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on the pharmacokinetics and
metabolism of zaleplon as a probe of CYP3A1/2
activity
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Yuming Zhao,a Ming Fan*b and Ming Xue *a

The objective of this study was to compare the pharmacokinetics and metabolism of zaleplon (ZAL) in rats

under hypoxic and normoxic condition and the effect of hypoxia on the protein expression and activities of

themainmetabolic enzyme CYP3A1/2. The LC-MS/MSmethodwas successfully used for the determination

of ZAL in rat plasma after an oral administration under normoxic and hypoxic exposure. The expressions of

CYP3A1/2 proteins were determined by the Western blotting method. The activity of CYP3A1/2 in rat liver

microsomes was determined by the LC-MS/MS method using testosterone as the probe drug. The

metabolites of ZAL in rats were identified by LC-MSn by comparison of their ESI-MSn spectra and

chromatographic retention times to those of the parent drug between the normoxic and the hypoxic

group. The results indicated that the values of AUC and Cmax were significantly higher in the hypoxia

exposure for 3 d (H3) group than that in the normoxic group, and the Vd and CL were markedly lower in

the H3 group than those in the normoxic group. Hypoxia could markedly inhibit the protein expression

and activities of CYP3A1/2, resulting in reduction of the metabolic rate of the drug and enhancement of

the systematic exposure. Our data indicated that the expression and activity of CYP3A1/2 mainly affected

the drug metabolism and pharmacokinetic characteristics of ZAL under the hypoxic condition.
Introduction

Zaleplon (ZAL) is a nonbenzodiazepine sedative-hypnotic drug
and is amember of the pyrazolopyrimidine class of compounds,
which preferentially binds to the benzodiazepine-binding site
on the g-aminobutyric acid (GABA) receptors containing the a1
receptor subunit.1–3 The pharmacokinetic results indicate that
ZAL is absorbed rapidly and reaches peak plasma concentration
in about 1 hour. Its half-life is approximately 1 hour in humans.
This drug is mainly metabolized by CYP3A4 in humans and
CYP3A1/2 in rats.4 ZAL has some conspicuous advantages in
treatment of insomnia such as quick effect, reduced hangover,
rebound insomnia and withdrawal symptoms.

Hypoxia can cause dysfunction, damage and death to cells,
tissues and organisms, and is associated with many patho-
physiological processes and diseases such as stroke, asthma,
emphysema, angina pectoris, myocardial infarction and
tumors.5 Hypoxia induced at high altitude causes a subnormal
oxygen concentration in cells which affects the drug metabolic
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and pharmacokinetic capacity.6,7 Several studies indicate that
hypoxia markedly alter the pharmacokinetic characteristics of
some drugs.8–12 About 30–40% of the cytochrome P-450 isoforms
belongs to the CYP3A subfamily in liver and 70% of that in
intestine. More than 60% of the drugs in clinical practice are
metabolized by the CYP3A enzyme; therefore, it is very impor-
tant to evaluate the activity and expression of CYP3A protein.13

Acute mountain sickness (AMS) is a dangerous hypoxic
illness that can affect humans who rapidly reach a high altitude
above 3500 meters.14,15 The symptoms of AMS mainly include
insomnia, dyspnea, headache, fatigue and nausea, among
them, insomnia is more serious and lasting.16 A series of
physiological and pathological changes are produced under the
high altitude hypoxia. These changes related to the physical and
metabolic system include the cardiovascular, respiratory,
nervous and endocrine system, leading to alteration of drug
metabolism and pharmacokinetics, and then affect the in vivo
effects and toxicities of drugs.

The objective of this study is to investigate the differences of
pharmacokinetics and metabolite prole of ZAL between the
normoxic and hypoxic rats, and explore the effects of hypoxia on
the CYP3A1/2 activity and protein expression in rats, which
provides the important information for developing a novel
drug. In addition, the outcomes of our study are expected to
serve as a basis for the development of clinical guidelines on
ZAL usage under both normoxic and hypoxic conditions.
This journal is © The Royal Society of Chemistry 2017
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Experimental
Chemicals and reagents

Zaleplon (ZAL) and the internal standard (IS) dexamethasone
were purchased from the National Institute for Control of
Pharmaceutical and Biological Products of China (Beijing,
China). Testosterone, 6b-OH testosterone, tris-(hydroxymethyl)-
aminomethane, b-nicotinnamide adenine dinucleotide 20-
phosphate reduced tetrasodium salt (NADPH) and mouse
monoclonal antibody for b-actin were purchased from the
Sigma Aldrich (St. Quentin Fallavier, France). Rabbit polyclonal
antibody for CYP3A1 (ab22733) was purchased from the Abcam
Co Ltd (Hong Kong). Rabbit polyclonal antibody for CYP3A2
(AB1276) was purchased from the Millipore Co Ltd (Temecula,
Canada). Methanol (HPLC grade) was obtained from the
Thermo Fisher Scientic (Waltham, Australia). Formic acid and
ethyl acetate (LC-MS grade) were purchased from the Dikma
Reagent Company (Beijing, China). Water used in the experi-
ment was double distilled.

Experimental animals

Male Sprague-Dawley rats (250 � 20 g) were purchased from the
Animal Center of Capital Medical University (ACCMU, Beijing,
China). Animals were housed in individual cages with free
access to food and water in a room with an automatically
controlled illumination (a 12 h light–dark cycle), temperature
and relative humidity. Animal studies were carried out in
accordance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the National Health
Ministry of China. Protocols of animal experiments had been
approved by Animal Center of Capital Medical University. The
experimental rats were exposed to a fractional concentration of
inspired O2 (FiO2) of 9.0% aer intragastric administration of
drugs. The control rats were exposed to the normal air condition
as the normoxic groups.

Sample preparation

Plasma sample (50 mL) was mixed with dexamethasone (200 ng
mL�1, 50 mL) as the IS, followed by liquid–liquid extraction
using 300 mL ethyl acetate. About 250 mL of the upper organic
layer was then transferred into a new tube and evaporated in
a speed vacuum concentrator at 40 �C. The residue was dis-
solved by methanol, and vortexed for 60 s. An aliquot of 10 mL
was injected into the LC-MS/MS system for analysis.

Aer collecting the last blood sampling, the rats were sacri-
ced and the liver was immediately collected and dounched
with ice-cold physiological saline solution. The liver was used
for preparation of liver microsomes that were used for the
Western blot and enzyme activities assay. The microsomes were
prepared by using the method of differential centrifugation.17

All of the samples were frozen in liquid nitrogen and stored at
�80 �C until use. The BCA commercial kits were used for
determining protein concentrations.

Bile sample was extracted by using ethyl acetate (1 : 3, v/v).
The upper organic layer was then transferred into a new tube
and evaporated in a speed vacuum concentrator at 40 �C. The
This journal is © The Royal Society of Chemistry 2017
residue was dissolved by 300 mL methanol and vortexed for 60 s.
An aliquot of 10 mL was injected into the LC-MS/MS system for
analysis.

LC-MS/MS assay

Standard stock solutions of ZAL (200 mg mL�1) and the IS
(dexamethasone, 100 mg mL�1) were prepared in methanol and
stored at 4 �C. Calibration was prepared by adding ZAL into rat
blank plasma (100 mL) and yielding the nal concentration
series of 0.5, 1.0, 2.0, 10.0, 50.0, 100, 200, 500 and 1000 ngmL�1,
respectively.

The LC-MS-MS system consisted of a HPLC system (Agilent
technology, Palo Alto, CA, USA) including a HP G1312A binary
pump, a G1379A vacuum degasser and G1313A autosampler
and triple quadrupole mass spectrometer equipped with elec-
trospray ion (ESI) source (Series 6410, Agilent technologies, Palo
Alto, CA, USA).

The analytes were separated on a ZORBAX Eclipse Plus C18

column (2.1 mm � 100 mm, 3.5 mm), protected with ZORBAX
Eclipse plus C18 guard column (2.1 mm � 12.5 mm, 5 mm). The
mobile phase solutions were composed of water containing
0.1% (v/v) formic acid and methanol (40 : 60, v/v). The sample
injection volume was 10 mL.

The MS ionization source conditions were as follows: capil-
lary voltage of 4.0 kV, drying gas temperature of 300 �C, drying
gas ow: 10 L min�1, nebulizer pressure: 45 psi and corona
current 10 nA. The sheath gas ow was 7 L min�1 and sheath
gas temperature was 250 �C. The positive ion modes were per-
formed with their selective reaction ion monitoring (SRM) for
the quantitative analysis by the ESI mode. The SRM quantitative
ions were then selected from the MS/MS data. The optimized
precursor-to-product ion transitions were monitored for ZAL [M
+ H]+ m/z 306 / 236 with a fragmentor 155 V and CE 25 V and
the IS [M + H]+ m/z 393 / 355 with fragmentor 110 V and CE
5 V, respectively.

Quantication was based on the IS method of plotting the
peak areas ratios of the analyte/IS versus the nominal plasma
concentration of the test compound with 1/x2 as weighting
factors, which was tted by least square linear regression. The
precision and accuracy were performed to evaluate the method
suitability. The extraction recovery for ZAL was assessed by
comparing the peak area obtained from extracted sample
against the amount of ZAL added in the extracted sample
matrix. The matrix effect was evaluated by comparing the peak
areas of the post-extracted blank plasma spiked with the
working solutions with those of corresponding standard solu-
tions. The stability of the sample was assessed by measuring the
analysis data of QC samples under ambient, frozen and three
freeze–thaw storage conditions with fresh prepared QC
samples.

Pharmacokinetics of ZAL under normoxic and hypoxic
conditions

Twelve rats were randomly divided into two groups, including
six rats as the control group (normoxic group), and another six
rats as the hypoxic group for 3 day (i.e. H3). The hypoxic rats
RSC Adv., 2017, 7, 25414–25421 | 25415
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were housed in the hypoxic chamber for 3 d in which the oxygen
concentration was maintained at 9.0 � 0.5% controlled by
driving N2 in with an instant monitoring system. Both the
groups were orally administered ZAL suspension at a dose of
1.04 mg kg�1. About 0.2 mL blood samples were collected from
jugular vein into tubes pre-treated with 10 mL heparin sodium at
0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8 and 12 h, centrifuged (10 min,
3000 rpm) and stored at �20 �C until analysis.

Metabolism of ZAL under normoxic and hypoxic conditions

Six bile duct cannulated rats were randomly divided into two
groups, including three rats as the control group (normoxic
group), another three rats as the hypoxic group for 3 d (H3). The
hypoxic rats were also housed in the hypoxic chamber for 3
d (the same apparatus with the pharmacokinetic study). Each
group was orally administered ZAL suspension at a dose of
6.24 mg kg�1. The biliary sample was collected at 0–18 hour
aer the dose, and stored at �20 �C until analysis.

Measurement of CYP3A activity

Fourteen rats were randomly divided into two groups, including
seven rats as the control group (normoxia), another seven as the
hypoxic group for 3 days (H3). The ability of hypoxia to alter the
CYP3A was investigated in rat liver microsomes. Testosterone
was used as a probe substrate that incubated in the reaction
system mentioned above. The formation rates of 6b-hydroxyl-
ated testosterone were determined for evaluating the CYP3A
activity.18,19

The liver microsomes were diluted to 2 mg mL�1, testos-
terone was diluted to 400 mM and NADPH was diluted to 4 mM.
100 mL of the microsomes and 50 mL of testosterone solution
were mixed and incubated for 15 min at 37 �C. The reaction
started aer 50 mL of NADPH solution was added to the mixture.
0.4 mL ice-cold acetonitrile with 160 ng mL�1 osalmide (the
internal standards) was added to terminate the reaction when
the reaction last for 30 min. The mixture was centrifuged at
12 000 g for 5 min, and then 10 mL supernatant was used to
determine the concentration of 6b-OH-testosterone using the
LC-MS/MS system with positive ion mode. The m/z transition of
6b-hydroxylated testosterone was monitored at [M + H]+ m/z 305
/ 269, and osalmide wasmonitored at [M + H]+m/z 230/ 121.
The production of 6b-OH-testosterone was positive correlation
with the activity of the metabolic enzyme CYP3A1/2.

Determination of CYP3A1/2 by the Western blot

Twenty rats were randomly divided into four groups, i.e. ve rats
as the normoxia control group (normoxia), ve rats as the
positive drug control group (normoxia-ZAL), ve rats as the
hypoxic group for 3 d (H3), and ve rats as the hypoxic drug
group for 3 d (H3-ZAL). The liver microsomes (20 mg per lane)
were isolated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and then transferred to poly-
vinylidene diuoride membranes, which were blocked at room
temperature for 2 h in 5% nonfat milk (dissolved in TBST: tris-
buffered saline, with 0.1% Tween 20, pH 7.4). The membranes
were then incubated with rabbit polyclonal anti-CYP3A1
25416 | RSC Adv., 2017, 7, 25414–25421
(1 : 2000), or rabbit polyclonal anti-CYP3A2 (1 : 4000), or
mouse monoclonal anti-b-actin (1 : 10 000) for 1 h at room
temperature and overnight at 4 �C. Aer being washed three
times with TBST (each time for 10 min), the membranes were
then probed with secondary antibody conjugated HRP (1 : 5000)
for 1 h at room temperature. The blots were washed three times
with TBST, every 10 min, followed by development with ECL
plus. The density of the bands was quantitated using the Image
J Ver. 1.48 u soware.
Data and statistical analysis

The method of non-compartmental model was used to analyze
the pharmacokinetic proles of ZAL under the conditions of
normoxia and hypoxia. The pharmacokinetic parameters via
non-compartmental model were calculated by the ware DAS
Version 2.0 (Chinese Pharmacological Society, Beijing, China).
For plasma PK, the area under the plasma concentration–time
curve from time zero to the last measurable concentration
(AUC(0/t)) was calculated using the trapezoidal rule; the
AUC(0/N) was obtained by extrapolating (AUC(0/t)) to innity;
the elimination half-life (t1/2) was calculated from the terminal
log-linear portion of the plasma; and the total body clearance
(Cl), apparent volume of distribution (Vd), mean residence time
(MRT) and elimination rate constant (k) were calculated by the
non-compartmental pharmacokinetic model.

Statistical analyses were conducted using the SPSS Version
17.0 (SPSS Inc., Chicago, IL). All data were shown as the mean�
SD, p < 0.05 were considered signicant difference.
Results and discussions
Validation of analytical method

Specicities of the identication peaks in LC-MS/MS are eval-
uated by assessing the blank plasma, and there are no endog-
enous substance to interfere with the peaks of ZAL and IS.
Typical chromatograms of ZAL and IS are found in sampling
with the resolution time of the peaks with approximate 2.6 and
4.9 min, respectively (Fig. 1). The calibration curves of ZAL in
the biological samples are constructed by plotting the peak area
ratio of ZAL/IS versus the concentrations of ZAL. The linear
equations for determination of ZAL in plasma are: y¼ 2.6079x +
0.0122 (r2 ¼ 0.994). The lower limit of quantication (LLOQ)
data from the chromatograms of the blank samples, blank
samples spiked with the analyte is 0.5 ng mL�1 for ZAL.

The intra- and inter-day precision for the analytes in plasma
are lower than 11.1%, and the accuracy was between �10.3%
and 12.8% (see Table 1). The extraction recoveries are deter-
mined for six replicates of QC samples, and the results are
summarized in Table 2. The matrix effect from three different
sources, all the results are in the range of 90.1–98.5% (Table 2).
It is suggested that the method is veried for determination of
ZAL in rat plasma. The stability analysis is performed under
similar conditions to those described above, and the results are
presented in Table 3, indicating that there was no signicant
degradation of ZAL occurred in rat plasma aer storage for 30
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra03025h


Fig. 1 Representative SRM chromatography of a blank rat plasma (A);
a spiked plasma sample and 200 ngmL�1 IS (B); a rat plasma sample 2 h
after p.o. administration of 1.04 mg kg�1 zaleplon (C).

Table 2 Recovery and matrix effect of zaleplon from rat plasma

Spiked
(ng mL�1)

Recovery (n ¼ 6) Matrix effect (n ¼ 3)

Measured
mean � SD (%)

Precision
RSD (%)

Measured
mean � SD (%)

Precision
RSD (%)

1.0 65.1 � 5.5 8.5 92.5 � 10.8 11.7
50.0 79.4 � 10.2 12.8 90.2 � 6.3 7.0
1000 84.3 � 7.6 9.0 98.6 � 3.3 3.3

Table 3 Stability for the analysis of zaleplon in rat plasma

Spiked
(ng mL�1)

Measured
(mean � SD)

Precision
RSD (%)

Accuracy
(%)

Storage for 30 days at �80 �C
1.0 0.95 � 0.048 5.1 �5.1
50.0 50.1 � 1.1 2.3 0.13
1000 1067 � 53.0 5.0 6.7

Post treatment storage for 24 hours at room temperature
1.0 0.90 � 0.056 6.2 �10.0
50.0 50.6 � 2.5 4.9 1.2
1000 1065 � 63.2 5.9 6.5

Three freeze–thaw cycles
1.0 0.90 � 0.13 13.9 �9.6
50.0 52.2 � 2.3 4.4 4.4
1000 990 � 26.2 2.6 �1.0
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days at �80 �C, post treatment storage for 24 hours at room
temperature, or three freeze–thaw cycles.
Fig. 2 Mean plasma concentration–time curves of zaleplon after an
oral administration zaleplon (1.04 mg kg�1) to rats (normoxia: n ¼ 6,
H3: n ¼ 6).
Effect of hypoxia on phamacokinetics of ZAL

The plasma concentration–time curves of ZAL are plotted in the
normoxia and H3 group (shown in Fig. 2). The values of the area
under plasma drug concentration–time curve (AUC) and the
plasma peak concentration (Cmax) are signicantly higher in
hypoxia than that in normal rats (p < 0.01). The pharmacoki-
netic parameters of ZAL aer oral administration of 1.04 mg
kg�1 are affected signicantly by hypoxia exposure. The values
of apparent distribution volume (Vd) are signicantly decreased
in rats exposed to hypoxia (p < 0.01). And there are no marked
differences for some pharmacokinetic parameter such as the
time to reach peak concentration (tmax), plasma drug half life
Table 1 Precision and accuracy for the analysis of zaleplon in rat plasma

Spiked

Intra-day (n ¼ 6) Inter-day (n ¼ 18)

Measured
(mean � SD) (ng mL�1)

Precision
(RSD) (%)

Accuracy
(%)

Measured
(mean � SD) (ng mL�1)

Precision
(RSD) (%)

Accuracy
(%)

1.0 0.97 � 0.093 9.6 �3.0 0.97 � 0.11 �2.7 11.1
50.0 54.6 � 2.3 4.2 9.1 54.6 � 2.7 9.1 5.0
1000 1030 � 48.4 4.7 3.0 1030 � 56.0 3.0 5.4

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 25414–25421 | 25417
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(t1/2) and mean retention time (MRT) between nomoxic and
hypoxic conditions (see Table 4).
Fig. 4 Proposed fragmentation pathways of zaleplon by ESI-MS with
positive ion mode.
Metabolites and metabolic proles

ZAL is observed as its protonated molecule [M + H]+ at m/z 306
with a retention time of 26.12 min. The mass spectra and
chromatograms of the product ions for ZAL protonated mole-
cule are shown in Fig. 3. The [M + H]+ ion atm/z 306 formed two
prominent product ions at m/z 264 ([M + H � CH3 � CO]+) and
m/z 288 ([M + H�H2O]

+) when a collision of 36% was used. The
ionm/z 264 was further subjected to MS3 analysis and produced
an ion atm/z 236 ([M + H� C2H4]

+). The ionm/z 288 was further
subjected to MS3 analysis and produced an ion at m/z 260 ([M +
H � HCN]+). The proposed MS fragmentation pathways of ZAL
is illustrated in Fig. 4.
Table 4 Pharmacokinetic parameters of zaleplon after an oral
administration (1.04 mg kg�1) to the normoxic and H3 rats (n ¼ 6)a

PK parameters Unit Normoxia H3

AUC(0/t) h ng mL�1 396 � 118 1306 � 212**
AUC(0/N) h ng mL�1 427 � 119 1344 � 209**
MRT(0/t) h 2.1 � 0.37 1.9 � 0.31
t1/2 h 2.3 � 0.78 1.5 � 0.56
tmax h 0.46 � 0.25 0.54 � 0.19
CLz/F L h�1 kg�1 2.6 � 0.83 0.79 � 0.11**
Vd L kg�1 8.7 � 4.2 1.7 � 0.68**
Cmax ng mL�1 193 � 36.5 606 � 206**

a *p < 0.05 and **p < 0.01 showed signicantly different between the
normoxic and H3 groups.

Fig. 3 The LC-MS2 chromatogram of zaleplon (the parent ion at m/z 30
spectra of zaleplon (m/z 264 / 236) (C); and the MS3 spectra of zaleplo

25418 | RSC Adv., 2017, 7, 25414–25421
ZAL was observed as its protonated molecule [M + H]+ at m/z
306 with a retention time of 26.48 min comparing with the
standard compound (see Fig. 5A). The MSn (n ¼ 2–3) spectra
gave prominent ions atm/z 264 and 288. The retention time and
the MSn spectra were the same as those of ZAL. Therefore, this
compound was conrmed as ZAL, the unchanged parent drug
(see Fig. 5B). M1 was observed as its protonated molecule [M +
H]+ atm/z 278 with a retention time of 12.90 min, which was the
major metabolite of ZAL by the decyanoethylation (shown in
Fig. 5C). A prominent ion at m/z 260 ([M + H � 18]+) was
observed in the MS/MS spectra (Fig. 6), resulting from the loss
of H2O. The metabolite M2 was observed as its protonated
6) (A); the MS2 spectra of zaleplon (m/z 288 and m/z 264) (B); the MS3

n (m/z 288 / 260) (D).

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra03025h


Fig. 5 The LC-MS2 chromatograms of zaleplon and its metabolites (A); the MS2 spectra of zaleplon (B); the MS2 spectra of the metabolite of
zaleplon (M1) (C); and the MS2 spectra of the metabolite of zaleplon (M2) in rat bile (D).

Fig. 6 Proposed fragmentation pathways of the metabolites of zaleplon by ESI-MS with positive ion mode.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/2
0/

20
26

 6
:5

3:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
molecule [M + H]+ at m/z 322 with a retention time of 8.29 min,
which was the major metabolite of ZAL by the oxidation (shown
in Fig. 5D and 6). A prominent ion atm/z 280 ([M + H� 42]+) was
observed in the MS/MS spectra (Fig. 6), resulting from the loss
of –CH3O.

According to peak area normalization method, the relative
content percentages of the parent drug and the metabolites of
ZAL were caculated by the data system in Xcalibur work station
(shown in Table 5). The results indicated that the percentage of
ZAL in the H3 group was markedly higher than that in the
normoxic group (p < 0.05), indicating that hypoxia could
Table 5 The content percentages of zaleplon and its metabolite M1
and M2 in the normoxic and H3 groups (n ¼ 5)a

Zaleplon M1 M2

Normoxia 41.6 � 7.7 57.9 � 7.7 0.50 � 0.25
H3 59.6 � 7.6* 39.7 � 7.7* 0.62 � 0.15

a *p < 0.05 showed signicantly different in percentages of zaleplon and
its metabolites between the normoxic and H3 groups.

This journal is © The Royal Society of Chemistry 2017
signicantly reduce the metabolic rate of the parent ZAL.
Meanwhile, the ratio of the main metabolite N-deethyl-ZAL (M1,
m/z 278) catalyzed by the CYP3A in hypoxic rat was lower than
that in the normoxic rats (p < 0.05), indicating that hypoxia also
could signicantly reduced the metabolism of ZAL. There were
no differences for the metabolite M2 between the normoxic and
hypoxic rats.
Effect of hypoxia on CYP3A activity

It is essential to measure the CYP3A activity in liver for evalu-
ating and understanding the drug metabolism and toxicity,
therefore, the main metabolic enzyme CYP3A activity was
detected in microsomal protein from the rat livers in the nor-
moxic and hypoxic rats.18,19 Both normoxic and hypoxic rats, 6b-
hydroxylation testosterone were generated at a rate of (1091 �
51.5) and (870 � 46.9) pmol mg per protein per min, respec-
tively. The data showed that the CYP3A activity in the hypoxic
rat livers was statistically lower than that in normoxic livers for
the generation of 6b-hydroxylation testosterone (p < 0.05), sug-
gesting that hypoxia also could signicantly decrease the CYP3A
RSC Adv., 2017, 7, 25414–25421 | 25419

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra03025h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/2
0/

20
26

 6
:5

3:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
activity, resulting a reduction of metabolism of ZAL and
augmentation of plasma drug concentration.
Effect of hypoxia on the CYP3A1/2 protein expression

ZAL was mainly catalyzed by the metabolic enzyme CYP3A1/2 in
rats.7 The CYP3A1/2 protein levels in rat livers were measured by
the Western blot (see Fig. 7). It was found that hypoxia could
markedly decrease the expression levels of the CYP3A1/2
protein. And among them, the decrease extent of the CYP3A2
protein was larger than that of the CYP3A1, which were
decreased by 74% and 63% of those of control rats, respectively.
The data also showed that ZAL was also the inhibitor of the
metabolic enzyme CYP3A. The level of the CYP3A protein
decreased in liver was concordance with the activity of the liver
microsomes. These results could interpret our ndings of the
drug metabolism and pharmacokinetics of ZAL.

In recent years, there are many reports about the inuence of
acute and chronic hypoxia on the cytochrome P450 enzymes and
transmembrane transporters, resulting in alteration of in vivo
disposition and pharmacokinetic characteristics for some drugs,
which further affect the pharmacological activities, toxicities and
clinical effects.9–12 In the altitude area of 3780 meters with acute
and chronic hypoxic environment, the main pharmacokinetic
parameter of sulfamethoxazole, including t1/2, MRT and AUC, in
the healthy volunteers were signicantly enhanced, but the
clearance markedly decreased.20 However, at the 4360 m altitude
plateau with heavy hypoxia, the clearance of acetazolamide in the
volunteer was found to increase, and the values of theMRT and Vd
were signicantly lower than those in the low altitude plain.21

Therefore, hypoxia could actually affect the drug disposition and
Fig. 7 Effect of hypoxia on CYP3A1 and CYP3A2 expression in rat liver.
Rats were exposed to normoxia or hypoxia (9% O2) for 3 days. Data are
presented as the mean � standard error of densitometric ratios in the
normoxic and hypoxic rats. *p < 0.05 and **p < 0.01 showed signifi-
cantly different between the normoxic and hypoxic groups (n ¼ 5); #p
< 0.05 and ##p < 0.01 showed significantly different between the
normoxic-ZAL and hypoxia-ZAL groups (n ¼ 5); $p < 0.05 and $$p <
0.01 showed significantly different between the normoxic and nor-
moxic-ZAL groups (n ¼ 5); &p < 0.05 and &&p < 0.01 showed signifi-
cantly different between the hypoxic and hypoxic-ZAL groups (n ¼ 5).

25420 | RSC Adv., 2017, 7, 25414–25421
pharmacokinetic characteristics, but for different drugs the low
oxygen could cause different changes of in vivo process and
pharmacokinetics. Generally, the alterations of the in vivo meta-
bolic process and pharmacokinetics for most of drugs in humans
and animals were mainly associated with the metabolic enzymes
and transporters such as P-glycoprotein (P-gp).7 It was found that
the expression levels of the CYP1A1, CYP1A2, 2B4, 2C5 and 2C16
proteins in animals were signicantly reduced aer acute hypoxic
exposure, and the activity and protein expression of CYP3A6 and
P-gp were signicantly increased.22 The studies also showed that
the activities of CYP2D6 and CYP3A4 were reduced, the CYP1A2
activity was increased, and the CYP2C19 activity was not changed
for those healthy volunteers who had entered the plateau of 4559
m for 24 hours, resulting in alteration of pharmacokinetics.23

ZAL has been widely used in treatment of the chronic or
acute transient insomnia in clinical practice for several years.2

The studies have focused on its effects in decreasing sleep
latency. ZAL-treated subjects with either chronic or transient
insomnia have experienced shorter periods of sleep latency
than that of the placebo-treated subjects.2,3 Tolerance to ZAL
does not appear to occur, nor do rebound insomnia or with-
drawal symptoms aer stopping treatment. ZAL is found to be
extensively metabolized and rapidly eliminated in humans.24

The pharmacokinetic data indicate that ZAL is absorbed rapidly
and reaches peak plasma concentration in about 1 hour. The
half-life is approximately 1 hour in humans at normoxic
conditions. The metabolites of ZAL mainly included 5-oxo-ZAL
and desethyl-ZAL in humans and animal species. In humans
andmonkeys, the major metabolite of ZAL is the 5-oxo-ZAL, and
in rats and mice the major metabolite is the N-desethyl-ZAL
(M1). The transformation of ZAL to desethyl-ZAL and 5-oxo-
ZAL are suggested to be mediated by the cytochrome P450
enzyme including CYP3A1/2 and CYP3A4.25–28

Our ndings demonstrated that hypoxia could markedly
increase the absorption and in vivo exposure of ZAL in rats.
Compared with the normoxic group, the values of AUC and Cmax

were signicantly higher in the H3 rats than that in the nor-
moxic rats. The parameter Vd and CL were signicantly lower in
the H3 group than those in the control group. Generally, the
alterations of the in vivo metabolic process and pharmacoki-
netics for most of drugs in humans and animals were related
with the CYP3A and some transporters such as P-gp. But for the
drug ZAL, the P-gp is not the major factor for affecting the in
vivo drug exposure because ZAL belongs to the rst-order
kinetic process in vivo transportation.7,29,30 Our studies indi-
cated that the signicant changes existed in the absorption,
distribution and excretion of ZAL under the low O2 environment
were formed from the in vivo acute systemic hypoxia that down-
regulated the expression level of the selected CYP3A protein and
inhibited the activity of the metabolic enzyme, resulting in
alteration of the in vivo disposition and kinetics of ZAL in rats.

Hypoxia usually alters peripheral vasoconstriction; venous
return and drug enzymes, eventually leading to blood ow and
drug metabolic changes. Our studies indicated that hypoxia
could markedly change the pharmacokinetic characteristics of
some drugs.9–12 The present results also showed that there were
an increase of AUC and Cmax of ZAL in hypoxic rats via
This journal is © The Royal Society of Chemistry 2017
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inhibiting the activities and expression of the CYP3A1/2
proteins, suggesting that CYP3A1/2 may play a key role for
pharmacokinetic change under hypoxia. Thus, even application
of the treatment doses, an increased effect and toxic reaction
may be appeared in hypoxic or high altitude environment. This
paper reports, for the rst time, the data on the pharmacoki-
netic characteristics and metabolic mechanism of ZAL under
hypoxia. Our data provides very valuable information to guide
the clinical usage in the hypoxic and high altitude medicine, as
well as a better understanding of safety and efficacy of the drug.
Conclusion

In this paper, for the rst time, the effect of hypoxia on the
pharmacokinetics and metabolism of zaleplon as a probe of
CYP3A1/2 activity was studied. A LC-MS/MS method has been
developed for determination of ZAL in rat plasma. The perfor-
mance criteria for the precision and accuracy, recovery and
matrix effect, sensitivity, linearity and stability have been
assessed and were within the FDA recommended guidelines.
The results indicated that this method could be successfully
used for the pharmacokinetic studies of ZAL between hypoxia
and normoxic rats. Our study indicated that the low oxygen
environment could cause the inhibition of rat liver CYP3A1/2
enzyme expression and activity, resulting in enhancement of
the systematic exposure and reduction of the elimination of
ZAL. Thus, even application of the treatment doses, an
increased effect and toxic reaction may be appeared in hypoxic
or high altitude environment, which is worth noting the safety
of the drug in hypoxic clinical medication.
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