to a cold stimulus in 10 and 15 days after SNI and not even
change locomotion activity evaluated in open-field test in rats. The
authors consider this study as a promising field for the discovery of new
anti-hyperalgesic and/or antidepressant agents. Limonene also showed
a potential anti-stress effect in a study performed by d'Alessio et al.
[71]. The aim of this study was to evaluate the effect of oral treatment
with limonene and its metabolite perillyl alcohol in a rat model sub-
mitted to non-pathologic mild stress conditions. The findings are
complementary to a previous report [72] which, in turn, showed a
potential effect of limonene and perillyl alcohol on the emotional as-
pects of stress analyzed through a functional observation battery, in-
cluding behavioral, neurological and physiological parameters. This
additional study also showed that the oral administration of limonene
and its metabolite perillyl alcohol showed a significant anti-stress ef-
fect, observed for a series of behavioral and physiological changes

under the influence of the nervous system (ortho-parasympathetic
system), even though no alteration of neurological parameters had been
verified. Although these tested substances showed almost the same
results, the effects were more pronounced and significant in rats fed
with limonene than with perillyl alcohol, suggesting the importance of
the endogenous metabolism in the effect of this monoterpene.

The efficiency of limonene and its metabolites limonene-1-2-diol
and perillic acid as immunomodulatory agents was tested on the im-
mune system function using an isolated in vitro assay system [73]. This
study revealed that limonene and its metabolites strongly reduced the
production of interferon gamma (IFN-γ), interleukin 2 (IL-2), TNF-α,
interleukin 4 (IL-4) and interleukin 13 (IL-13) by CD3+CD4+ cells, and
the production of IFN- γ, IL-2, and TNF-α by CD3+CD8+ T cells. Li-
monene treatment inhibited the production of TH1 and TH2 cytokines
by activated T cells. Limonene and its metabolites also showed cyto-
toxic potential in isolated CD4+ and CD8+ T lymphocytes when treated
with higher doses, while in lower concentrations it showed no effect on
T cell viability. These immunosuppressive effects, as well as the safe use
and clinical efficacy, must be considered when utilizing the molecule
for the therapeutic and commercial applications.

Another study carried out by d’Alessio et al. [74] investigated the
anti-inflammatory, wound-healing and anti-angiogenic properties of
limonene and its major metabolite POH, in two in vivo models of 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced dermatitis and me-
chanical skin injury. The results showed that both limonene and its
metabolite decreased the severity and extension of TPA-induced skin
injuries compared to negative control. In this same TPA model, limo-
nene and POH-treated animals showed decreased serum concentrations
of pro-inflammatory cytokines IL-6 and TNF-α, confirming the potent
anti-inflammatory effect in this skin inflammatory process. In the cu-
taneous wound-healing model, POH showed to be more efficient than
limonene by improving the tissue regeneration and neovascularization
which strongly contribute to the tissue repairing process. Therefore,
limonene and POH confirmed the anti-inflammatory and wound
healing effects in animal models, especially for decreasing both in-
flammation and neoangiogenesis, suggesting a direct action of these
monoterpenes on epithelial cells.

It is known that natural products are still major sources of in-
novative therapeutic agents for various conditions, including viral dis-
eases. In this regard, the antiviral activity of limonene and β-pinene
against the herpes simplex type 1 (HSV-1) was evaluated, elucidating its
mechanisms of antiviral action. The results indicated high antiherpetic
activity of both monoterpenes which were able to completely suppress
the viral replication. The mechanism of antiviral action showed minor
effects on the viral infection when host cells were pretreated with drugs
prior to the infection. Conversely, when both monoterpenes were added
to the HSV-1 infected cells after the penetration of the viruses into cells,
plaque formation was not decreased showing direct interaction with
free virus particles. These data suggest that limonene and β-pinene are
promising substances for application in recurrent herpes labialis,
making it possible to carry out more researches applied to the area [75].

Another major challenge to present-day medicine, mainly due to the
lack of sufficient evidence, is to study the efficacy and safety of medi-
cations during pregnancy. As already mentioned, although limonene
possesses chemotherapeutic, antinociceptive, anti-inflammatory and
antioxidant effects, it modifies the myometrial relaxing effect of ter-
butaline and decreases its cervical resistance-enhancing effect [76].
Since there were no reports in the literature on the effect of limonene on
myometrial smooth muscle, Hajagos-Tóth et al. [77] studied the effects
of d- and L-limonene on the pregnant rat myometrium in vitro and how
these effects were modified by other drugs, such as nifedipine, an L-type
Ca2+ channel blocker; paxilline, a selective Ca2+-activated potassium
(BKCa) channel blocker; tetraethyl-ammonium (TEA), a non-selective
K+ channel blocker, and theophylline, a non-selective adenosine re-
ceptor antagonist. The study showed an antioxidant effect of limonene
by decreasing the inhibitory effect of methylglyoxal (MGO), an
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indicator of oxidative damage and both d- and L-limonene caused
myometrial contraction in a dose-dependent way. The pre-treatment
with nifedipine and TEA decreased the myometrial effect of limonene,
while the myometrial contraction in the presence of paxilline was not
observed. These findings suggest that the mechanism of limonene can
be involved in increasing intracellular calcium and BKCa channels.
According to the findings of this study, it is likely that limonene induces
the uterus contractility and its use should be avoided during pregnancy.
Although the authors did not perform the contractility studies on
human myometrium, they hypothesized that the same effect can be
reproduced in humans.

2.2. Clinical studies

Limonene-containing orange peel extract (OPE) was used as a diet
supplement by healthy elderly humans (65–85 years old) from three
countries. In this study, it was compared people who had received daily
a soft gel capsule containing OPE for 56 days with people without any
treatment. As results, there were found no differences between day one
and day 56 of treatment, but the authors established an inflammatory
score, in which levels of IL-6 were significantly decreased after 56 days
of treatment. The authors concluded that limonene could be used as a
diet supplementation in anti-inflammatory therapies [64].

Miller et al. [78] studied the effects of limonene in breast cancer in
recently diagnosed women, hypothesizing an extensive distribution of
the compound in breast tissues that could have preventive effects. By
studying 40 women with 2 g of limonene ingested daily for 2–6 weeks,
the average limonene concentration found in breast tissues was
41.3 μg/g. The authors observed a decrease in the expression of cyclin
D1, a protein involved in cell cycle progression. Its overexpression
would result in rapid proliferation [79,80]. However, its decrease was
not accompanied by a decrease in the expression of proliferation
marker Ki67. The researchers hypothesized that the recruitment of
patients in a more advanced state of the disease or with a longer in-
tervention would provide a higher percentage of the marker and more
concrete results involving limonene activity in breast cancer would be
observed.

To deepen the knowledge of limonene effects in mammary cancer, a
more recent study by Miller et al. [81] analyzed plasma metabolites
using samples collected in the previous study. The authors observed a
decrease in adrenal steroid levels, which were proved to induce pro-
liferation effects in high concentrations [82]. An increase in bile acids
was also observed, which acts as a signaling molecule through farnesoid
X receptor (FXR). The FXRs were assessed in human breast cancer cell
lines [83], therefore indicating that possible alterations in bile could
have some effect on the tissue. An increase in the markers which in-
dicate collagen remodeling or degradation, such as glycine, proline,
hydroxyproline and proline-hydroxyproline, was also observed. These
authors concluded that limonene anti-cancer properties are consistent
with previous studies and should be further assessed.

Clinical trials using limonene are yet incipient and do not allow
many conclusions about its effects specifically in human health and
diseases. But we consider that this can be an advantageous point since
there is an open door for new clinical trials which could be developed in
the search for new drugs and treatments for common diseases.

We have highlighted the preclinical and clinical data, in order to
examine limonene's efficacy in cancer, diabetes, respiratory and gas-
trointestinal disorders, metabolic syndrome, among others. A summary
of the findings for each disorder is presented in Table 1, as well as other
information described in the text such as models, assay and their me-
chanisms of action.

3. Conclusion and perspectives

Nowadays, researchers have made extensive efforts on natural
products as an alternative or complementary medicine because ofTa
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attractive factors such as relative easy acquisition, efficacy, safety, and
low cost. The results reported here validate the growing interest in the
biological activities of limonene. We reported and analyzed more than
sixty articles published in the last ten years regarding different effects
offered by limonene. It can be affirmed that limonene presents anti-
inflammatory, antidiabetic, antioxidant, anticancer, antiallergic, anti-
nociceptive, and anti-stress activities, besides positive effects in the
treatment of gastric ulcer, colitis, asthma and airway inflammation,
among other activities. The high availability of limonene in nature, its
safety profile and its wide mechanism of action make this monoterpene
a promising alternative to conventional therapeutic drugs. We expect
that the considerable amount of evidence discussed here contributes to
increase the knowledge of biological effects and mechanisms of action
exerted from limonene and could direct future preclinical and clinical
studies using limonene alone or in combination with other drugs, as an
alternative or complementary phytomedicine.
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