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Summary 

The in virro and in vivo effect of guaiazulene, a natural azulene 
derivative, on rat hepatic cytochrome P450 (CYP) is investigated. 
Furthermore, paracetamol hepatotoxicity is induced in rats and the 
activity of specific cytochrome P450 forms, involved in the meta- 
bolic activation of paracetamol to the toxic metabolite N-acetyl-p- 
benzoquinone imine (NAPQI)  is examined,  after the 
administration of guaiazulene, using diagnostic cytochrome P450 
substrates. It is found that guaiazulene inhibited considerably 
CYPIA2 and CYP2BI and had a weak effect on CYPlAl in rat 
hepatic microsomal fractions. Guaiazulene administered to rats did 
not produce any macroscopic toxic effect and caused no change of 
liver weight, microsomal protein and total cytochrome P450 con- 
tent. Guaiazulene inhibited CYPIA2 activity in rats with or with- 
out paracetamol intoxication. Considering that CYPIA2 
participates in the formation of NAPQI, as well as in the metabolic 
activation of several toxic and carcinogenic compounds. these 
results, in combination with the antioxidant activity of guaiazulene 
that we have found in previous investigations, indicate potential 
useful applications of guaiazulene. 

Introduction 

The cytochrome P450 (CYP) superfamily constitutes the 
major xenobiotic-metabolizing enzyme system and the im- 
portance of these enzymes in drug and endogenous com- 
pound metabolism, toxicology, and carcinogenesis is well 
established. Work on cloning and expression of cytochromes 
P450 have resulted in the characterization of more than 300 
prokaryotic and eukaryotic cytochrome P450 forms [ll. The 
activities of several CYP subsets can be modulated in re- 
sponse to certain factors, such as stress r2], diet, disease states, 
exposure to drugs and other chemicals, or oxidative stress r31. 
In humans, members of the CYPl, CYP2, and CYP3 families, 
primarily involved in the hepatic metabolism of xenobiotics, 
are known to be up- or down-re ulated by a number of 

tion of molecular oxygen by cytochrome P450 for the oxida- 
tion of the substrate and NADPH makes this enzyme system 
a potentially significant source of reactive oxygen intermedi- 
ates. However, the latter reactions normally occur in a caged 
process, in which the reactive oxygen species are not allowed 
to be released into the surrounding medium [51. This is 
achieved via the defense mechanism of the organisms, where 
the tripeptide thiol glutathione plays a major role. 

The analgesic drug paracetamol, at high doses, is known to 
lead to glutathione depletion and to cause life-threatening 

endogenous or exogenous agents 14f Furthermore, the activa- 

kidney and especially liver damage. Paracetamol hepato- 
toxicity is due to its reactive metabolite N-acetyl-p-benzo- 
quinone imine (NAPQI) and is mediated by covalent binding 
of NAPQI to essential functional proteins, as well as through 
the oxidizing ability of this metabolite i6]. 

In previous investigations, we have studied the antioxidant 
effect of the azulene derivatives chamazulene and 
guaiazulene,  constituents of the oil of Matricaria 
chamomilla, Asteraceae, and Guajacum oflcinalle, Zygo- 
phyllaceae. It  was found that chamazulene 17] and 
guaiazulene (unpublished results) inhibited very significantly 
the in vitro peroxidation of rat hepatic microsomal membrane 
lipids. In addition, guaiazulene (Fig. 1) was found to offer 
protection to rats against paracetamol intoxication, com- 
pletely inhibiting hepatic glutathione depletion. Therefore, it 
appeared interesting to investigate the effect of guaiazulene 
on the hepatic drug metabolizing enzymes and, in particular, 
those cytochrome P450 members which are involved in 
paracetamol metabolism, in an attempt to elucidate the 
mechanism of the hepatoprotective action of guaiazulene. 

Fig 1. The chemical structure of guaiazulene. 

Results 

The addition of guaiazulene to the hepatic microsomal 
suspension from untreated (metabolism of 7-ethoxy- and 
7-methoxy- resorufins) or phenobarbital-pretreated (7-pent- 
oxy-resorufin) rats resulted in a concentration-dependent in- 
hibition of the alkoxyresorufin 0-dealkylation reactions. 
Results are shown in Figure 2. From these results, the IC50 
values of guaiazulene for ethoxy-resorufin 0-deethylation 
was found to be 5.0 mh4, for methoxy-resorufin O-demethyl- 
ation, 0.8 mM and for pentoxy-resorufin 0-depentylation the 
corresponding IC50 value was 0.3 mM. 
. The treatment of rats with paracetamol, guaiazulene or their 

combination had no effect on liver weight, microsomal pro- 
tein and total cytochrome P450 content (Table 1). Admini- 
stration of paracetamol alone increased 4-nitrophenol 
hydroxylation (Table 2), without affecting any other of the 
examined metabolic reactions. Guaiazulene treatment re- 
duced significantly the 0-demethylation of methoxy-re- 
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Table 1. Effect of paracetamol and guaiazulene treatment of rats on some 
hepatic parameters. Results are presented as means f SD (n 2 3). 

Treatment Liver Microsomal Total cyto- 
weight protein chrome P450 
(g/l(K) g body (mg/g liver) (nmoY 
weight) mg protein) 

Control 3.65 f 0.10 22.06 f 1.61 0.36 f 0.04 

Paracetamol 3.65 ? 0.16 20.69 f 2.49 0.38 f 0.03 
Guaiazulene 3.66k0.15 21.01 f 3 . 6 5  0 .32f0 .02  
Paracetamol plus 3.79 f 0.25 21.76 f 1.84 0.32 f 0.03 
Guaiazulene 

sorufin (Table 2), while no alterations in the other examined 
cytochrome P450 activities were observed. The above effects 
of paracetamol on nitrophenol hydroxylation, as well as of 
guaiazulene on methoxy-resorufin demethylation also ap- 
peared after the combined treatment of rats with these agents. 

Discussion 

The cytochrome P450 enzyme system plays a major role in 
the therapeutic and toxic effects of drugs. Knowledge about 
the dominant cytochrome P450 form responsible for the 
metabolism of a particular drug is valuable in predicting 
factors such as the efficacy of the drug or potential drug 
interactions. 

Paracetamol is considered to be a safe drug when used at 
the recommended dose; however, in certain situations or after 
acute overdosage, paracetamol can be lethal. The drug of 
choice to prevent paracetamol toxicity is N-acetyl-L-cyste- 
ine, effective if administered 8-10 hours following paraceta- 
mol ingestion ['I. 

The hepatotoxicity of paracetamol is associated with its 
reactive metabolite NAPQI which, in humans, is produced 
mainly by CYP2E1, CYPlAl, CYPlA2, and CYP3A4. 
CYP2EI is the primary enzyme involved at relatively low 
doses, while at higher doses, CYPlAl,  CYPlA2, and 
CYP3A4 also contribute to the metabolic activation of 
paracetamol. The human CYP3A4 is orthologous to rat 
CYP3Al and CYP3A2 [6], two forms that share 89% amino 
acid similarity. Although the pattern of paracetamol metabo- 
lism differs in various species, Fischer-344 rats are re orted 
to be sensitive to paracetamol-induced hepatotoxicity 61 . 

NAPQI is the final product following a hydrogen abstrac- 
tion and a subsequent amide radical formation. Hydrogen 
abstraction to form a phenolic radical, which gives the corre- 
sponding catechol metabolite, is a metabolic route catalysed 
by CYP2Bl. Although the catechol derivative is the main 
metabolite through this route, a second hydrogen radical 
abstraction may occur at the amide group, which leads again 
to NAPQI as the end product, a reaction that has been shown 
to happen [lo]. Thus, it has been reported that induction of 
CYP2B1/2B2 enzymes in the normal rat contributes to en- 
hanced paracetamol hepatotoxicity due to NAPQI forma- 
tion 1'  '1. 

The administration of guaiazulene to rats did not cause any 
macroscopically detectable toxic effect under our experimen- 
tal setting. In addition, guaiazulene, alone or in combination 
with paracetamol, did not affect the metabolism of ethoxy-re- 

,n: 
;y- 
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Table 2. Effect of paracetamol and guaiazulene treatment of rats on some hepatic cytochrome P450 activities. Results are presented as means f SD 
(n 2 3). 

Cytochrome P450 activities CYP Control Parace tamol Guaiazulene Paracetamol 
plus 
guaiazulene 

Ethoxyresorufin 
0-deethylase 
pmol/min/mg prot. 

1Al 18.39 f 3.80 17.40f 1.15 25.55 f 5.90 22.00 f 2.90 

Methoxyresorufin 
U-demethylase 
pmol/min/mg prot. 

1 A2 52.21 f 2.65 

Pentoxyresorufin 
U-depentylase 
pmol/min/mg prot. 

4-Nitrophenol 
hydroxylase 
nmol/min/mg prot. 

Erythromycin 
N-demethylase 
nmoUmin/mg prot. 

a Compared with the control and the paracetamol-treated rats 

* p < 0.05, ** p < 0.005, Student’s t-test 
Compared with the control group 

2B 1 

2E1 

3AI 

4.38 f 0.62 

0.77 f 0.31 

3.39 f 0.73 

sorufin, considered to be a diagnostic substrate for 
CYP1A1[121. When guaiazulene was added to the hepatic 
microsomal suspension from untreated rats, it appeared to act 
as a weak inhibitor of ethoxy-resorufin metabolism. How- 
ever, the IC50 value of 5 mM calculated for this reaction is 
too high to indicate any significant inhibition in vivo. 

Guaiazulene inhibited, in vitro and in vivo, the metabolism 
of methoxy-resorufin, specifically catalyzed by CYPlA2 [I3], 
an isoform well conserved in mammals, responsible for the 
metabolic activation of several procarcinogens and promu- 
tagens, such as aflatoxin B 1 or heterocyclic arylamine food 
pyrolysates [I4]. Therefore, CYPlA2 regulation may play an 
important role in carcinogenic activation. 

CYPlA2 was unaffected by the administration of paraceta- 
mol alone, but the inhibition offered by guaiazulene contin- 
ued to be observed after the combined treatment with 
paracetamol and guaiazulene. Considering that CYPlA2 par- 
ticipates in the formation of NAPQI, it can be concluded that 
the inhibition offered by guaiazulene contributes to the hepa- 
toprotective action of this natural product. It is known that a 
successful way of preventing paracetamol-induced hepato- 
toxicity is by inhibiting cytochrome P450 enzymes responsi- 
ble for its metabolic activation [I5]. Another approach is the 
prevention of glutathione depletion. We have found recently 
that guaiazulene administered to rats completely prevented 
glutathione depletion due to paracetamol intoxication, and we 
attributed this to the ability of guaiazulene to act as a chain- 
breaking antioxidant, thus inhibiting very significantly lipid 
peroxidation. Cytochrome P450, like other redox systems, 
being involved in the reduction and activation of molecular 
oxygen, is capable of producing reactive oxygen species and 
free radicals. However, under normal conditions, cytochrome 

49.18 f 1.66 

4.98 f 0.56 

1.5 1 ? 0.26 
* b  

2.36 f 0.63 

30.33 f 5.30 
** a 

5.46 f 1.96 

1 .OO f 0.28 

2.71 fO.51 

25.80 k 2.83 
** a 

4.14 f 0.52 

1.64 ? 0.02 
* b  

2.38 f 1.06 

P450 homeostasis is preserved, among other factors, by glu- 
tathione, a fundamental source of intracellular reducing ca- 
pacity. 

It has been found that cytochrome P450 degradation due to 
lipid peroxidation varies among the different enzymes, and 
suggested that the reported high degree of the CYPIA2 
contribution to lipid peroxidation could be explained by the 
ability of this form to act as a lipid peroxidation initiator [I6]. 
Therefore, we can conclude that the protection offered by 
guaiazulene against paracetamol toxicity is a beneficial com- 
bination of CYPlA2 inhibition, resulting in reduced metabo- 
lic activation of paracetamol, and the ability of guaiazulene 
to act as a chain-breaking antioxidant, preventing both cyto- 
chrome P450 degradation and NAPQI-induced glutathione 
depletion. 

Guaiazulene was found to inhibit pentoxy-resorufin O-de- 
pentylation, catalyzed mainly be CYP2B1 [12], when added 
to the microsomes from phenobarbital-pretreated rats. How- 
ever, it had no effect on this biotransformation when given to 
rats, alone or after paracetamol administration. The observed 
in vitro reduction of pentoxy-resorufin 0-depentylation could 
be considered as a competition between guaiazulene and 
pentoxy-resorufin for the same active site of the enzyme. It 
appears conceivable that guaiazulene is a good ligand for the 
CYP2B enzymes. 

It is known that any two alternate substrates for the same 
enzyme exhibit competitive inhibition, depending on the 
relative affinities of the enzyme for the two compounds and 
the concentrations achieved at the active site. Concerning in 
vivo-in vitro correlations with a competitive inhibitor, it is 
established [I7] that this kind of inhibition depends on the 
continuous presence of the compound and is rarely observed 
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with washed liver microsomes from animals treated in vivo. 
Further kinetic experiments are under way for verifying the 
nature of the observed interaction of guaiazulene with this 
isoenzyme. 

In a quantitative structure-activity relationship study of 10 
substituted toluene derivatives which are CYP2B substrates, 
various molecular parameters were correlated with the affin- 
ity of these compounds to cytochrome P450 [Ig1. It was found 
that only lipophilicity and molecular volume, representing 
the ability of the compounds to desolvate and occupy the 
binding site, gave significant relationships with binding af- 
finity. The best ligand in that series was 4-t-butyl-toluene, 
followed by 4-iso-propyl-toluene, a compound that possesses 
apparent structural similarities with guaiazulene. We calcu- 
lated the CLOGP value of 4-iso-propyl-toluene, which was 
found to be 4.07, almost identical with the reported [I8, 19] 
experimental log P value of 4.10, used in the aforementioned 
study, while the CLOGP of guaiazulene was calculated to be 
5.74. The molecular volumes of 4-iso-propyl-toluene and 
guaiazulene, corresponding to the volume of the van der 
Waals contact surface of the molecules, were derived by 
Molecular Orbital calculations (AM1) and found to be 
92.34 A3 and 128.39 A3, respectively. Since 4-t-butyl-tolu- 
ene has a log P of 4.59 and molecular volume 1 18.3 1 A3, and 
considering the physicochemical and structural similarities of 
guaiazulene with these molecules, we can suggest that 
guaiazulene possesses the required structural characteristics 
to interact with CYP2B. 

4-Nitrophenol is a selective marker for CYP2El [201, an 
enzyme primarily involved in NAPQI formation. In our 
experiments, paracetamol, administered alone or with 
guaiazulene, increased CYP2E 1 metabolic activity. 
CYP2E1, apart from participating in the metabolism of ke- 
tone bodies during gluconeogenesis L 2 ' ] ,  is an important 
xenobiotic metabolizing enzyme, which demonstrates selec- 
tivity mainly for low molecular weight compounds, like 
ethanol, acetone, pyrazol, carbon tetrachloride. Guaiazulene 
was found not to influence CYP2El activity. Similarly, 
guaiazulene, administered to rats with or without paracetamol 
intoxication, had no effect on erythromycin N-demethylation, 
a CYP3Al -catalyzed reaction [221. The CYP3A subfamily 
has an affinity for large, non-polar substrates, such as steroids 
or the macrolide antibiotics. Consequently, the lack of effect 
of guaiazulene on CYP2E1 and CYP3Al activities, as ex- 
pressed by the unaffected metabolism of 4-nitrophenol and 
erythromycin, respectively, with or without the concomittant 
administration of paracetamol, could be explained by the 
absence of affinity of guaiazulene for the corresponding 
isoforms, since it does not fulfill the structural characteristics 
encountered in the majority of their ligands. 

Although guaiazulene could not inhibit CYP2E1 or 
CYP3A1, both involved in NAPQI formation and glutathione 
depletion, it did protected rats against paracetamol toxicity 
and glutathione loss. Therefore, we suggest that the hepato- 
protective effect of guaiazulene is mainly a result of its 
antioxidant and radical scavenging ability, indirectly influ- 
encing the metabolic activation. Similar results have been 
reported b others, concerning the activity of curcumin [22], 
and by us 631 in a recent study of piperidine derivatives with 
strong antioxidant activity, which protected rat hepatocytes 

against paracetamol-induced lactate dehydrogenase leakage, 
without inhibiting CYP2E1 and CYP3A1 activities. 

However, in the overall hepatoprotective effect of 
guaiazulene against paracetamol intoxication, the significant 
inhibition of CYPlA2 activities, observed both in vivo and in 
vitro, may play an additional, significant role, by decreasing 
the formation of the hepatotoxic metabolite. Furthermore, 
considering that guaiazulene is a non toxic, natural product, 
and that CYPlA2 is implicated in the metabolic activation of 
many potentially toxic substances, our results may indicate 
further useful applications of guaiazulene. 

Experimental Part 

Materials 

Guaiazulene ( 1,4-dimethyl-7-isopropylazulene), 7-methoxy-, 7-ethoxy-, 
and 7-pentoxy-resorufins, 4-nitrophenol, erythromycin, phenobarbital, and 
NADPH were purchased from Sigma Chemical Co. (St. Louis, MO). 
Paracetamol (4-hydroxyacetanilide) was from Merck (Darmstadt, Ger- 
many). All other reagents used were of the highest commercially available 
purity. 

Animals and Animal Treatment 

Female Fischer-344 rats (180-200 g). housed in temperature (23 "C) and 
light (12-h lighting cycle) controlled rooms, having free access to standard 
laboratory chow and tap water, were used. 

For the in vitro experiments, livers from untreated or phenobarbital-pre- 
treated (90 mgkg, intraperitoneally, once daily for two days) rats were 
excised (in the latter case, 24 h after the last pretreatment), weighed, the 
microsomal fraction, corresponding to 250 mg liver/ml, was prepared as 
described before 

For the in vivo experiment, rats were divided into four groups and treated 
as follows: 
Group 1 received paracetamol, 600 mgkg, orally, as a micronized aqueous 
suspension with few drops of Tween-80, once. 
Group 2 received guaiazulene, 250 mgkg, intraperitoneally, as a micronized 
aqueous suspension with few drops of Tween-80, once. 
Group 3 received paracetamol as group 1. One hour later, guaiazulene was 
administered as in group 2. 
Group 4 served as the control group, receiving only the liquid vehicle. 

The experiment was terminated 18 h after the administration of paraceta- 
mol, livers were excised, weighed, the microsomal fraction was prepared 
individually and stored at -80 "C until use. 

and stored at -80 "C until use. 

In Vitro Effect of Guaiazulene on Cytochrome P450-Mediated Drug Meta- 
bolism 

Using the microsomal fraction from phenobarbital-pretreated or untreated 
rats, the in vitro effect of guaiazulene on the 0-dealkylation of 7-pentoxy- 
resorufin or 7-ethoxy- and 7-methoxy-resorufin, respectively, was estimated 
as described "*. 13]. 

Briefly, in a fluorimetric cuvette containing 50 p1 of the microsomal 
suspension in 2 ml of 0.1 mh4 Tris-HCI buffer (pH 7.8) and 3-5 pl of 
guaiazulene dissolved in dimethyl sulfoxide (final concentrations 0.1-10 
d), 5 p1 of 1.0 mM pentoxy-resorufin or 3 p1 of 0.53 mh4 ethoxy-resorufin 
or 5 pI of 0.7 mh4 methoxy-resorufin were added. A baseline was recorded 
(510 nm excitation, 586 nm emission) prior to the initiation of the reaction 
by the addition of 10 pl of NADPH (50 mM in 1% w/v solution of NaHCO3). 
The reaction was monitored continously for 4 min. The instrument was 
calibrated using aliquots (10 pl) of resorufin (1  mM). Each experiment was 
performed at least in duplicate. 

Effect of the Administration of Guaiazulene to Rats with Paracetamol-ln- 
duced Liver Damage on Cytochrome P4.50-Mediated Drug Metabolism 

The hepatic microsomal fractions prepared from groups 1 4  were used for 
the investigation of the metabolism of the three 7-alkoxyresorufins following 
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the method described above (buffer was added in the place of guaiazulene). 
In addition, the aromatic hydroxylation of 4-nitrophenol and the N-demethy- 
lation of erythromycin were examined. 

For the hydroxylation of 4-nitrophenol, the incubation mixture contained 
50 pl of the microsomal suspension, 0.1 ml of ascorbic acid (1 mM), 0.1 ml 
of 4-nitrophenol (1 mM), in 0.2 M phosphate buffer pH 6.8. The reaction was 
started by the addition of 0.1 ml NADPH (10 mM) and terminated, after the 
incubation of the mixture at 37 "C for 10 min, by the addition of 0.5 ml of 
ice-cold 0.6 N perchloric acid. The produced nitrocatechol was estimated 
spectroscopically at 536 nm 120' 241. 

251, the incubation mixture 
contained 0.1 ml of the microsomal suspension, 0.1 ml of erythromycin ( 10 
mM) and 0.1 ml magnesium chloride solution (150 mM) in 50 mM phosphate 
buffer pH 7.25. The reaction was initiated by the addition of 0.1 ml NADPH 
(10 mM) and stopped, after an incubation at 37 "C for 10 min, by the addition 
of 0.5 ml of an ice-cold aqueous solution of trichloroacetic acid (12.5% w h ) .  
Erythromycin N-demethylation was estimated determining the roduced 
formaldehyde spectroscopically (412 nm) by the method of Nash 861 . 

The total hepatic cytochrome P450 content was determined spectroscopi- 
cally ["I, (extinction coefficient 91 f i ' c m - ' ) ,  and the microsomal protein 
was estimated using bovine serum albumin as a standard [28]. 

The statistical evaluation of results was performed by the Student's t-test. 
The lipophicity of uaiazulene was calculated according to the method of 
Hansch and Leo 12'and calculations of molecular volume were performed 
by the MacSpartan software (Wavefunction, Inc., USA). 

For the N-demethylation of erythromycin 
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