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Abstract
Aim: To investigate the alterations of placental P-glycoprotein (P-gp) and cyto-
chrome P450 1A1 (CYP1A1) at different gestational days (GD), and to explore the
possible significance of placental P-gp and CYP1A1 in tobacco smoke-induced
intrauterine growth retardation (IUGR) in rats.  Methods: An IUGR model was
produced by passive tobacco smoking from GD 7 to parturition (GD 21) and pre-
dicted using fetal development parameters.  Placental structure and function were
monitored by observing pathological alteration and antioxidative function, in-
cluding the content of malondialdehyde and the activities of superoxide dismutase
and catalase (CAT).  The expressions of CYP1A1 and P-gp (mdr 1a and mdr 1b)
were detected using a reverse transcription polymerase chain reaction and
immunohistochemistry.  Results: Placental pathological changes occurred and
the malondialdehyde content increased, whereas the activities of superoxide
dismutase and CAT lowered, when compared to their controls.  In the rat placenta
of the tobacco group, the level of CYP1A1 mRNA increased significantly; the
level of  mdr1a mRNA increased significantly at GD 21 but not at GD 14, whereas
the level of  mdr1b mRNA in different term remained stable; the expression of P-gp
increased significantly only in full-term placenta.  Conclusion: The expression of
placental CYP1A1 and P-gp increased in tobacco-induced IUGR.  Overexpression
of  placental CYP1A1 can attribute to the metabolism of tobacco and the genera-
tion of reactive metabolites, which can trigger IUGR.  As a compulsory mechanism,
upregulation of P-gp might decrease tobacco exposure to a developing fetus with
IUGR.
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Introduction
There is ample epidemiological evidence that individuals

with intrauterine growth retardation (IUGR) carry an increased
risk of prenatal morbidity and mortality[1] and that those born
with IUGR are at a much greater risk of a wide range of medi-
cal problems, such as mental handicaps and neurobehavioral
disorders[2,3].  There are various possible causes of patho-
logically induced IUGR, and it is reported that some
xenobiotic exposure during pregnancy, including to tobacco
and drugs, could be attributable to IUGR[4,5].  Clinically, there
is no generally accepted effective treatment at present and,
therefore, the understanding of the mechanisms for control-

ling fetal growth and the causes for IUGR induced by
xenobiotics is extremely important in the development of
therapeutic options.

The placenta is the organ responsible for the transfer of
nutrients and waste products between the fetal and maternal
circulations, and plays a pivotal role in fetal growth[6]. The
placenta receives oxygen from the maternal circulation and
is positioned in an oxygen gradient between the mother and
fetus.  The placenta provides a link between the circulations
of 2 distinct individuals, but also acts as a barrier to protect
the fetus from xenobiotics in the maternal blood.  Animal
studies, such as embryo transplant and cross breeding
experiments, have shown that, unlike postnatal growth, the
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growth of the fetus is controlled predominately by the uter-
ine environment, and not by fetal or maternal genetic factors[7].
Therefore, placental dysfunction can have an important ef-
fect on fetal intrauterine development and can lead to fetal
diseases such as IUGR.

The placenta can perform xenobiotic transportation and
biotransformation.  The transfer of foreign chemicals across
the placenta can be modified by metabolism in the placenta
itself.  The extent to which drugs cross the placenta is also
modulated by the actions of placental phase I and II drug-
metabolizing enzymes.  Cytochrome P450 enzymes in par-
ticular have been well characterized in the placenta at the
level of mRNA, protein, and enzyme activity[8].  In some cases,
however, the enzymes can activate exogenous compounds,
making them toxic to the fetus[6].  Cytochrome P450 1A1
(CYP1A1) exists mainly in extra-hepatic tissue, and can acti-
vate some xenobiotics with possible deleterious effects.  The
alteration in CYP1A1 expression, for example, as a result of
inducers/inhibitors or maternal diseases, could potentially ad-
versely affect placental function and pregnancy outcome[9].
Studies show that CYP1A1 expresses in the placentas of
women who are exposed to cigarettes[6].  However, little is
known about the possible changes of placental CYP1A1 ex-
pression over the course of pregnancy and its roles in IUGR
formation.

Some drugs are pumped across the placenta by various
active transporters located on both the fetal and maternal
side of the trophoblast layer, and instances of drug-induced
birth defects have been in part blamed on the placenta’s
apparent ‘leakiness’ to maternal blood-borne agents[8].  The
impact of active transporters such as P-glycoprotein (P-gp)
on the disposition of drugs has been demonstrated in some
studies[10–12].  P-gp, which is encoded by the mdr gene, is a
membrane transport protein that functions as an efflux pump
for various cytotoxic compounds and, therefore, reduces the
intracellular concentrations of these compounds[10].  Stud-
ies suggest that P-gp of the trophoblast cells is involved in
the function of the blood–placental barrier and is necessary
in reducing fetal drug exposure[11,12], although little is known
about the expression of placental P-gp in different gesta-
tional time and its significance to IUGR.

It is difficult to correlate toxic chemicals and their trans-
portation and metabolism in the human placenta with IUGR.
The rat placenta is morphologically and histologically simi-
lar to the human one; both of them are of the same
hemochorial type.  Therefore, a rat model of IUGR estab-
lished by tobacco smoking is useful in providing us with
information about the relationships among xenobiotics, pla-
cental transportations/metabolisms, and IUGR.  To under-

stand the toxic mechanism of tobacco in IUGR formation, in
the present study, the alterations of placental CYP1A1  and
P-gp  expressions were investigated in IUGR rats, so as to
explore the possible significance of placental CYP1A1 and
P-gp in tobacco-induced IUGR.

Materials and methods

Chemicals  Thiobarbituric acid (TBA) and 5, 5'-dithio-2,
2'-dinitrobenzoic acid were obtained from Sigma.  Trizol re-
agent was obtained from Molecular Research Center and
One Step RNA PCR Kit was obtained from TaKaRa
Biotechnology.  Oligonucleotide primers were custom syn-
thesized by Sangon Biological Engineering Technology.
Rabbit anti-rat mdr1 and streptavidin-peroxidase (SP) reagent
were obtained from BOSTER Biotechnology.  All other chemi-
cals and reagents were of analytical grade.

Animals  Specific pathogen free(SPF) Wistar rats with
the weights of 190±18 g (female)/280±23 g (male) were ob-
tained from the Experimental Center of Medical Scientific
Academy of Hubei (China, No 2003-0005).  Virgin female and
male rats were left undisturbed for 5 d and then subjected to
experimental conditions.  Overnight, every 2 females was
mated up with 1 male rat and the occurrence date of a vaginal
plug was considered as gestational d 0 (GD 0).  Pregnant
rats were then housed 1 per cage in an environment of con-
stant temperature (21±2 °C) and relative humidity (50%±10%)
with a 12 h L:D cycle.  Ad libitum access to a standard diet
and water was permitted.  The study protocol was in accor-
dance with the guidelines for animal research and was ap-
proved by the Ethical and Research Committee of Wuhan
University.

Tobacco smoke exposure  On GD 7, pregnant rats were
allocated to either a control group or a tobacco group.  A rat
IUGR model was processed, with modification, according to
the procedure of Younoszai and Li[13,14].  From GD 7 till partu-
rition (GD 21), at 8:00, 11:00, 14:00, and 17:00, four pregnant
rats from the tobacco group were subjected to cigarette smoke
in a chamber measuring 40 cm×28 cm×18.5 cm for 15 min,
with the gross smoke concentration set at 9 g·m-3.  The tar
and nicotine yields of commercial cigarettes were 15 and
1.1 mg per cigarette, respectively.  The control group was
sham-treated; that is, a group of 4 pregnant rats were in the
same chamber without cigarette smoke for 15 min.  The preg-
nant rats were weighed at GD 0, GD 7, GD 14, and GD 21.
Animals were killed at 8:00 on GD 14 and GD 21, correspond-
ing to mid and late gestational time[15].  Each feto-placental
unit was removed quickly from the uterus and placenta speci-
mens were excised, rinsed with cold saline, immediately fro-



Http://www.chinaphar.com Yan YE et al

1389

zen in liquid nitrogen and stored at -80°C until used.  Pla-
centa weight and fetal development parameters (fetal body
and organ weights, and fetal body and tail lengths) were
recorded.

Placental pathomorphological observations and immu-
nohistochemistry  Fresh placentas were put into 4%
paraformaldehyde in phosphate buffered saline (PBS) for
24 h.  The fixed placental samples were processed using stan-
dard histological techniques and stained with hematoxylin
and eosin.  The slides were observed using light microscopy
(Axiopstar PLUS).

Routine immunohistochemistry SP method was carried
out.  The paraffin slides were deparaffinized with xylene and
rehydrated in a graded series of ethanol.  To quench endog-
enous peroxidase activity 0.3% H2O2 was added for 10 min,
and preimmune goat serum was used to block non-specific
binding sites.  Sections were then incubated at 37 °C for
20 min with a rabbit polyclonal anti-mdr1 antibody diluted in
PBS (1:100).  The slides were then incubated at 37°C for 15
min with an anti-rabbit secondary antibody and visualized
with a DAB chromatogen system.  PBS substituted for anti-
mdr1 antibody for negative staining control.  The slides were
observed under light microscopy (Axiopstar PLUS) and the
average gray level was measured using Photo Imaging Sys-
tem (HMIAS-2000).  The quantitative stereology was per-
formed in triplicates with 5 fields in each slide.

Tissue biochemical analysis  Placentas at GD 21 were
homogenized with saline to be 10% (w/v) homogenates.  Af-
ter the homogenates were centrifuged at 200×g for 10 min,
the supernatants were centrifuged at 9 000×g for 20 min and,
finally, collected and stored at -30 °C for the further assays.
Placental protein concentrations were determined using the
Lowry method[16], with the bovine serum albumin (BSA) as
standard.  The extent of lipid peroxidation was detected by
measuring malondialdehyde (MDA) content using TBA ac-
cording to a modified procedure described by Ondrejickova
et al[17].  The activities of superoxide dismutase (SOD) and
catalase (CAT) were measured as described above[18, 19].

Preparation of placental total RNA  Total RNA was iso-
lated from the frozen placentas according Trizol reagent

instructions.  The protocol involved disruption of cells,
denaturation of nucleoprotein complexes, inactivation of
endogenous ribonuclease (RNase) activity and, finally,
removal of proteins and degradation of residual DNA by
nuclease digestion.  The concentration and purity of RNA
were determined using a spectrophotometer (UV-1601,
Shimadzu) and adjusted to 1 µg/µL.  Total RNA was stored
in DEPC-H2O at -80 °C until used.

Semiquantitative reverse transcriptase-polymerase
chain reaction  The cDNA synthesis and polymerase chain
reaction (PCR) amplification were produced in 1 step using
Promega’s reverse transcriptase-polymerase chain reaction
(RT-PCR) System.  Different primers and  PCR  products are
shown in Table 1.  The final concentrations of reagents in
the RT-PCR reaction system were as follows: 1×One Step
RNA PCR buffer, 5 mmol/L MgCl2, 1 mmol/L of each dNTP,
0.8 U/µL RNase inhibitor, 0.1 U/µL avian myeloblastosis
virus (AMV) RTase XL, 0.1 U/µL AMV-optimized Taq,
0.4 µmol/L of each primer, and 0.02 U/µL placenta RNA in
each 50 µL reaction volume.  For quantitative analysis of
mRNA expression, the housekeeping gene cyclophilin, an
internal loading control[22], was used to amplify together with
the specific target gene in 1 tube.  RT-PCR reactions were
carried out in a thermal cycler: 50 °C for 30 min for reverse
transcription, then 94 °C, 2 min for RT inactivation; finally
72 °C, 5 min for a terminal elongation step following the am-
plification cycles.  PCR cycling conditions were as follows:
94 °C, 30 s; 62 °C, 45 s; 72 °C, 30 s, 45 cycles for CYP1A1.
94 °C, 30 s; 54 °C, 60 s; 72 °C, 30 s, 30 cycles for mdr1a.  94 °C,
30 s; 56 °C, 20 s; 72 °C, 30 s, 25 cycles for mdr1b.  DEPC-H2O
substituted for placental RNA for negative control.  An ali-
quot (4 µL) of the RT-PCR reactions was separated on a 1.5%
agarose gel containing ethidium bromide, visualized under
UV light, photographed, and analyzed by densitometry us-
ing Photo Documentation and Imaging System (Bio-1D).  The
expression level of target gene mRNA was shown as the
ratio of the intensities of the target-specific band and the
CYC band individually.

Statistical analysis  The experimental results were ex-
pressed as mean±SD.  Statistical Packages for Social Sci-

Table 1.   Gene-specific oligonucleotide polymerase chain reaction (PCR) primers. CYP1A1 , cytochrome P450 1A1; CYC, cyclophilin .

     Gene              Forward primer                                               Reverse primer                            PCR product/bp      Reference

CYP1A1 CTGGTTCTGGATACCCAGCTG CCTAGGGTTGGTTACCAGG 331 [20]

mdr1a GATGGAATTGATAATGTGGAC AAGGATCAGGAACAATAAA 351 [21]

mdr1b GAAATAATGCTTATGAATCCCAAAG GGTTTCATGGTCGTCGTCTCTTGA 326 [21]

CYC CTTCGACATCACGGCTGATGG CAGGACCTGTATGCTTCAGG 265 [20]
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ences (SPSS) was used for data analysis.  Analysis of vari-
ance (ANOVA) was used for comparison of means of several
groups and χ-square analysis was performed to test for dif-
ferences in proportions of categorical variables between 2
groups.  The level of significance was set at P< 0.05.

Results

Maternal body weights  The change in pregnant rat body
weight is a useful, indirect indicator of physical development.
During the period of GD 7 to GD 21, there was a significant
decline in the body weight and percentage weight gain after
tobacco exposure (Figure 1).

Neonatal body weights and physical development indexes
Body weight was an important index for diagnosing IUGR
(IUGR was diagnosed by the standard that the mean body
weight in the treated group was less 2 standard deviations
than that in the control group)[23].  The offspring in the

tobacco group showed a lower average body weight (3.20 g)
than the control group (4.30 g) at GD 21, indicating fetal IUGR.
The ratio of IUGR increased to 44.74% (34/76) in the tobacco
group, whereas it was only 5.06% (4/79) in the control group.
In addition, the body and tail lengths, and liver and brain
weights of the tobacco group significantly lagged behind
those of control group at GD 21, with a suppression of
14.2 %, 8.9 %, 22.9 %, and 10.5 %, respectively (P<0.01)
(Table 2).

Placental pathomorphology  The rat placenta is com-
posed of 3 distinct zones: labyrinth, basal, and maternal
deciduas; where the labyrinth zone represents the main area
of maternal-fetal exchange.  According to our results, com-
pared to those in the control group (Figure 2A), the obvious
changes occurred in the labyrinth and basal deciduas of the
full-term placenta in IUGR rats, such as through interstitial
and endovascular hemorrhage in the labyrinth zone, and tro-
phoblast cells necrosis in the basal zone (Figure 2B).  Full-
term placental weight (0.39±0.08 g) of tobacco-induced IUGR

Figure 2.  Effects of prenatal tobacco exposure on placental pathomorphological changes at gestational d 21. A: control group; B: tobacco
exposure group. Black arrowheads indicate between labyrinth and basal zone. Hemorrhage in labyrinth zone and necrosis in basal zone are
represented by H and N, respectively. ×200.

Table 2.    Effects of prenatal tobacco exposure on the body weights
and physical development indexes of rats’ offspring on gestational
d 21. n=8. Mean±SD. cP<0.01 vs control group. IUGR, intrauterine
growth retardation.

       Indexes       Control                  Tobacco

Body weight/g 4.30±0.68 3.20±0.85c

Ratio of IUGR 5.06% (4/79) 44.74% (34/76)c

Body length/cm 3.87±0.26 3.32±0.32c

Tail length/cm 1.35±0.15 1.23±0.13c

Liver weight/mg 0.35±0.07 0.27±0.08c

Brain weight/mg 0.19±0.02 0.17±0.02c

Figure 1.  Effects of prenatal tobacco exposure on the percentage
of maternal body weight gain. n=8. Mean±SD. bP<0.05 vs control
group at gestational d 14 (GD 14). eP<0.05 vs control group at GD 21.
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rats decreased by more than that of the normal placentas
 (0.49±0.06 g).

Placental antioxidative system In the tobacco exposure
group, placental MDA content was significantly increased
by 50.0% (P<0.05), and the activities of SOD and CAT were
notably decreased by 58.2% and 30.6% (P<0.05, P<0.01), re-
spectively (Table 3).

Placental CYP1A1 mRNA expression No PCR product
for CYP1A1 mRNA was detected in normal placentas.
However, expression was detected in the placentas of the
tobacco exposure group; furthermore, the level at GD 21 was
approximately 1.39-fold higher than that at GD 14, with a faint
band (Figure 3).

Placental P-gp and  mdr1 mRNA expression Immuno-
histochemical analysis with anti-mdr specific antibody
showed strong positive staining in placenta trophoblasts

(Figure 4A–D).  The P-gp level at GD 14 in the tobacco group
(Figure 4B) was similar to that of the normal placenta

Table 3.    Effects of prenatal tobacco exposure on full-term placen-
tal antioxidative function in rats. n=8. Mean±SD. bP<0.05, cP<0.01
vs control group.

 Groups       Malondialdehyde         Superoxide             Catalase
                /mmol·mg-1 protein      dismutase          /k·mg-1 protein
                                                 /U·mg-1 protein

Control 30±6 3.9±1.2 0.62±0.16
Tobacco 60±14c 1.6±0.5c 0.43±0.07b

Figure 3.    Effects of prenatal tobacco exposure on expression of
placental CYP1A1  mRNA at different times by the quantitative re-
verse transcriptase-polymerase chain reaction using cyclophilin as
internal control (n=4 per treatment). Lane 1: control group at gesta-
tional d 14 (GD 14); lane 2: tobacco group at GD 14; lane 3: control
group at GD 21; lane 4: tobacco group at GD 21. cP<0.01 vs control
at GD 14. fP<0.01 vs control at GD 21.

Figure 4.    Effects of prenatal tobacco
exposure on the expression of P-glyco-
protein (P-gp) a t different t imes by
immuno-histochemistry. A: control
group at gestational d 14 (GD 14); B:
tobacco group at GD 14; C: control
group at GD 21; D: tobacco group at
GD 21. P-gp (arrow) was detected in the
developing labyrinth zone of the ra t
placenta. ×400.
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effect on the placenta that secondarily limits fetal growth.
The placenta is now viewed as a metabolic barrier rather

than a physical barrier[24].  The placenta can perform biotrans-
formation that occurs in the liver.  Numerous foreign com-
pounds reach the placenta through the maternal circulation
and placental tissue is capable of oxidizing several of them.
In present study, the expression of CYP1A1 mRNA was de-
tected in the placentas of the tobacco group, but not in the
normal placentas; furthermore, the expression of CYP1A1
mRNA was higher in full-term placentas than that in mid-
term placentas.  These results demonstrate that an increase
of CYP1A1 with environmental tobacco exposure is obvious
and that a time-response relationship exists during tobacco
consumption.  There are many well-known CYP1A1 induc-
ers in tobacco, and smoking is one important source of expo-
sure to them.  Increased CYP1A1 level might explain the
toxic mechanism because polyarylhydrocarbons can be
bioactivated by CYP1A1 and can generate reactive metabo-
lites[25].  Wu et al  found that placental and fetal tissues were
capable of metabolizing benzo(a)pyrene [B(a)P], albeit to a
lower extent, and that CYP1A1 was involved in metabolism
of inhaled B(a)P[26].  In addition, CYP1A1 can result in free
radical formation and lipid peroxidation, and then affect uter-
ine redox environment and fetal growth.  Oxidative stress
has been increasingly postulated as a major contributor to

(Figure 4A).  However, the level at GD 21 in the tobacco
group (Figure 4D) was higher than that of normal placenta
(Figure 4C), almost 1.24-fold higher (P<0.05).

The levels of mdr1a mRNA at GD 14 and GD 21 in the
placentas of tobacco groups were approximately 1.10-fold
and 1.32-fold higher than those in the normal placentas
(Figure 5).  mdr1b mRNA level, however, was not signifi-
cantly different between the 2 groups (Figure 6).

Discussion

The placenta, which is derived from both fetal and mater-
nal tissues, is considered the first fetal organ to be exposed
to exogenous substances and plays an important role in fe-
tal intrauterine development.  In the present study, gesta-
tional tobacco smoking resulted in significantly delayed fe-
tal growth, as indicated by the fetal development parameters,
especially fetal body weight.  Meanwhile, placental weight
decreased and obvious pathomorphological changes were
observed.  Our result showed that the content of MDA was
higher and the activities of SOD and CAT were lower in IUGR
placentas, suggesting a decreased ability of placental
antioxidative defense.  Therefore, these results suggest that
prenatal tobacco exposure has a specific and deleterious

Figure 5.    Effects of prenatal tobacco exposure on expressions of
placental mdr1a mRNA at different times by the quantitative reverse
transcriptase-polymerase chain reaction using cyclophilin as inter-
nal control (n=4 per treatment). Lane 1: control group at gestational
d 14 (GD 14); lane 2: tobacco group at GD 14; lane 3: control group
at GD 21; lane 4: tobacco group at GD 21. bP<0.05 vs control at
GD 21.

Figure 6.    Effects of prenatal tobacco exposure on expressions of
placental mdr1b mRNA at different times by the quantitative reverse
transcriptase-polymerase chain reaction using cyclophilin as inter-
nal control (n=4 per treatment). Lane 1: control group at gestational
d 14 (GD 14); lane 2: tobacco group at GD 14; lane 3: control group
at GD 21; lane 4: tobacco group at GD 21.
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dysfunction in IUGR[27], and our data indicates a decreased
ability of placental antioxidative defense.  The present find-
ing of significant upregulation of placental CYP1A1 mRNA
subsequent to prenatal tobacco exposure supports a hy-
pothesis that an elevated placental CYP1A1 level can be a
trigger for IUGR.

In P-gp, generally, mdr1a appeared to be the pharmaco-
logically most relevant isotype.  Schinkel et al  also indi-
cated that mdr1a was the critical placental P-gp in mice[28].  In
a study by Lin, Mdr1b was highly induced in the secretary
epithelium endometrium of the uterus in mice during preg-
nancy and might protect steroid secreting cells from poten-
tially damage[29].  In the present study, we analyzed P-gp
expression in the rat placenta during its maturation, using
the methods of immunohistochemistry.  Intensive immunore-
activity for P-gp was found in the developing labyrinth zone
of  normal placentas.  Furthermore, tobacco smoking induced
P-gp expression of the trophoblast cells only in full-term
placentas.  We examined the changes of mdr1 levels in dif-
ferent stages, using the RT-PCR method.  We found different
P-gp members displayed distinct inductive patterns.  Our
PCR data indicates that the expression of mdr1a gene tends
to increase from GD 14 to GD 21 in the normal placenta, which
correlates well with the results of  Novotna et al[30].  During
tobacco smoke exposure, a significant increase in the amount
of mdr1a mRNA has been observed at GD 21, although it
remained steady at GD 14.  The level of mdr1b almost
remained steady at GD 14 and GD 21 between control and
tobacco groups.  These results suggest that tobacco smoke
induced P-gp, especially mdr1a.  The different expressional
patterns of  mdr1a and mdr1b genes show that they were not
co-regulated during pregnancy and signified that the expres-
sion of both genes probably underlied different regulation
pathways, which is supported by the recent data of Lee[31,32].
P-gp was able to extrude a wide variety of structurally and
chemically unrelated compounds out of cells[33].  Researches
have selected B(a)P as a potential P-gp substrate[34].  There-
fore, we suspect that the higher expression of P-gp in rat
IUGR placenta might be caused by the pumping out of part
of the tobacco toxins, to decrease toxicity and, thus, to pro-
tect the fetus from potentially harmful xenobiotics during
tobacco exposure, which might be a compulsory mechanism
of IUGR.  However, we cannot exclude the possibility that
there exist some P-gp inducers in tobacco.  Further experi-
ments are needed to examine this possibility.

In summary, the present study has discussed the abnor-
mal alterations of placental morphology and function in to-
bacco-induced IUGR.  The expression of placental CYP1A1
and P-gp increased in tobacco-induced IUGR.  Overexpres-

sion of  placental CYP1A1 can contribute to the metabolism
of tobacco and can generate reactive metabolites, which can
be a trigger for IUGR.  However, upregulation of P-gp might
pump out part of the tobacco toxins, as a compulsory mecha-
nism of IUGR, to decrease tobacco exposure to the develop-
ing fetus.
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