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Effect of citral on mouse hepatic cytochrome P450 enzymes
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ABSTRACT
Context: Citral is used as a potential natural treatment for various infectious diseases.
Objective: To examine the effect of citral on the mRNA expression and activities of cytochrome P450
(CYP450) enzymes and establish the relationship between citral-induced liver injury and oxidative stress.
Materials and methods: ICR mice were randomly divided into citral (20, 200, and 2000mg/kglow),
Tween-80, and control groups (0.9% saline), 10 mice in each group. The citral-treated groups were intra-
gastrically administered citral for 3 d, control groups treated with 0.5% Tween-80 and 0.9% saline in the
same way. Liver injury and CYP450 enzymes were analyzed by analyzing the histopathological changes
and the changes of related enzymes.
Results: Citral treatment (2000mg/kg) for 3 d increased serum glutamic pyruvic transaminase and glu-
tamic oxaloacetic transaminase levels, as well as glutathione, gydroxyl radicals, malonaldehyde and total
superoxide dismutase contents, but decreased the content of total antioxidant capacity. In doses of 20
and 200mg/kg groups mice, the contents of NO were decreased significantly and other changes were
similar to the 2000mg/kg group mice, but the liver damage was most severe in the 2000mg/kg group.
Citral induced the mRNA expression and activities of CYP450 1A2, 2D22, and 2E1 in the liver of mice at
doses of 20 and 200mg/kg. There were no changes in testing indexes in Tween-80 treated group mice.
Due to its toxic effects, the CYP induction effect of citral negatively correlated with its dose. Although the
mRNA expression of CYP450 3A11 was induced by citral, its activity was not affected by low and moder-
ate doses of citral. CYP450 3A11 activity was significantly decreased by high-dose citral.
Conclusions: Citral is hepatotoxic and induced oxidative stress in higher dose, which has a negative effect
on CYP450 enzymes. These data suggest caution needs to be taken in order to avoid citral-drug interac-
tions in human beings.
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Introduction

Plant-based natural products are important sources of drugs and
food supplements. The antibacterial, antiviral, antitumor, and
antioxidant activities of several plant components have been
reported (Narender 2012; Medina-Franco 2013; Luo et al. 2014).
Natural products isolated from plants have contributed signifi-
cantly to the treatment of serious human diseases and have been
used as drugs for thousands of years in China.

Citral (3,7-dimethyl-2,6-octadienal) is one of the most import-
ant open-chain monoterpenoids. It is present in volatile oils of
several plants such as Litsea cubeba (Litsea), lemongrass, clove
basil, and lemon. May Chang is used both as a food source and
medicine in China. Citral has a rich lemon aroma and is usually
used as a flavouring agent, preservative, and fragrance agent
(Choi et al. 2009; Piorkowski and McClements 2014). It is highly
valued for its anti-inflammatory (Bachiega and Sforcin 2011),
antifungal (Silva et al. 2008), antitumor (Shi, Zhao, et al. 2016),
and antibacterial activities (Somolinos et al. 2010; Shi, Song,
et al. 2016, Shi, Zhao, 2016). It has been reported to possess
carminative, diuretic, deodorizing, and central nervous system-
stimulating effects (Carbajal et al. 1989).

Citral activates peroxisome proliferator-activated receptor
(PPAR) a and PPARc, suppresses cyclooxygenase-2 expression

(Katsukawa et al. 2010), and inhibits lipopolysaccharide-induced
acute lung injury by activating PPAR-c (Shen et al. 2015).
PPARa is a member of the nuclear receptor super-family of lig-
and-activated transcription factors, and it functions as an obligate
heterodimer with retinoid X-receptor alpha. PPARa activation
partially affects the expression and activity of cytochrome P450
(CYP450) enzymes (Shaban et al. 2005; Zhao et al. 2006).
Moreover, citral induces hepatic peroxisomal and microsomal
enzymes (Roffey et al. 1990; Li et al. 2017).

As a potential drug candidate, citral is prone to drug–drug
interactions; however, data on its interactions with drugs are lim-
ited. Therefore, this study evaluates the effect of citral on the
expression and activities of hepatic CYP450 enzymes in mice
thereby reducing the risks associated with its clinical use.

Materials and methods

Materials

Phenacetin, dextromethorphan, chlorzoxazone, and testosterone
were obtained from Shanghai Aladdin Biochemical Technology
Co. Ltd., Shanghai, China. Citral (>99% pure) was purchased
from Sigma-Aldrich Co. LLC. (St. Louis, MO). The liver micro-
somal incubation system was purchased from Wuhan Puleite
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Biomedical Technology Co. Ltd., Wuhan, China. The reagents
for molecular biology were purchased from Bio-Rad Laboratories
Inc., Hercules, CA. All analytical kits were purchased from
Nanjing Jiancheng Biology Engineering Institute, Nanjing, China.
All other chemicals and reagents were of analytical grade and
obtained commercially.

Animals

Fifty ICR male KM mice (6 weeks, 18–22 g) were purchased
from Dossy (Chengdu Dossy Biological Technology Co. Ltd,
Chengdu, China). The animals were housed in polypropylene
animal cages according to different groups in a ventilated room
maintained at 25 ± 2 �C and 70 ± 10% relative humidity, on a 12 h
light/dark cycle. Water and food were provided ad libitum. All
animal experiments were conducted in accordance with the prin-
ciples of good laboratory animal care and performed in compli-
ance with the Animal Ethics Review Committee of Chengdu
Medical College.

The mice were acclimatized to the environment for 7 d before
initiating the treatment. They were then divided into the follow-
ing five groups (n¼ 10 each): negative control (group C: 0.9%
saline), Tween-80 (group T: 0.5% in water), citral 20mg/kg
(group L), citral 200mg/kg (group M), and citral 2000mg/kg
(group H). Citral was dissolved in water, followed by the add-
ition of Tween-80 (0.5% v/v), and intragastrically administered to
mice for 3 d. The mice were acclimatized to the environment for
7 d before initiating the treatment.

Sample collection

On the third day of the experiment, following an overnight fast
of 8 h, the mice in all the groups were anesthetized using ether.
The blood samples were collected by cardiac puncture into non-
heparinized tubes, and the serum was immediately separated
for analysis.

Liver microsomes and cytosol fractions were prepared by dif-
ferential centrifugation (Goossens et al. 2013). The liver was
excised, rinsed with ice-cold saline (0.9% NaCl w/v), weighed,
and homogenized in a 0.05mM Tris/KCl buffer (pH 7.4). The
homogenate was centrifuged at 10,000 g at 4 �C for 30min, and
the supernatant was centrifuged at 105,000 g at 4 �C for 60min.
The pellet was reconstituted with 0.05mM Tris/KCl buffer (pH
7.4) and stored at �80 �C until analysis. The protein content in
the liver microsomes was determined using the Bradford protein
assay kit (Shanghai Beyyotime Biological Technology Co. Ltd.,
Shanghai, China). The liver microsomes were used to analyze
the activity of CYP450 enzymes.

A portion of the liver tissue (0.5 g) was snap-frozen in liquid
nitrogen and stored at �80 �C until mRNA extraction and gene
expression analysis.

Biochemical analyses

Glutamic pyruvic transaminase (GPT) and glutamic oxaloacetic
transaminase (GOT) activities were analyzed according to the
manufacturer’s instructions.

Antioxidant activity

The antioxidant activity of citral was evaluated by measuring the
total antioxidant capacity (T-AOC), total superoxide dismutase
(T-SOD) activity, malondialdehyde (MDA), glutathione (GSH),

nitric oxide (NO), and hydroxyl radicals in the serum of mice
according to the manufacturer’s instructions for the correspond-
ing kits.

Histology

The histopathological evaluation of the liver was performed by
fixation of the liver tissue sections in a 10% neutral-buffered for-
malin solution for 1 week. The tissues were stained with haema-
toxylin and eosin for microscopic examination. All observations
were made manually in a blinded manner using a light micro-
scope with �5,�10,�20, and �40 objective lenses.

RNA extraction and gene expression in the liver by real-time
polymerase chain reaction

RNA was extracted and gene expression in the liver tissue was
analyzed as previously described (Iovu et al. 2012). The quality
and quantity of the extracted mRNA were determined using an
ultraviolet (UV)-Vis spectrophotometer (NanoDrop 2000
UV–Vis spectrophotometer, Thermo Scientific, Waltham, MA).
The expression of the following target genes was analyzed:
CYP450 1A2, 2D22, 2E1, and 3A11. The housekeeping gene glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) was used for
data normalization (Table 1). All primers used in this study were
synthesized by the Beijing Genomics Institute (Beijing, China).
An arbitrary scale was used for statistical comparisons. Melting
curves and polymerase chain reaction (PCR) efficiency were used
as the standard quality criteria for each real-time (RT)-PCR run.

Activities of CYP450 1A2, 2D22, 2E1, and 3A11 enzymes

CYP450 1A2, 2D22, 2E1, and 3A11 enzyme activities were
assessed as reported previously, with slight modifications (Rao
et al. 2003; Ju�rica et al. 2010). All microsomal incubations were
carried out for 60min at 37 �C in a final volume of 500 lL of
pooled microsomes (1mg/mL protein) and an NADPH-regener-
ating system. A mixture of magnesium chloride (MgCl2; 10mM),
glucose-6-phosphate (10mM), NADPþ (1mM), and pyruvate
dehydrogenase (2U/mL) was used for regenerating NADPH.
Probe substrates specific for the four CYPs were added during
microsomal incubations. The final concentration of the organic
solvent (methanol or acetonitrile) used in the reaction was
adjusted to 1% (v/v). All incubations were terminated by adding
500 lL ice-cold acetonitrile containing tinidazole (20 ng/mL) as
internal standard. Then, the samples were thoroughly mixed and
centrifuged (18,000 g at 4 �C for 10min) to obtain supernatants,
and 10 lL of the supernatant was subjected to cocktail high-per-
formance liquid chromatography (HPLC) analysis. The relevant
enzyme activities were evaluated based on the reduction in

Table 1. PCR primers used for gene expression analysis.

Target Primer sequence (50–30) Primer size (bp)

CYP450 1A2 CAGGAGCACTACCAAGACTTCA
TGGATCAACCTCTGCACGTT

115

CYP450 2D22 CAGTGTCCAGATGGCAGA
AGGACAGGTTGGTGATGAGG

135

CYP450 2E1 TTCCCTAAGTATCCTCCGTGA
CGTAATCGAAGCGTTTGTTG

194

CYP450 3A11 ACAAACAAGCAGGGATGGAC
GGTAGAGGAGCACCAAGGTG

150

GAPDH GATGGAAGGTCGGTGTG
ATGAAGGGGTCGTTGATGG

131
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concentrations of the following four probe substrates: phenacetin,
dextromethorphan, chlorzoxazole, and testosterone for CYP450
1A2, 2D22, 2E1, and 3A11, respectively. HPLC analyses of phen-
acetin, dextromethorphan, chlorzoxazole, testosterone, and tini-
dazole (internal standard) were performed on an Agilent 1260
series instrument (Agilent Technologies, Palo Alto, CA) with a
diode array detector at 230 nm. An Agilent reversed-phase C18
column (ZORBAX SB-C18, 4.6� 250mm, 5 lm) with a C18
guard column was used with a mobile phase containing aceto-
nitrile and water (0.01M acetic acid) in the ratio of 40:60 at
30 �C. The flow rate was 1mL/min.

Data analysis

The incubation assays were carried out in triplicate. Statistical
analysis of the data was performed by one-way analysis of vari-
ance using SPSS 19.0 (SPSS, Chicago, IL), and the least signifi-
cant differences were calculated after comparing the mean values
with those of the control group.

Results

Effects of citral on biochemical indices

Citral significantly increased serum GOT (SGOT) and serum
GPT (SGPT) levels (Figure 1). SGOT and SGPT levels in group
H were 2.4 and 1.8 times higher than those in both groups C
and T, respectively. These levels increased in group M; however,
the SGOT level remained unaltered in group L.

Effects of citral on antioxidant indices

Citral-induced oxidative stress levels in mice are shown in
Figure 2. Although T-SOD level increased at all three doses of
citral, the T-AOC, which is related to the levels of MDA and
hydroxyl radicals, decreased significantly in groups M and H.
NO content decreased significantly in groups L and M; however,
the decrease inversely correlated with the dose.

Effects of citral on histology of the liver

Citral-induced changes in histology of the liver are shown in
Figure 3. Hepatocytes were devoid of obvious lobulations and the
arrangement of hepatic cord was disordered in the M and H
groups. Occasionally, a small amount of vacuolar degeneration of
central venous hepatocytes was observed in the L, M, and
H groups.

Effect of citral on the mRNA expression of CYP450 enzymes

The mRNA expression levels of CYP450s are shown in Figure 4.
Citral significantly increased the mRNA expression levels of
CYP450 1A2, 2D22, and 2E1 at all the three doses. The increase
was the greatest in group M. CYP450 3A11 expression increased
in groups L and M, while no change was observed in group H.

Effect of citral on activities of CYP450 enzymes

Citral-induced changes in activities of CYP450s were similar to
changes in their mRNA expression (Figure 5). Although citral
induced CYP450 1A2, 2D22, and 2E1 activities, the increase
inversely correlated with the dose. CYP450 3A11 activity signifi-
cantly decreased in group H.

Discussion

There has been a growing interest in investigating the potential
of natural products as drugs for the treatment of various diseases.
However, these drug candidates need to be evaluated for their
toxicity. In this study, we measured the levels of two liver-spe-
cific enzymes, SGOT and SGPT, which are most commonly used
as markers of hepatotoxicity (Freitag et al. 2015). Therefore, the
analysis of these biomarkers is important for the identification of
drug-induced liver lesions (Kumar et al. 2010; Ortega-Alonso
et al. 2016). The essential oil of lemongrass (100mg/kg) does not
affect the relative liver weight in mice (Costa et al. 2011).
Nevertheless, citral (2.4 g/kg) is reported to significantly increase
the absolute and relative liver weights in rats (Jackson et al.
1987). Our results shown in Figures 1 and 2 reveal that citral
causes considerable liver injury. Citral at a dose of 2000mg/kg
increased SGOT and SGPT levels to 2.4 and 1.8 times, respect-
ively, that of the control group. Although citral is reported to
have a protective effect on acetaminophen-induced liver toxicity
at doses of 125–500mg/kg (Uchida et al. 2017), we suggest that
higher doses may have a toxic effect on the liver and should
be avoided.

A balance exists between oxidation and antioxidation proc-
esses in the body, and any disturbance in this balance affects the
normal physiological functions (Huang et al. 2005). Many natural
substances, such as vitamin C, vitamin E, selenium, and carote-
noids, exhibit antioxidant activities (Monsen 2000; Johnson et al.
2003). Citral is reported to possess good antioxidant activity
in vitro (Jiang 2012; Bouzenna et al. 2017). In our in vivo study,
the serum antioxidant indices indicated that citral increased
T-SOD and GSH levels; however, T-AOC decreased significantly
at high doses of citral. Moreover, the hydroxyl radical and MDA

Figure 1. Effect of citral on serum (A) glutamic oxalacetic transaminase (GOT) and (B) glutamic pyruvic transaminase (GPT) levels. �p< 0.05; ��p< 0.01, significantly
increased versus control. C (control), T (Tween), L (low), M (middle), and H (high).
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Figure 2. Effects of citral on (A) total antioxidant capacity (T-AOC), (B) total superoxide dismutase (T-SOD), (C) nitric oxide (NO), (D) hydroxyl radicals, (E) malondialde-
hyde (MDA), and (F) glutathione (GSH). �p< 0.05; ��p< 0.01, significantly increased versus control. C (control), T (Tween), L (low), M (middle), and H (high).

Figure 3. Effects of citral on histopathology. C (control), T (Tween), L (low), M (middle), and H (high).
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contents significantly increased at all three doses of citral.
Therefore, we hypothesize that citral is a weak antioxidant or has
low antioxidant capacity in vivo. High-dose citral induced oxida-
tive stress in mice in this study.

CYP450 are key enzymes involved in drug–drug interactions,
and their expression changes in various physiological and patho-
logical states (Renton 2001). Inflammation and infection are
the main factors affecting the expression of liver enzymes

(Renton 2004; Aitken et al. 2008) besides other factors such as
sex, age, and hormonal and diurnal rhythms. CYP450 1A2,
2D22, 2E1, and 3A11 account for more than 50% of all drug-
metabolizing enzymes in the liver and metabolize more than 50%
of all the drugs used clinically (Pan et al. 2014). Oxidative stress
and NO are two important factors regulating the expression of
CYP450 enzymes. An increase in oxidative stress and NO sup-
presses CYP450 expression (Barouki and Morel 2001; Vuppugalla

Figure 4. Relative mRNA expression of CYP450 (A) 1A2, (B) 2D22, (C) 2E1, and (D) 3A11 enzymes. �p< 0.05; ��p< 0.01, significantly increased versus control. C
(control), T (Tween), L (low), M (middle), and H (high).

Figure 5. Effect of citral on activities of CYP450 (A) 1A2, (B) (C) 2D22, 2E1, and (D) 3A11 enzymes. �p< 0.05; ��p< 0.01, significantly increased versus control. C
(control), T (Tween), L (low), M (middle), and H (high).
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and Mehvar 2004). Our results shown in Figure 3 indicate that
citral induces the mRNA expression of several CYP450 enzymes,
and the greatest effect is observed at a dose of 200mg/kg. A dose
of 2000mg/kg had a lower induction effect on the mRNA expres-
sion of CYP450 1A2, 2D22, and 2E1 than a dose of 200mg/kg.
In addition, citral had no effect on the mRNA expression of
CYP450 3A11 at a dose of 2000mg/kg. The changes in CYP450
expression correlated with the antioxidant effects shown in
Figure 2, particularly with the effect on NO levels. Citral at
200mg/kg induced the mRNA expression of CYP450 enzymes to
a greater extent than at 2000mg/kg, probably because significant
liver injury was induced at 2000mg/kg.

The cocktail approach is most commonly used for assessing
in vitro activity (Bosilkovska et al. 2014; Spaggiari et al. 2014).
The changes in concentrations of different CYP450 probe sub-
strates are measured to determine the corresponding enzyme
activities (Sun et al. 2014). Previous studies have reported that
citral significantly increased total CYP450 levels in mice and rats
(Jackson et al. 1987; Roffey et al. 1990). Our results shown in
Figure 4 are consistent with the findings of previous reports.
Because high-dose citral induced considerable liver injury and
oxidative stress, the increase in the activity of several CYP450s
inversely correlated with the dose. Citral at a dose of 2000mg/kg
induced the activities of CYP450 1A2, 2D22, and 2E1, whereas
CYP450 3A11 activity was suppressed.

An assessment of CYP450 enzyme activity is essential to char-
acterize phase I metabolism in biological systems or to evaluate
the inhibition/induction properties of xenobiotics. The major
CYP450 isoforms such as 1A2, 2C9, 2C19, 2D6, and 3A have
been primarily studied (Zhou et al. 2009; Samer et al. 2013).
CYP450 isoenzymes are responsible for the metabolism of
approximately 90% of drugs (Genovese et al. 2011). CYP450 3A
is reported to be the most abundant CYP450 subfamily in the
human liver. It represents 50–70% of the total CYP450 enzymes
and is responsible for the metabolism of more than 50% of pre-
scribed pharmaceuticals (Urquhart et al. 2007). Low-dose citral
induced the expression of most of the CYP450 enzymes, while
high-dose citral significantly decreased CYP450 3A11 expression.
Therefore, the dose of citral is very important. Low-dose citral
will decrease the efficacy of concomitantly administered drugs,
whereas high-dose citral will lead to drug accumulation and poi-
soning. And more research is needed to clarify the mechanism.

Conclusions

In summary, the present study showed that treatment with citral
induces significant liver injury at a dose of 2000mg/kg. Besides
inducing oxidative stress, citral improved the activity of cellular
antioxidant enzymes. Citral caused liver injury at high doses and
induced the mRNA expression and activities of CYP450 1A2,
2D22, 2E1, and 3A11 in mouse liver at low doses. Thus, the dose
of citral must be carefully selected. High-dose citral significantly
decreases the activity of CYP450 3A11. As CYP450 enzymes are
the most important enzymes responsible for the biotransform-
ation of numerous drugs in humans, further studies are needed
to investigate possible drug-drug interactions if citral is to be
used as a drug or food additive.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This study was financially supported by grant from the Fund of
Department of Science and Technology of Sichuan Province [Nos.
2016FZ0068 and 2016JY0014]; the Scientific research and innovation
team of Sichuan Province [No. 16TD0027]; the Scientific Research
Fund of Chengdu Medical College [No. CYZ15-02]; the Open-Study
Funds of State Key Laboratory Breeding Base of Systematic Research,
Development and Utilization of Chinese Medicine, Chengdu
University of Traditional Chinese Medicine; the Chunhui Plan of
Ministry of Education of China [No. Z2016120]; the Bidding Project
of the Pension and Elderly Health Cooperative Innovation Center of
Sichuan province [No. YLZBZ1806].

References

Aitken AE, Richardson TA, Morgan ET. 2008. Regulation of drug-metaboliz-
ing enzymes and transporters in inflammation. Annu Rev Pharmacol
Toxicol. 46:123–149.

Bachiega TF, Sforcin JM. 2011. Lemongrass and citral effect on cytokines pro-
duction by murine macrophages. J Ethnopharmacol. 137:909–913.

Barouki R, Morel Y. 2001. Repression of cytochrome P450 1A1 gene expres-
sion by oxidative stress: mechanisms and biological implications. Biochem
Pharmacol. 61:511–516.

Bosilkovska M, Samer CF, D�eglon J, Rebsamen M, Staub C, Dayer P,
Walder B, Desmeules JA, Daali Y. 2014. Geneva cocktail for cytochrome
P450 and p-glycoprotein activity assessment using dried blood spots. Clin
Pharmacol Ther. 96:349–359.

Bouzenna H, Hfaiedh N, Giroux-Metges MA, Elfeki A, Talarmin H. 2017.
Biological properties of citral and its potential protective effects against
cytotoxicity caused by aspirin in the IEC-6 cells. Biomed
Pharmacotherapy. 87:653–660.

Carbajal D, Casaco A, Arruzazabala L, Gonzalez R, Tolon Z. 1989.
Pharmacological study of Cymbopogon citratus leaves. J Ethnopharmacol.
25:103–107.

Choi SJ, Decker EA, Henson L, Popplewell LM, McClements DJ. 2009.
Stability of citral in oil-in-water emulsions prepared with medium-chain
triacylglycerols and triacetin. J Agric Food Chem. 57:11349–11353.

Costa CA, Bidinotto LT, Takahira RK, Salvadori DM, Barbisan LF, Costa M.
2011. Cholesterol reduction and lack of genotoxic or toxic effects in mice
after repeated 21-day oral intake of lemongrass (Cymbopogon citratus)
essential oil. Food Chem Toxicol: Int J Publ Br Ind Biol Res Assoc.
49:2268–2272.

Freitag AF, Cardia GF, da Rocha BA, Aguiar RP, Silva-Comar FM,
Spironello RA, Grespan R, Caparroz-Assef SM, Bersani-Amado CA,
Cuman RK. 2015. Hepatoprotective effect of silymarin (Silybum maria-
num) on hepatotoxicity induced by acetaminophen in spontaneously
hypertensive rats. Evid Based Complement Alternat Med. 3:1–8.

Genovese S, Epifano F, Curini M, Menger D, Zembruski N, Weiss J. 2011. In
vitro effects of natural prenyloxycinnamic acids on human cytochrome
P450 isozyme activity and expression. Phytomed: Int J Phytother
Phytopharmacol. 18:586–591.

Goossens J, De Bock L, Osselaere A, Verbrugghe E, Devreese M, Boussery K,
Van Bocxlaer J, De Backer P, Croubels S. 2013. The mycotoxin T-2 inhib-
its hepatic cytochrome P4503A activity in pigs. Food Chem Toxicol.
57:54–56.

Huang D, Ou B, Prior RL. 2005. The chemistry behind antioxidant capacity
assays. J Agric Food Chem. 53:1841–1856.

Iovu MO, H�eroux L, Verg�es J, Montell E, Paiement J, du Souich P. 2012.
Effect of chondroitin sulfate on turpentine-induced down-regulation of
CYP1A2 and CYP3A6. Carbohydr Res. 355:63–68.

Jackson GM, Hall DE, Walker R. 1987. Comparison of the short-term hepatic
effects of orally administered citral in Long Evans hooded and Wistar
albino rats. Food Chem Toxicol: Int J Publ Br Ind Biol Res Assoc.
25:505–513.

Jiang ZT. 2012. Antioxidant activity, free radical scavenging potential and
chemical composition of essential oil. J. Essent Oil Bear Pl. 15:134–143.

Johnson LJ, Meacham SL, Kruskall LJ. 2003. The antioxidants – vitamin C,
vitamin E, selenium, and carotenoids. J Agromed. 9:65–82.

Ju�rica J, Kone�cn�y J, Zahradn�ıkov�a LZ, Tomandl J. 2010. Simultaneous HPLC
determination of tolbutamide, phenacetin and their metabolites as markers
of cytochromes 1A2 and 2C6/11 in rat liver perfusate. J Pharm Biomed
Anal. 52:557–564.

342 H. TANG ET AL.



Katsukawa M, Nakata R, Takizawa Y, Hori K, Takahashi S, Inoue H. 2010.
Citral, a component of lemongrass oil, activates PPARa and c and sup-
presses COX-2 expression. Biochim Biophys Acta. 1801:1214–1220.

Kumar KVA, Satish R, Rama T, Kumar A, Babul D. 2010. Hepatoprotective
effect of Flemingia strobilifera R.Br. on paracetamol induced hepatotoxicity
in rats. Int J Pharmtech Res. 1:1924–1931.

Li CC, Yu HF, Chang CH, Liu YT, Yao HT. 2017. Effects of lemongrass oil
and citral on hepatic drug-metabolizing enzymes, oxidative stress, and
acetaminophen toxicity in rats. J Food Drug Anal. 10:1–7.

Luo F, Gu J, Chen L, Xu X. 2014. Systems pharmacology strategies for anti-
cancer drug discovery based on natural products. Mol Biosyst.
10:1912–1917.

Medina-Franco JL. 2013. Advances in computational approaches for drug dis-
covery based on natural products. Rev Latinoam Qu�ım. 41:95–110.

Monsen ER. 2000. Dietary reference intakes for the antioxidant nutrients:
vitamin C, vitamin E, selenium, and carotenoids. J Am Diet Assoc.
6:637–640.

Narender T. 2012. Recent advances in the natural products drug discovery.
J Pharmacogn. 3:108–111.

Ortega-Alonso A, Stephens C, Lucena MI, Andrade RJ. 2016. Case character-
ization, clinical features and risk factors in drug-induced liver injury. Int J
Mol Sci. 17:714.

Pan Y, Tiong KH, Abd-Rashid BA, Ismail Z, Ismail R, Mak JW, Ong CE.
2014. Effect of eurycomanone on cytochrome P450 isoforms CYP1A2,
CYP2A6, CYP2C8, CYP2C9, CYP2C19, CYP2E1 and CYP3A4 in vitro.
J Nat Med. 68:402–406.

Piorkowski DT, McClements DJ. 2014. Beverage emulsions: recent develop-
ments in formulation, production, and applications. Food Hydrocoll.
42:5–41.

Rao MN, Biju B, Ansar AK, Mujeeb S, Ramesh M, Srinivas NR. 2003. ‘Open
access’ generic method for continuous determination of major human
CYP450 probe substrates/metabolites and its application in drug metabol-
ism studies Xenobiotica. 33:1233–1465.

Renton KW. 2001. Alteration of drug biotransformation and elimination dur-
ing infection and inflammation. Pharmacol Therapeuticsther. 92:147–163.

Renton KW. 2004. Cytochrome P450 regulation and drug biotransformation
during inflammation and infection. Curr Drug Metab. 5:235–243.

Roffey SJ, Walker R, Gibson GG. 1990. Hepatic peroxisomal and microsomal
enzyme induction by citral and linalool in rats. Food Chem Toxicol: Int J
Publ Br Ind Biol Res Assoc. 28:403–408.

Samer CF, Lorenzini KI, Rollason V, Daali Y, Desmeules JA. 2013.
Applications of CYP450 testing in the clinical setting. Mol Diagnosis
Therapydiagn. 17:165–184.

Shaban Z, Soliman M, El-Shazly S, El-Bohi K, Abdelazeez A, Kehelo K, Kim
HS, Muzandu K, Ishizuka M, Kazusaka A, et al. 2005. AhR and
PPARalpha: antagonistic effects on CYP2B and CYP3A, and additive
inhibitory effects on CYP2C11. Xenobiotica. 35:51–68.

Shen Y, Sun Z, Guo X. 2015. Citral inhibits lipopolysaccharide-induced acute
lung injury by activating PPAR-c. Eur J Pharmacol. 747:45–51.

Shi C, Song K, Zhang X, Sun Y, Sui Y, Chen Y, Jia Z, Sun H, Sun Z, Xia X.
2016. Antimicrobial activity and possible mechanism of action of citral
against Cronobacter sakazakii. PLoS One. 11:e0159006.

Shi C, Zhao X, Liu Z, Meng R, Chen X, Guo N. 2016. Antimicrobial, antioxi-
dant, and antitumor activity of epsilon-poly-L-lysine and citral, alone or in
combination. Food Nutr Res. 60:1–7.

Silva CB, Guterres SS, Weisheimer V, Schapoval EE. 2008. Antifungal activity
of the lemongrass oil and citral against Candida spp. Braz J Infect Dis: Off
Publ Braz Soc Infect Dis. 12:63–66.

Somolinos M, Garc�ıa D, Cond�on S, Mackey B, Pag�an R. 2010. Inactivation of
Escherichia coli by citral. J Appl Microbiol. 108:1928–1939.

Spaggiari D, Geiser L, Daali Y, Rudaz S. 2014. A cocktail approach for assess-
ing the in vitro activity of human cytochrome P450s: an overview of cur-
rent methodologies. J Pharm Biomed Anal. 101:221–237.

Sun M, Tang Y, Ding T, Liu M, Wang X. 2014. Inhibitory effects of celastrol
on rat liver cytochrome P450 1A2, 2C11, 2D6, 2E1 and 3A2 activity.
Fitoterapia. 92:1–8.

Uchida NS, Silva-Filho SE, Cardia GFE, Cremer E, Silva-Comar FMS, Silva
EL, Bersani-Amado CA, Cuman RKN. 2017. Hepatoprotective effect of cit-
ral on acetaminophen-induced liver toxicity in mice. Evid Based
Complement Alternat Med. 6:1–9.

Urquhart BL, Tirona RG, Kim RB. 2007. Nuclear receptors and the regulation
of drug-metabolizing enzymes and drug transporters: implications for
interindividual variability in response to drugs. J Clin Pharmacol.
47:566–578.

Vuppugalla R, Mehvar R. 2004. Short-term inhibitory effects of nitric oxide
on cytochrome P450-mediated drug metabolism: time dependency and
reversibility profiles in isolated perfused rat livers. Drug Metab Dispos:
Biol Fate Chem. 32:1446–1454.

Zhao X, Quigley JE, Yuan J, Wang MH, Zhou Y, Imig JD. 2006. PPAR-alpha
activator fenofibrate increases renal CYP-derived eicosanoid synthesis and
improves endothelial dilator function in obese Zucker rats. Am J Physiol.
290:2187–2195.

Zhou SF, Liu JP, Chowbay B. 2009. Polymorphism of human
cytochrome P450 enzymes and its clinical impact. Drug Metab Rev.
41:89–295.

PHARMACEUTICAL BIOLOGY 343


	Abstract
	Introduction
	Materials and methods
	Materials
	Animals
	Sample collection
	Biochemical analyses
	Antioxidant activity
	Histology
	RNA extraction and gene expression in the liver by real-time polymerase chain reaction
	Activities of CYP450 1A2, 2D22, 2E1, and 3A11 enzymes
	Data analysis

	Results
	Effects of citral on biochemical indices
	Effects of citral on antioxidant indices
	Effects of citral on histology of the liver
	Effect of citral on the mRNA expression of CYP450 enzymes
	Effect of citral on activities of CYP450 enzymes

	Discussion
	Conclusions
	Disclosure statement
	References



<<
	/CompressObjects /Tags
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 150
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages false
	/AutoRotatePages /All
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 600
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.6
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Bicubic
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 150
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/ESP <>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


