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Cancer is a major health issue and one of the leading causes of death worldwide. Many
natural compounds, e.g., lycopene, curcumin, resveratrol, etc., have been shown to
inhibit the growth of cancer cells. Similarly, limonene, a major active component in citrus
essential oils and widely used flavoring additive, has demonstrated anticarcinogenic
effects in both cell and animal studies. This systematic review aimed to evaluate the
anticarcinogenic effects of limonene and its potential underlying mechanisms. Eight
peer-reviewed articles published in English between 2000 and 2020 were identified after
screening using MEDLINE, Academic Search Premier, and CINAHL plus. All 8 studies
showed an effect of limonene on reducing tumor burden, resulting in either decreased
size, number, weight, or multiplicities of tumors. Limonene treatment extended the
latency and survival periods in 2 studies yet did not reduce tumor incidence rate in another
study. Limonene was shown to promote cell apoptosis in 4 studies that examined either
the apoptosis index or apoptosis related gene/protein expressions. Two studies tried to
explain the cancer preventive mechanisms of limonene and found limonene could restore
the antioxidant capacity orimmune functions that were impaired by cancer. These results
supported the potential applicability of limonene on inhibiting cancer development, yet
the real-world applicability on human requires more research and evaluation through
clinical studies.

Systematic Review Registration: PROSPERO, identifier: CRD42020168387.

Keywords: limonene, cancer, rodent, tumor, apoptosis, redox enzyme

INTRODUCTION

Cancer remains a major health issue and is one of the leading causes of death worldwide (National
Cancer Institute, 2018). In 2018, there were over 9.5 million cancer-related deaths worldwide
(International Agency for Research on Cancer, 2018) an increase of 1.3 million from 2012
(National Cancer Institute, 2018). Cancer is defined as uncontrolled growth of abnormal cells,
which results from a non-functioning control mechanism of the body (National Cancer Institute,
2015b). Cancer cells involve several characteristics. First, cancer cells respond to the growth signal
from other cells with limitless cell division. Secondly, cancer cells also ignore suppressor genes.
Thirdly, programmed cell death (PCD) or apoptosis of is interrupted. In addition, angiogenesis
and metastasis are unlimited resulting in increased blood supply to tumors and spread of disease,
respectively (National Cancer Institute, 2015b). Many factors could contribute to this dysfunctional
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system, such as inflammation, obesity-derived growth factors
and hormones, and exposure to radiation, etc. (National Cancer
Institute, 2015a).

Given the increasing prevalence and severity of cancer,
tremendous effort has been made to identify the possible
methods to protect humans against it. Research on food-based
approach for cancer prevention has been encouraging and
inspiring, because a great number of foods and nutraceuticals
have been shown to possess cancer preventive properties (Stoner,
2020), for instance, lycopene (Mein et al., 2008), curcumin
(Shanmugam et al,, 2015; Liu and Ho, 2018), and resveratrol
(Athar et al., 2007). The mechanisms underlying the inhibitory
effects of these compounds on carcinogenesis could involve
reactive oxygen species (ROS) scavenging, interference with cell
proliferation, inhibition of cell cycle progression, upregulation
of immune function, and modulation of signal transduction
pathways (Maheshwari et al., 2006; Athar et al., 2007; Mein et al.,
2008).

Among bioactive food compounds, limonene has gained
increasing attention as a potential natural anti-cancer agent.
Limonene, a cyclic monoterpene, is a colorless oily liquid at
room temperature (Crowell et al., 1992; Sun, 2007; Ciriminna
et al.,, 2014). The D-isomer of limonene, D-limonene, occurs
more commonly in nature compared to the L-isomer and can
be extracted from citrus fruit peels. D-limonene is a major
component of citrus essential oil (Fahlbusch et al., 2000) and is
widely used as a flavoring agent in food, as well as cosmetics,
medical products, personal care items, and cleaning products
(Gould, 1997), while L-limonene is mainly found in abundance
in pine needles (De Simon et al,, 2001). The FDA considers
limonene to be Generally Recognized as Safe (GRAS) (U.S.
Food and Drug Administration, 2019). In addition to these,
limonene is also used as an insecticide, due to its insecticidal
property (Ibrahim et al., 2001). Importantly, several in vitro
studies have found that limonene could inhibit angiogenesis and
metastasis in various human cancer cells (Crowell and Gould,
1994). To better understand the anti-carcinogenic properties of
limonene, mechanisms, animal models have been utilized and
positive effects have been observed. However, no systematic
review has been conducted to examine the effects of limonene
on cancer development in animal models. Therefore, this
systematic review aims to evaluate the effect of limonene
treatment on cancer development in rodent models by assessing
tumor incidence, tumor burden, expression of apoptosis or
autophagy-related factors, and underlying mechanisms. The
information obtained from this systemic review will shed light
on the potential applicability of limonene in preventing or
treating cancers, and provide guidance on future clinical trials
using limonene.

METHODS

Methods of the review were developed using the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (Mcinnes et al., 2018). Prior to the literature
search and data extraction, this review was registered and

approved with PROSPERO International prospective register of
systematic reviews as CRD42020168387.

Literature Search Strategy

Three electronic databases (MEDLINE, Academic Search
Premier, and CINAHL plus with Full Text) were searched in
May 2020 to identify, screen, and assess primary research reports
for inclusion. Search criteria included the following: full-text,
peer-reviewed, English language studies published between
January 2000 and May 2020. Boolean search logic included the
terms “limonene,” “mice or rats or rodents,” and “cancer or
tumor or carcinoma or malignancy or neoplasms or tumor.”
Searches were snowballed to include bibliographies, citations,
and coauthors of relevant publications.

Study Selection

Studies that documented limonene treatment in any format on
either mouse or rat model and reported at least one outcome
related to the following: (1) latency period, (2) incidence rate, (3)
survival period, (4) tumor burden, (5) apoptosis or autophagy-
related factors, and (6) underlying molecular mechanisms were
eligible and included. Review papers, cell line studies, conference
abstracts, short communications, and case studies were excluded.
Any disagreement related to inclusion or exclusion of studies was
discussed until all authors reach a consensus.

Data Extraction

Data extraction was conducted by the primary researcher and
reviewed by the research team. The Cochrane data extraction
form was used, which included “participants,” “interventions,’
comparison groups, outcomes, and study design (Higgins et al.,
2019). The following outcomes were consider for inclusion:
(1) latency or survival period or incidence rate, (2) tumor
burden, (3) apoptosis or autophagy-related factors, and (4)
underlying mechanisms (Tables 2-5). In the identified studies,
latency, survival period, and incidence rate were obtained
directly through visual observation. Tumor burden was indicated
by tumor size, weight, number, or multiplicity. Apoptosis
and autophagy-related genes and proteins were measured by
different techniques, such as polymerase chain reaction (PCR),
immunohistochemical assay, and Western-blot. Underlying
mechanisms were determined by examining different cancer-
related pathways.

Quality Assessment

The SYRCLE’s Risk of Bias (SYRCLE’s RoB) tool was employed
to assess the article qualities (Hooijmans et al., 2014). The quality
assessment tool includes 10 validity questions for evaluating
the research studies. Factors assessed by these validity questions
include 6 types of bias: selection bias, performance bias, detection
bias, attrition bias, reporting bias and other biases (Table S1 in
Supplementary Material), and each of these questions involves
several sub-questions. These questions altogether in the checklist
address the applicability to practice and scientific validity. For
each sub-question, 3 choices are provided: yes, no, and unclear.
For the overall quality rating, 3 options are provided as well:
positive, neutral, and negative, which is straightforward to tell
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and conclude. Furthermore, this quality checklist is unique for
animal studies.

Therefore, the SYRCLE’s RoB tool is a proper and suitable
quality assessment tool to be used in this systematic review. Biases
and limitations of individual studies are discussed later in this
review. Authors conducted quality assessment individually
and any disagreement was discussed until a consensus
was reached.

RESULTS

A total of 146 articles were identified from database searches.
Snowballing of searches yielded an additional 6 articles. After
removal of duplicates and screening of titles and abstracts,
35 full-text articles were eligible for full-text review. Studies
that did not use cancer models or did not directly perform
“intervention” using limonene were excluded. Ultimately, 8
studies were included in this systematic review (Figure 1).

Study Characteristics and Description

The basic characteristics of the included studies are summarized
in Table 1. Of the 8 studies, 6 tested the effect of limonene
on cancer development using mouse models (Witschi, 2000;
Witschi et al., 2000; Lu et al., 2004; Del Toro-Arreola et al,
2005; Chaudhary et al,, 2012; Yu et al, 2018) and 2 used rat
models (Kaji et al., 2001; Asamoto et al., 2002). In terms of the
choices of cancer models, 3 studies used lung cancer (Witschi,
2000; Witschi et al., 2000; Yu et al., 2018), while skin, lymph,
liver, stomach, and mammary gland cancer models were used
in each of the rest of the studies, respectively. Among the 8
studies, limonene was delivered by mixing into the diet in 5
studies (Witschi, 2000; Witschi et al., 2000; Del Toro-Arreola
et al., 2005), while in the other 3 studies, limonene treatments
were applied via either oral gavage, or gastric perfusion, or topical
administration. Results from the 8 studies were grouped into four
categories according to different outcomes evaluated, including:
(1) latency or survival period or incidence rate, (2) tumor burden,
(3) apoptosis or autophagy-related factors, and (4) underlying

Records identified through
database searching:
=146
g American Search Premier = 39 . =8}
= CINAHL Plus with Full Text = 11 il
5
=
A 4
Records after duplicates removed
S (n=115)

gﬁ v

§ Records screened by title and abstract Records excluded
=
& (n=115) (n=80)

¥ Full-text articles excluded, with
;E’ Full-text articles reasons
;?b assessed for eligibility n=27)
= (n=35) Non-cancer model used = 1
Indirect limonene treatment = 26
A 4

2 Studies included in

B qualitative synthesis

e =38)

—

FIGURE 1 | Flow diagram of literature search and selection procedure for research included in the systematic review.
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TABLE 1 | Characteristics of studies identified.

Studies Animal models Cancer Treatment Measured outcomes
tissue
Sample Sex Strain Age Method Dosage Period
size (week)
Asamoto et al. 17 Female Hras128 rats N/A Mammary Mix with diet 50 g/kg of diet 8 wk Tumor burden
(2002) gland
Chaudhary et al. 30 Female Swiss albino 6-8 Skin Topical 50 or 100 3d Latency period
(2012) mice application mg/kg BW Tumor burden
Apoptosis/autophagy
factors
Underlying mechanism
Del Toro-Arreola 60 Female BALB/c mice 6-8 Lymph Mix with diet 100 g/kg of 25d Latency period Tumor
et al. (2005) diet burden
Underlying mechanism
Kaji et al. (2001) 60 Male Sprague- 6 Liver Mix with diet 10 or 30 g/kg 16 wk Tumor burden
Dawley of diet Apoptosis/autophagy
rats factors
Lu et al. (2004) 40 Male BALB/c mice N/A Stomach Gastric 15 mlukg BW 7 wk Tumor burden
perfusion Apoptosis/autophagy
factors
Witschi (2000) N/A N/A A/J mice 10 Lung Mix with diet 6.3 g/kg of diet 9 mo Tumor burden
Witschi et al. 151 Male A/d mice 6-8 Lung Mix with diet 6.3 g/kg of diet 9 mo Incidence rate
(2000) Tumor burden
Yu et al. (2018) 24 Female BALB/c mice 5 Lung Diluted in milk 400 or 600 4 wk Tumor burden
via gavage mg/kg BW Apoptosis/autophagy
factors

N/A, information not available. BW, body weight.

TABLE 2 | Effects of limonene intervention on latency period and tumor incidence.

Studies Latency or Survival period or Incidence rate

Control Treatment

Chaudhary et al. Latency period: 4 wk Latency period: 9 wk (100 mg/kg)

(2012)

Del Toro-Arreola Survival period: ~ 21 d  Survival period: ~ 25 d (p < 0.004)
et al. (2005)

Witschi et al. Incidence rate: no sig. difference

(2000)

mechanisms (Tables 2-5). All of the 8 studies measured tumor
burden by different measurements and only 1 study measured all
4 categories of outcomes (Chaudhary et al., 2012).

Effect on Latency or Survival Period or

Incidence Rate

Three of the 8 articles reported the effect of limonene treatment
on latency period or survival period or tumor incidence during
cancer development (Table 2), with latency period indicates the
amount of time that elapses between the initial exposure to a
carcinogen and the diagnosis of cancer (National Cancer Institute
NCI Dictionary of Cancer Terms [Online]); survival period
reveals the life span of the test subjects; and tumor incidence
rate represents the number of new cancers of a specific site or
type occurring (National Cancer Institute Cancer Incidence Rates
[Online]).

Chaudhary et al. (2012) induced skin cancer in female
Swiss albino mice through repeated application of 12-O-
tetradecanoylphorbol 13-acetate (TPA), and by topically applying
limonene at 100 mg/kg of body weight (BW), the latency period
of tumor induction was delayed by 5 weeks compared to the
control group. Del Toro-Arreola et al. (2005) demonstrated that
with limonene supplementation in diet (100 g/kg), the life span of
lymphoma bearing mice was significantly (p < 0.004) increased
from 21 to 25 days. Witschi et al. (2000) examined limonene’s
effects on tobacco smoke-induced lung cancer by using male
A/] mice. However, limonene treatment in diet at 6.3 g/kg did
not pose significant effect on tumor incidence rate in mice with
lung cancer.

Effect on Tumor Burden

All of the 8 studies looked into the effect of limonene treatment
on tumor burden using different methodologies (Table 3). Five of
the 8 studies measured the tumor size (Kaji et al., 2001; Asamoto
et al, 2002; Del Toro-Arreola et al., 2005; Chaudhary et al.,
2012; Yu et al,, 2018) and unanimously found that limonene
could shrink tumor size, by either observing tumor diameter or
volume. Asamoto et al. (2002) treated female Hras128 rats with
N-methyl-N-nitrosourea (MNU) to induce mammary tumor. By
supplementing limonene at 50 g/kg of diet for 8 weeks, tumor
size and volume were significantly reduced from 10.7 £ 7.34 mm
to 636.7 + 1,669.3 mm> to 8.23 + 4.88 mm (p < 0.002) and
269.5 £ 735.5 mm® (p < 0.008), respectively. Tumor number
was also reduced but not significantly altered by limonene
treatment. Chaudhary et al. (2012) treated the mice bearing
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TABLE 3 | Effects of limonene intervention on tumor burden.

Studies

Tumor Burden

Control

Treatment

Asamoto et al. (2002) Size: 10.7 &+ 7.34 mm
Volume: 636.7 + 1,669.3 mm?

Number: 26.4 + 8.52

Size: 8.23 + 4.88mm (p < 0.002)
Volume: 269.5 4+ 735.5 mm?® (o < 0.008)
Number: 19.4 + 6.71 (no sig. difference)

Chaudhary et al. (2012)

Del Toro-Arreola et al.
(2005)

Kaji et al. (2001)

Lu et al. (2004)

Witschi (2000)
Witschi et al. (2000)

Yu et al. (2018)

Size: 5-18 mm
Number: ~ 20
Weight: 48% increase

Weight: 0.65 £ 0.18¢

Size: 0.26 + 0.002 mm?
Number: 141.7 £ 7.8

Weight: 2.69 £ 0.32 g
Inhibition rate: 0%

Number: 100 %
Number: 7.8 + 0.8

Size: 1251.99 mm?3
Weight: 0.77 g
Inhibition rate: 0%

50 mg/kg

Number: ~15 (p < 0.05)
Weight: 127% (p < 0.05)

Weight: 0.27 £ 0.17 g (no p-value)

10 g/kg of diet

Size: 0.20 £ 0.01 mm? (p < 0.05)

Number: 98.6 + 5.0 (o < 0.001)

Weight: 1.41 £ 0.58g (p < 0.05)
Inhibition rate: 47.58% (p < 0.05)

Number: 60 %
Number: 13.0 &+ 1.2 (no p-value)
400 mg/kg

Size: 867.44 mm?® (p < 0.05)
Weight: 0.48g (p < 0.05)
Inhibition rate: 37.08%

100 mg/kg

Size: 2.6-10.8 mm (no p-value)
Number: ~10 (o < 0.005)
Weight: 19% (p < 0.001)

30 g/kg of diet

Size: 0.18 + 0.01 mm? (p < 0.001)
Number: 84.4 £ 5.7 (p < 0.001)

600 mg/kg

Size: 577.08 mm® (p < 0.001)
Weight: 0.31g (p < 0.001)
Inhibition rate: 60.03%

skin cancer with limonene at either 50 or 100 mg/kg BW and
observed reduction of tumor size in 100 mg/kg BW treatment
group. Kaji et al. (2001) induced hepatocarcinogenesis in male
Sprague-Dawley rats by providing the animal with drinking water
containing N-nitrosomorpholine. By supplementing limonene at
either 10 or 30 g/kg of diet, mean tumor size was significantly
decreased from 0.26 £ 0.002 mm? to 0.20 £ 0.01 mm? (p <
0.05) and 0.18 £+ 0.01 mm? (p < 0.001), respectively. Yu et al.
(2018) subcutaneously injected cancer cell (A549) suspension
into female BALB/c mice to form lung cancer. The limonene
treatment at 400 or 600 mg/kg of BW for 4 weeks significantly
reduced the tumor size from 1,251.99 mm? to 867.44 mm? (p
< 0.05) and 577.08 mm? (p < 0.001), respectively. Del Toro-
Arreola et al. (2005) also studied the effects of limonene on tumor
size. However, they only mentioned the significant reduction of
tumor size upon limonene supplementation at 100 g/kg of diet
without providing statistical results. Among these 5 studies, both
Kaji et al. (2001) and Yu et al. (2018) examined and observed
dose-dependent pattern.

Four studies found that limonene treatment reduced tumor
weight (Lu et al., 2004; Del Toro-Arreola et al., 2005; Chaudhary
et al, 2012; Yu et al, 2018), and among these 4 studies, Lu
et al. (2004), Chaudhary et al. (2012), and Yu et al. (2018)
reported significant reductions; only Chaudhary et al. (2012)
and Yu et al. (2018) observed dose-dependent relationship.
Chaudhary et al. (2012) observed that by comparing with the
48% increase of tumor weight in control group, 50 and 100
mg/kg of BW limonene treatment could reduce such increase
to 27% (p < 0.05) and 9% (p < 0.001), respectively. Lu et al.
(2004) subcutaneously injected gastric cancer cell (BGC-823)
suspension into male BALB/c mice to form gastric cancer, and

supplementing limonene at 15 mL/kg of BW via gastric perfusion
for 7 weeks could significantly decrease the tumor weight from
269 & 0.32 to 1.41 & 0.58g (p < 0.05). Yu et al. (2018) found
that limonene treatment at 400 or 600 mg/kg of BW significantly
reduced the tumor weight from 0.77 g to 0.48¢g (p < 0.05) and
0.31g (p < 0.001), respectively. Although Del Toro-Arreola et al.
(2005) also reported decreased tumor weight upon limonene
treatment, the p-value related to the change was not provided.

In addition, 5 studies measured tumor numbers and all
observed decreased tumor number upon limonene treatment
(Witschi, 2000; Witschi et al., 2000; Kaji et al.,, 2001; Asamoto
et al., 2002; Chaudhary et al, 2012). Among these 5 studies,
2 of them reported significant reduction in a dose-response
manner (Kaji et al,, 2001; Chaudhary et al., 2012). According to
Chaudhary et al. (2012), tumor number could be significantly
reduced by limonene treatment at 50 and 100 mg/kg of BW
from ~20 to ~15 (p < 0.05) and ~10 (p < 0.005), respectively.
Asamoto et al. (2002) also observed a tumor number reduction,
but not significant. Kaji et al. (2001) found significant foci
number decrease when the rats were treated with limonene at 10
or 30 g/kg of diet, and the foci number was reduced from 141.7
+ 7.8 to 98.6 = 5.0 (p < 0.001) and 84.4 £ 5.7 (p < 0.001),
respectively. Two studies done by Witschi (2000) and Witschi
et al. (2000) both investigated limonene’s effect on tobacco
smoke-induced lung cancer by using A/] mice and observed
reduction of lung tumor number upon limonene treatment at 6.3
g/kg of diet. Witschi (2000) observed tumor number reduction
from 100 to 60%; Witschi et al. (2000) found that tumor number
was decreased from 7.8 & 0.8 to 13.0 & 1.2.

Tumor inhibition rate was measured in 2 studies (Lu et al.,
2004; Yu et al., 2018), and both found that limonene treatment
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TABLE 4 | Effects of limonene intervention on apoptotic/autophagy-related factors.

Studies

Apoptosis or Autophagy-Related Factors

Control

Treatment

50 mg/kg

100 mg/kg

Chaudhary et al. Bax protein expression: ~ 0.18

1 Bax protein expression: ~ 0.20

1 Bax protein expression: ~ 0.38 (p < 0.001)

(2012) Bcl2 protein expression: ~ 0.43 | Bcl2 protein expression: ~ 0.41 J Bcl2 protein expression: ~ 0.34 (p < 0.001)
Membrane-bond Ras protein expression: J} Membrane-bond Ras protein expression: ~ | Membrane-bond Ras protein expression: ~
~2.6 1(p < 0.001) 0.9 (p < 0.001)
Raf protein expression: ~ 2.3 | Raf protein expression: ~ 1.6 (o < 0.001) | Raf protein expression: ~ 1.4 (o < 0.001)
p-Erk1/2 protein expression: ~ 1.1 J p-Erk1/2 protein expression: ~ 0.6 (p < | p-Erk1/2 protein expression: ~ 0.5 (o
0.001) < 0.001)
10 g/kg of diet 30 g/kg of diet
Kaji et al. (2001) Apoptotic index: 1.3 + 0.2 % 4 Apoptotic index: 2.7 + 0.2 % (p < 0.001) 1 Apoptotic index: 3.0 + 0.2 % (p < 0.001)
Lu et al. (2004) Apoptotic index: 3.31 + 1.44 % 4 Apoptotic index: 20.99 + 2.84 % (p < 0.05)
Yu et al. (2018) Bax protein expression: ~ 0.55 4 Bax protein expression: ~ 0.7 (no sig.

Bcl2 protein expression: ~ 0.45
cleaved-PARP protein expression: ~ 0.38
bax gene expression: 1

bcl2 gene expression: 1

Ic3b gene expression: ~ 1.5
beclin1 gene expression: 1

atgb gene expression: ~1.7
atg7 gene expression: 1

atg12 gene expression: 1

atg3 gene expression: 1

atg14 gene expression: ~ 1.5
LC3-Il protein expression: ~ 0.7

difference)

J Bcl2 protein expression: ~ 0.2 (o < 0.001)

4 cleaved-PARP protein expression: ~ 0.7 (p <
0.05)

4 bax gene expression: ~ 3 fold 1 (o < 0.01)

} bcl2 gene expression: ~ 0.5 fold | (p < 0.01)
4 Ic3b gene expression: ~ 2.5 fold 1 (p < 0.05)
4 beclin1 gene expression: ~ 2 fold 1 (p <
0.05)

4 atgb gene expression: ~ 9 fold 1 (p < 0.01)
4 atg7 gene expression: ~ 2.5 fold 1 (p < 0.01)
4 atg12 gene expression: ~ 2.2 fold 1 (p <

Atgb protein expression: ~ 0.6 0.01)
4 atg3 gene expression: ~ 2 fold 4 (no sig.
difference)
4 atg14 gene expression: ~ 3 fold 1 (no sig.
difference)

4 LC3-Il protein expression: ~ 0.9 (p < 0.05)
1 Atgb protein expression: ~ 1.2 (p < 0.05)

TABLE 5 | Studies investigating underlying mechanisms of the preventative effect of limonene on cancer development.

Studies

Tumor Burden

Control

Treatment

50 mg/kg 100 mg/kg

Chaudhary et al. GSH activity: 49%

(2012) GR activity: 50%
GPX activity: 63%
ODC activity: 833%

Del Toro-Arreola N/A

et al. (2005)

4 GSH activity: 81% (p < 0.01)

1 GR activity: 85% (p < 0.001)

1 GPX activity: 87% (p < 0.001)
| ODC activity: 765% (p < 0.001)

1 GSH activity: 62% (no sig. difference)
4 GR activity: 72% (p < 0.01)

4 GPX activity: 756% (p < 0.05)

1 ODC activity: 793% (p < 0.001)
Immunosuppressive state disappeared.
Microbicidal activity restored.

No change on macrophage chemotaxis and T-cell subpopulations

could largely decrease the tumor growth rate. However, only Yu
et al. (2018) observed dose-dependent relationship. They found
that tumor inhibition rate could be raised from 0% to 37.08%
and 60.03% upon limonene supplementation at 400 or 600 mg/kg
of BW, respectively. Lu et al. (2004) found that the limonene
treatment at 15 mL/kg of BW could significantly increase the
tumor inhibition rate from 0% to 47.58% (p < 0.05).

Effect on Apoptosis or Autophagy-Related

Factors

Three studies analyzed apoptosis or autophagy-related factors
as affected by limonene treatment (Table4). Yu et al. (2018)
and Chaudhary et al. (2012) tested the expression of apoptosis-
related proteins Bax and Bcl2. Bax is a pro-apoptosis protein and
plays a crucial role in outer mitochondrial membrane damage
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(Kim-Campbell et al., 2019). Bcl2 is a negative regulator of
apoptosis, which can form a heterodimer complex with Bax and
thereby offset the effect of pro-apoptosis (Chaudhary et al., 2012).
Both studies found that higher dosage of limonene treatment
significantly increased Bax expression and significantly decreased
Bcl2 expression. Furthermore, Yu et al. (2018) reported that
the expression of apoptosis-related gene bax was significantly
increased and that of bcl2 was significantly decreased. In
addition, with limonene treatment, the expression of apoptosis-
related protein (cleaved-PARP), LC3-11, and Atg5 proteins, and
the 1c3b and beclinl gene expressions were all significantly
increased. Chaudhary et al. (2012) tested the expression of
some proteins that regulate cell division, such as membrane-
bond Ras, Raf, and p-Erkl/2. All of these proteins have cell
proliferation promoting function (Chang et al., 2003) and their
relative expressions were all reduced upon limonene treatment.

Kaji et al. (2001) and Lu et al. (2004) measured the apoptotic
index, which is the percentage of apoptotic cells per tumor cell
(Potten, 1996). Both studies found that the apoptotic index was
significantly increased by limonene treatment compared with the
control group, and Kaji et al. (2001) found the effect was in a
dose-dependent manner, where 10 and 30 g/kg of diet limonene
treatment significantly increased the apoptotic index from 1.3
£+ 02 to 27 £ 02 % (p < 0.001) and 3.0 £ 02 % (p <
0.001), respectively.

Underlying Mechanisms
The 2 articles that examined the underlying mechanisms of
limonene on retarding cancer development are summarized in
Table 5. Chaudhary et al. tested both immune function and
activity of redox-related enzymes (Chaudhary et al., 2012). They
found that the limonene treatment could induce the leukocyte
infiltration and increase the reduced redox enzymes’ activities,
such as glutathione (GSH), glutathione S-transferase (GST),
glutathione peroxidase (GPX), etc. In addition, the increased
ornithine decarboxylase (ODC) activity that caused by cancer
could be significantly reduced by limonene treatment in a dose-
dependent manner. After limonene treatment at either 50 or 100
mg/kg of BW, GSH activity was increased from 49 to 62% and
81% (p < 0.01), respectively; GR activity was raised from 50 to
72% (p < 0.01) and 85% (p < 0.001), respectively; GPX activity
was leveled up from 63 to 75% (p < 0.05) and 87% (p < 0.001),
respectively. Meanwhile, ODC activity was significantly reduced
from 833 to 793% (p < 0.001) and 765% (p < 0.001), respectively.
Del Toro-Arreola et al. (2005) showed that the
immunosuppressive state caused by cancer disappeared
after supplying the limonene at 100 g/kg in normal diet.
Also, the limonene fortified diet could restore the defective
phagocytosis and the decreased microbicidal activity. However,
the treatment did not affect macrophage chemotaxis and T-cell
subpopulations, which means that the ability of eliminating
foreign substances and producing antibodies were not affected
upon limonene treatment.

Quality of Results
Based on the SYRCLE's RoB tool (Hooijmans et al., 2014),
only 1 study (Yu et al, 2018) was rated positive among all

eligible studies. All of the studies adequately generated and
applied the allocation sequence, and adequately concealed the
allocation. In addition, most of the 8 studies described all the
possible prognostic factors or animal characteristics to ensure
the similarity of control and intervention groups at the start
of the experiment, except the studies done by Witschi (2000),
Asamoto et al. (2002), and Lu et al. (2004). In addition, all of the
studies provided their detailed interventions and comparators.
Hence, 5 studies are totally free of selection bias (Witschi et al.,
2000; Kaji et al., 2001; Del Toro-Arreola et al., 2005; Chaudhary
et al.,, 2012; Yu et al., 2018). In addition, all of the 8 selected
studies randomly housed the animals during the experiment.
However, none of the caregivers and/or investigators were blind
to prevent introduction of bias. Thus, all of these studies have
relatively high risk of performance bias. None of these studies
clearly described whether the animals were randomly selected
for outcome measurements and none of the outcome assessors
in those studies were blinded. These 2 factors together lead to
high risk of detection bias. Furthermore, none of these studies
adequately addressed the incomplete outcome data, except for
1 study done by Lu et al. (2004), which means that most of
these selected studies have medium risk of attrition bias. For the
reporting bias, studies done by Kaji et al. (2001), Asamoto et al.
(2002), Lu et al. (2004) Chaudhary et al. (2012), and Yu et al.
(2018), are free of selective outcome reporting issue. Lastly, only 1
study done by Yu et al. (2018) is free of other risk of bias (Table S1
in Supplementary Material).

DISCUSSION

Main Results

According to the results from the 8 articles, limonene
showed potent cancer prevention and control effects (Figure 2).
Supplementing limonene topically, or through diet, or via oral
gavage could suppress tumor growth by decreasing the size,
number, weight, multiplicities of tumors in a dose-dependent
manner. Limonene treatment could extend the latency and
survival period of carcinoma bearing rodents, however, the
effect on controlling tumor incidence rate is inconclusive. These
findings agree with many review and primary research articles
that demonstrated the chemopreventive and chemotherapeutic
activity of limonene on various types of tumors in rodents
(Maltzman et al., 1989; Wattenberg et al., 1989; Wattenberg and
Coccia, 1991; Crowell et al., 1992; Crowell and Gould, 1994; Giri
etal., 1999).

To better understand the underlying mechanisms of
limonene’s anti-cancer effect, the activities of redox-related
enzymes were studied. During cancer development, antioxidant
activity is largely damaged, while the activities of reactive oxygen
species and oxidative stress enzymes are dramatically increased.
Examining the activity of several important antioxidants and
oxidative stress enzymes, such as GSH, GR, GPX, and ODC,
could clearly demonstrate that limonene restored the antioxidant
capacity by elevating antioxidant enzymes and decreasing
oxidative stress enzymes. Also, during cancer development,
immune system function would be attacked and injured.
Limonene treatment was found to be able to restore the immune
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FIGURE 2 | Schematic diagram of major findings from the research evaluating the effect of imonene on cancer development in rodent models.

functions, suggesting that its immune-protective effects conduce
to its chemoprotective effects.

Furthermore, during cancer cell growth, cell cycle function
is mostly out of control and cell apoptosis and/or autophagy
are almost eliminated. Hence, expressions of several apoptotic-
and cell division-related genes and proteins, such as Bax (and
bax), Bcl2 (and bcl2), Ras, Raf, and p-Erkl/2, were measured
to test the limonene’s proapoptotic function. The significant
increase in Bax (and bax) shows limonene’s potent proapoptotic
property. On the other hand, the significant decrease of Bcl2 (and
bcl2), Ras, Raf, and p-Erk1/2 illustrates limonene’s cell division
inhibitory function. Thus, the proapoptotic and cell division
inhibitory properties of limonene also play a critical role in its
anti-cancer function.

Comparing with other bioactive food compounds, e.g.,
resveratrol, curcumin, and lycopene, there are limited studies on
the cancer preventive effect of limonene using animal models
and human subjects. Resveratrol is a phytoalexin agent, which is
commonly found in red wine and grape skins (Rauf et al., 2018).
Aluyen et al. (2012) systematically reviewed 11 in-vitro, in-vivo
and pharmacokinetic human studies and observed that the pro-
apoptotic, anti-proliferation, and anti-inflammation properties
contributed to the anti-cancer effect of resveratrol. Besides,
significant inhibitory effect of resveratrol on various types of
cancer, including skin cancer, breast cancer, colorectal cancer,

and liver cancer, were observed in preclinical animal models
(Ko et al., 2017). However, few clinical trials observed beneficial
effects of resveratrol in cancer models, e.g., colorectal, myeloma,
and prostate cancer (Nguyen et al, 2009; Patel et al., 2010;
Howells et al., 2011; Popat et al., 2013; Kjeer et al., 2015; Paller
et al., 2015). Curcumin, the active ingredient of the Curcuma
longa plant, is another well-known bioactive compound that
has received great attention over the past decades (Kocaadam
and Sanlier, 2017). Many studies demonstrated its antioxidant,
anti-inflammatory, and anti-cancer properties (Ravindranath
and Chandrasekhara, 1980; Ruby et al., 1995; Divya and Pillai,
2006). It showed promising actions in suppressing cancer
cell proliferation in various types of cancer in both cell-
line and animal studies, such as colorectal, breast, pancreatic,
brain, and prostate cancers (Tomeh et al., 2019). Besides, by
reviewing 18 clinical studies, Tomeh et al. (2019) found that
the chemoprotective effects of curcumin against cancer were
controversial, since not all of the studies observed clear protective
effects. Lycopene, a bright red carotenoid pigment found in
red colored fruits and vegetables, demonstrates the most potent
antioxidant activity among various types of carotenoids (Gajowik
and Dobrzynska, 2014). Lycopene could quench singlet oxygen
and scavenge free radicals, which may protect against oxidation
of proteins, lipids, and DNA (Yaping et al, 2002; Stahl and
Sies, 2003). Besides the antioxidant properties, lycopene also
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possesses regulatory power on gap-junction communication
(Zhang et al.,, 1991, 1992), i.e., suppressing carcinogen-induced
phosphorylation of regulatory proteins, such as p53, and stop
cell division at the GO-G1 cell cycle phase. Giovannucci
(1999) reviewed 72 epidemiological studies and found that
higher consumption of tomatoes, tomato-based products, and
lycopene (a compound derived predominantly from tomatoes)
had prominent effects on regulating prostate, lung, and stomach
cancers. Similar to these bioactive food compounds, limonene
demonstrated antioxidant properties and thus chemoprotective
effect in the rodent models.

Applicability of Limonene Treatment

If definitive protective effects of limonene on cancer could be
observed in animal studies, it would be feasible to test and apply
limonene treatment in clinical trials. Limonene can be found in
many common food items and is listed in the United States Code
of Federal Regulations as generally recognized as safe (GRAS)
for use as a flavoring additive. According to Kim et al. (2013),
the no-observed-adverse-effect level (NOAEL) of limonene was
determined to be 250 mg/kg/day. Therefore, limonene treatment
dosage can be kept lower than the NOAEL value in order to
prevent adverse effect or toxicity. Additionally, the appropriate
cancer model should also be taken into consideration. Since
limonene is used as a flavor or fragrance additives in food and
cosmetic products, it is generally applied on skin or consumed
orally. Hence, skin, oral, and gastrointestinal cancers may be
easier to target by limonene.

The targeted delivery of limonene can be achieved by
certain delivering approaches, e.g., systemic administration
and localized delivery by carriers (Rosenblum et al., 2018),
which could be liposomes, microparticles, polymeric films, and
hydrogels. Encapsulation of drugs in carriers could improve
drug’s solubility and bioavailability. It can also alter drug’s bio-
distribution and facilitate entry into the target cell. However,
systemic administration approach is hard to achieve due to
multiple physiological barriers, such as tumor penetration, tumor
heterogeneity, and endosomal escape (Rosenblum et al., 2018),
which can all limit the benefits of targeted carriers. By contrast,
localized delivery has been found to increase local residence time
of the drug and enable controlled release (Rosenblum et al.,
2018). This approach can significantly improve pharmacological
benefit at the disease site and reduce systemic toxicity compared
to systemic administration.

Accordingly, for skin cancer, local drug delivery, such as
topical administration of limonene, could be appropriate. This
drug delivery method could enhance the pharmacological benefit
of the drug at the specific targeted disease site and reduce
systemic toxicity compared to systemic administration. However,
the systemic absorption through the skin should be minimized
in order to maximize the effects of limonene. For oral and
gastrointestinal cancer, limonene could be encapsulated for drug
delivery as the release of limonene could be controlled by
digestive enzymes upon reaching the target tissues or absorption
sites. For example, limonene could be incorporated into starch-
limonene inclusion complex in chewing gum to target oral
cancer (Shi et al,, 2019). Upon chewing, limonene could be

released from the inclusion complex due to the action of salivary
a-amylase. The inclusion complex could also be applied into
other foods for ingestion to target other tissues along the
gastrointestinal tract.

Strengths and Limitations

To the author’s knowledge, this is the first systematic review that
examine the effect of limonene on cancer development in animal
models. The cancer protective effect of limonene and limonene-
related compounds have been previously discussed in several
narrative reviews (Crowell and Gould, 1994; Crowell, 1999; Sun,
2007). This review focuses on various aspects of limonene’s effects
on cancer development by assessing tumor incidence, tumor
burden, expression of apoptosis or autophagy-related factors,
and underlying mechanisms. Despite some results lacking
statistical analysis or significance, the majority of the evidences
showed the inhibitory effect of limonene on cancer development
in rodents.

Despite the strengths, several limitations must also be
acknowledged in this systematic review. First, only studies using
rodent models were included in this review, due to the absence of
clinical studies evaluating limonene. Although rodent models are
commonly used to investigate the actions of anti-cancer drugs,
animal experiments cannot fully predict the effect of limonene
in human cancers. Since the overall aim of using this systematic
review is to plan and conduct clinical trials in the future, the
inferior animal studies should be considered as indirectness.
Secondly, the heterogeneity of rodent and cancer models make
it difficult to draw a conclusion, as the rodent models of these
8 studies had different strains, age, or gender; besides, these 8
studies addressed different types of cancer: 3 studies used lung
cancer model, while skin, lymph, liver, stomach, and mammary
gland cancer models were used in each of the rest of the studies.
Together, the heterogeneity of rodent and cancer models could
lead to indirectness and inconsistency. Accordingly, the grade of
evidence for all the 4 outcomes discussed in this review should
start as very low (Wei et al., 2016). Lastly, the dosage of limonene
treatment was based on body weight in some studies, while
it was calculated using diet compositions in the other studies.
The interconversion of these could be done only through rough
estimation, if ever possible.

CONCLUSIONS

In conclusion, this systematic review examines the effect of
limonene treatment on cancer development in studies using
rodent models. In various cancer models, limonene treatment
showed beneficial effects against cancer by reducing the size,
number, weight, and multiplicities of tumors, extending latency
and survival periods, promoting cell apoptosis, and enhancing
antioxidant activity and immune functions. Based on the
findings, current literature supported the potential application
of limonene on inhibiting cancer development. However, more
research studies are warranted before a conclusive statement can
be reached.

Future research may focus on various types of cancer models,
e.g., skin, oral, and gastrointestinal cancer, that are appropriate
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for limonene treatment, since limonene is a component of
essential oils and a food flavoring additive. Proper drug delivery
system for limonene may be investigated in order to maximize
the bioavailability or efficacy of limonene. In addition, clinical
studies are needed to determine the anti-cancer properties of
limonene on human.
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