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 Background: This study aimed to evaluate the adverse effects of various doses of nicotine and protective effects of differ-
ent concentrations of g-tocotrienol (g-TCT) on in vitro embryonic development and lipid peroxidation in mice.

 Material/Methods: A) Effects of various doses of nicotine on in vitro embryonic development: Female mice were treated with 1.0, 
3.0, or 5.0 mg/kg/day nicotine for 7 consecutive days. Animals were superovulated, cohabited overnight, and 
sacrificed. Embryos were cultured in vitro. Plasma was assayed. B) Effects of concomitant treatment of nico-
tine concurrently with various doses of g-TCT on in vitro embryonic development: Female mice were treated 
with nicotine (5.0 mg/kg/day), gavaged g-TCT of 30, 60, or 90 mg/kg/day or nicotine concurrently with g-TCT 
of 3 different doses for 7 consecutive days. Animals were superovulated, cohabited overnight, and sacrificed. 
Embryos were cultured and plasma was assayed.

 Results: A) Effects of various doses of nicotine on in vitro embryonic development: Number of hatched blastocysts de-
creased in 1.0 and 3.0 mg/kg/day nicotine groups. Nicotine at 5.0 mg/kg/day stopped embryo development at 
morula. MDA concentrations increased following all nicotine doses. B) Effects of concomitant treatment of nic-
otine concurrently with various doses of g-TCT on in vitro embryonic development: Embryo development was 
completed in all groups. MDA concentration increased only in the group treated with nicotine concurrently with 
30 mg/kg/day g-TCT.

 Conclusions: Nicotine impairs in vitro embryo development and increases MDA in plasma. The deleterious impact of nico-
tine on embryo development is reversed by supplementing g-TCT concurrently with nicotine.
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Background

The effects of oxidative stress induced by nicotine have been 
reported to cause damage to the membrane structure even at 
the chromosomal level [1] and ultrastructural level [2], which 
subsequently alter multiple physiological processes such as oo-
cyte maturation [3], fertilization and preimplantation embry-
onic development [4–6], implantation [7], as well as pregnan-
cy and fetal outcome [5]. Oxidative stress occurs as a result of 
an interrupted balance between reactive oxygen species (ROS) 
such as O2, H2O2 or OH–, and endogenous antioxidants such as 
glutathione peroxidase (GP), superoxide dismutase (SOD) or 
catalase [8]. In health, these 2 systems usually remain in bal-
ance. Another type of antioxidant is exogenous antioxidants 
or non-enzymatic antioxidants such as vitamins A, C and vi-
tamin E derivatives, including tocopherols and tocotrienols, 
which are only available in the form of dietary supplements.

Our previous study showed that nicotine-induced oxidative 
stress on pregnant mice is possibly mediated through lipid 
peroxidation [4]. In female reproduction, lipid peroxidation is 
associated with impaired mitochondrial functions and inhibi-
tion of antioxidant enzymes [9], which subsequently results 
in impaired oocyte ultrastucture [2], oocyte maturation failure 
[3], altered tubal embryo transport to the uterus for implan-
tation [7], arrested preimplantation embryonic development 
[4], and extended length of gestation with altered pregnan-
cy outcome [5].

Recently, g-TCT [10], a vitamin E derivative, has come to be 
regarded as a potent lipid antioxidant [11]. The additional 3 
double bonds in its side chain allow tocotrienols to be more 
mobile in cellular membranes, which gives them specific bio-
logical and therapeutic properties. In an oocyte ultrastructur-
al study conducted by our group, g-TCT was found to repair 
nicotine-induced ultrastructural damage of the preovulatory 
oocyte by retaining its shape and smooth boundary of zona 
pellucida with tight perivitelline space [2]. In another study, g-
TCT supplementation was found to increase the number of re-
trieved 2- and 4-cell stage embryos with improved pregnancy 
rate and pregnancy outcome in rats [5]. Antioxidative effects 
of g-TCT have also been documented in a hypercholesterol-
emic study [12] and in human diseases [13].

The effective dosage and duration of nicotine treatment in al-
tered in vitro embryo development, implantation of blastocysts 
and pregnancy outcome [4–6], as well as the optimal benefi-
cial dosage of tocotrienol in reversing the deleterious impact 
of nicotine on reproductive processes [5,6], are not complete-
ly understood. Therefore, our study was carefully designed to 
optimise the dosage and duration of nicotine treatment in al-
tered embryo development and its reversal by tocotrienol. The 
selective doses of nicotine used were 1.0, 3.0, or 5.0 mg/kg/day 

for 7 consecutive days to evaluate in vitro development of em-
bryos and the level of lipid peroxidation. To optimize the ben-
eficial effect, doses of 30, 60, or 90 mg/kg/day of g-tocotri-
enol were evaluated.

Material and Methods

A) Effects of various doses of nicotine on in vitro 
embryonic development

Thirty-two 4–6-week-old (25–30 g) female mice (Mus muscu-
lus) were equally divided into groups and injected subcuta-
neously (s.c.) with either 0.9% saline or nicotine at a dose of 
1.0, 3.0, or 5.0 mg/kg/day for 7 consecutive days. Twenty-four 
hours later, mice were superovulated by injecting (s.c.) PMSG 
(5 IU) and 48 hours later by intraperitoneal injection of hCG 
(5 IU). Animals were cohabitated overnight with fertile male 
mice at a 1: 1 ratio and sacrificed at 48 hours post-coitum.

Sample collection

Blood samples were collected via cardiac puncture, centrifuged 
(2500 rpm, 4°C for 15 minutes) and plasma samples were fro-
zen at –70°C until analyzed. Fallopian tubes were excised and 
embryos were flushed under a dissecting microscope (Leica 
Zoom 2000, Japan), categorized, and counted.

Embryo culture

Normal and abnormal embryos were categorized according to 
the criteria set by Ertzeid and Storeng [14]. Only good qual-
ity embryos were cultured. The embryos were cultured in a 
35-mm culture dish filled with 100 µl droplets of Whitten’s 
medium (Sigma Chemical Co., USA) overlaid with mineral oil 
(Sigma, USA). Cultures were maintained in a humidified at-
mosphere containing 5% CO2 and 95% air at 37°C for 5 days. 
Assessment of embryonic development was made under the 
reverse phase (Leica IRB, Japan) and inverted microscope 
(Olympus 1X81 SF-3, Japan).

Determination of MDA in plasma

Plasma samples were processed accordingly for evaluation of 
MDA levels using the thiobarbituric acid reactive substances 
(TBARS) method [15]. The absorbance was measured photo-
metrically at 532 nm and the concentrations were expressed 
as nanomoles MDA per gram protein (nmol/g).

Statistical analysis

Data were analyzed using the SPSS package program (SPSS 
17.0, Chicago, IL, USA). The Kolmogorov-Smirnov test was used 
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to test the normality of data distribution. Statistical methods 
included paired and unpaired 2-tailed Student’s t-test with 
normal distribution. All continuous variables are expressed 
as mean ±SEM. A p value of <0.05 or <0.001 was considered 
statistically significant.

B) Effects of concomitant treatment of nicotine 
concurrently with various doses of g-TCT on in vitro 
embryonic development

Sixty-four 4–6-week-old (25–30 g) female mice were housed 
in polyurethane cages at 27°C with a 12-hour light-dark cy-
cle. Animals were given food pellets and water ad libitum and 
divided into 8 groups of 8 animals each. Animals in groups 1 
(G1) and 2 (G2) received daily subcutaneous injection of 0.9% 
saline or nicotine (5.0 mg/kg/day) for 7 consecutive days. 
Animals in groups 3, 4, and 5 were gavaged with 30 (G3), 60 
(G4) or 90 (G5) mg/kg/day g-TCT (Golden Hope) for 7 consec-
utive days. Animals in groups 6, 7, and 8 received concomitant 
treatment of nicotine (5.0 mg/kg/day) and 30 (G6), 60 (G7), or 
90 (G8) mg/kg/day g-TCT for 7 consecutive days. The follow-
ing day, animals were superovulated using PMSG followed by 
hCG [Intervet, Holland], mated with fertile males, and sacri-
ficed at 48 hours post-coitum.

Sample collection, embryo culture, determination of MDA and 
statistical analysis were done as described previously.

Results

A) Effects of various doses of nicotine on in vitro 
embryonic development

Figure 1 shows the number of preimplantation embryos de-
veloped in mice following nicotine treatment at a dose of 1.0, 
3.0, or 5.0 mg/kg/day for 7 consecutive days. The number of 
hatched blastocysts were decreased in the 1.0 mg/kg/day 
(1.63±0.18, p<0.001) and 3.0 mg/kg/day nicotine-treated groups 
(0.88±0.3, p<0.001), respectively, compared to their respec-
tive controls (3.5±0.34), while embryos in the 5.0 mg/kg/day 

nicotine-treated group stopped developing at the morula stage 
(1.75±0.77, p<0.05). Nicotine at 5.0 mg/kg/day for 7 consec-
utive days was therefore considered to be the most effective 
dose to attenuate development of the preimplantation embryos.

B) Effects of concomitant treatment of nicotine 
concurrently with various doses of g-TCT on in vitro 
embryonic development

Figures 2–4 show the number of embryos developed in ani-
mals treated with nicotine (5.0 mg/kg/day) and a concurrent 
supplementation of g-TCT at 30 (Figure 2), 60 (Figure 3), and 
90 (Figure 4) mg/kg/day for 7 consecutive days. In all the 3 
combined treatment groups, development of the preimplan-
tation embryos was completed at hatched blastocysts, unlike 
the only nicotine-treated embryos where the embryo develop-
ment was found to be completely ceased at the morula stage. 
These results indicate that g-TCT at all 3 trial doses could ef-
fectively reverse the deleterious impact of nicotine on in vitro 
development of embryos.

Figure 2 shows embryo development between G1 and G2. In 
G1 (control), the number of 1–4 cells retrieved embryos was 
16.33±0.4, whereas in G2 (nicotine of 5.0 mg/kg/day) the num-
ber of 1–4 cells embryos was significantly lower (7.38±3.1, 
p<0.05). This decreasing trend in the number of embryos in-
duced by nicotine as compared to its control also applied to 
4–8 cells (3.0±0.7 [treated] vs. 8.67±0.9 [control] p<0.05), 8–16 
cells (2.0±0.6 [treated] vs. 7.17±0.9 [control] p<0.05), and at 
the morula stage (1.75±0.6 [treated] vs. 5.83±0.8 [control] 
p<0.05). No blastocysts were found in G2 on day 5 of in vitro 
culture. Conversely, supplementation of g-TCT (30 mg/kg/day) 
along with nicotine, allowed morulae to turn into blastocysts 
(5.0±0.4 [treated] vs. 4.83±1.4 [control]), and the number of 
hatched blastocysts was found to be 3.0±0.4 compared to con-
trols (4.67±0.7). A significant difference was also found in the 
number of 4–8 cell embryos in this g-TCT supplemented group 
(13.67±0.7 [treated] vs. 8.33±1.9 [control]).

Figure 3 shows results of G2 and G7. In G2 (nicotine of 5.0 
mg/kg/day), the number of 1–4 cell retrieved embryos, 4–8 cells, 
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Figure 1.  Number of preimplantation embryos 
developed following different doses 
of nicotine in mice. a – p<0.05, 
b – p<0.001.
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8–16 cells, and morulae count were significantly lower than 
their respective controls. Moreover, preimplantation embryo 
development was ceased at the morula stage. No blastocysts 
were found in G2. On the other hand, in G7 (nicotine + 60 mg/
kg/day g-TCT), the number of morulae that turned into blas-
tocysts was 5.25±0.6 (3.83±0.8 control) and the number of 
hatched blastocysts was 2.5±0.3 (2.33±0.4 control), respectively.

Figure 4 shows results of G2 and G8. In G2, the number of 
1–4 cell retrieved embryos, 4–8 cells, 8–16 cells, and mor-
ulae were significantly lower than their respective controls. 
Preimplantation embryo development ceased at the morula 
stage. However, in G8 (nicotine + 90 mg/kg/day g-TCT), the 
number of morulae that turned into blastocysts was 6.1±2.1 
(4.83±0.9 control) and the number of hatched blastocysts was 
3.5±1.5 (3.0±0.7 control).Various doses of nicotine and plas-
ma levels of MDA in mice.

Figure 5 shows plasma levels of MDA following different doses of 
nicotine treatment. Plasma MDA concentrations were found to be 
significantly higher in all 3 nicotine-treated groups: 1.0 mg/kg/day 
(326.4±20.7 nmol/g, p<0.001), 3.0 mg/kg/day (416.9±46.0 nmol/g, 
p<0.05), and 5.0 mg/kg/day (589.5±49.9 nmol/g, p<0.05), respec-
tively, compared to control (163.5±28.8 nmol/g). Plasma levels of 
MDA in the nicotine plus g-TCT supplemented mice.Plasma MDA 
concentration was significantly higher in animals of G2 (589.5±49.9 
nmol/g) compared to control animals of G1 (294.3±23.1 nmol/g, 
p<0.001). A significant increase in plasma MDA was also record-
ed in animals of G4 (188.3±27.9 nmol/g) compared to its control 
G3 (106.1±6.9 nmol/g, p<0.05), suggesting that concomitant ad-
ministration of g-TCT at a dose of 30 mg/kg/day concurrently with 
nicotine (5.0 mg/kg/day) was not enough to neutralize levels of 
prooxidants in plasma induced by nicotine. However, reduction of 
plasma MDA concentration almost back to its control level (G5) 
by g-TCT of 60 mg/kg/day (G6) suggests that g-TCT of 60 mg/kg/
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day could be an appropriate dosage in neutralizing nicotine-in-
duced lipid peroxidation (MDA level). An increased dose of g-TCT 
at 90 mg/kg/day (G8) concurrently with nicotine showed almost 
identical results as recorded between G6 and G5.

Discussion

Nicotine has been selected as the toxicant for evaluation as it 
is known from numerous epidemiological studies that nicotine 
from tobacco smoking may exert a variety of adverse impact 
on reproductive outcomes [16,17]. It seems that no system-
atic study has yet assessed the dose-related beneficial effects 
of g-TCT over the nicotine-induced cessation of preimplanta-
tion embryonic development in mice.

In the present study, 1410 embryos were retrieved, of which 69.1% 
were found to be normal according to the criteria set by Ertzeid 
& Storeng [14]. Following nicotine of 5.0 mg/kg/day for 7 days, 
the percentage of retrieved normal embryo was significantly re-
duced to 39.5% compared to control (70.6%). However, compared 
to nicotine-treated retrieved normal embryos (39.5%), a signif-
icantly higher percentage (73.8%) of retrieved normal embryos 
was evident following concomitant supplementation of g-TCT 
concurrently with nicotine. This higher percentage of normal re-
trieved embryos as a result of concurrent supplementation of g-
TCT with nicotine agrees to some extent with other studies [5,18].

Lockman et al. [19] detected almost identical levels of plasma 
nicotine between heavy smokers and rats treated with nicotine 
at a dose of 4.5 mg/kg/day. Moreover, nicotine at 5.0 mg/kg/day 
for 4 consecutive days reduced the number of blastocysts in 
rats [20]. Effects of various doses of nicotine over a period of 7 
days show that the number of hatched blastocysts decreased 
in both 1.0 mg/kg/day (1.63±0.18, p<0.001) and 3.0 mg/kg/day 
nicotine-treated groups (0.88±0.3, p<0.001) compared to their 
respective control (3.5±0.34). But in the 5.0 mg/kg/day nicotine-
treated animals, embryos stopped developing at the morula 
stage (1.75±0.77 vs. 3.5±0.34, p<0.05). Significant differences 
in the developmental stages of 1–4, 4–8, 8–16 cells, morulae, 

blastocysts, and hatched blastocysts were also evident in the 
nicotine-treated embryos (Figure 1). Our results of delayed em-
bryonic cleavage confirmed the findings of other researchers 
[4–6]. A previous study reported that embryos in rats devel-
oped only up to the 4-cell stage when exposed to nicotine for 
30 consecutive days [5]. Nicotine exposure for a similar peri-
od in mice is found to prevent blastocyst formation on day 4 
in in vitro culture [6]. Delayed embryo cleavage as a result of 
nicotine exposure is considered in inducing complications in 
pregnancy because it may lead to a delayed blastocyst implan-
tation as a result of delayed loss of zona pellucida, the growth 
of the inner cell mass [21], or prolonged gestation [5]. Nicotine 
has been found to be carried within the embryo during preim-
plantation embryonic development [22] and possibly results 
in delayed blastocyst implantation and prolonged gestation.

Apart from cessation of in vitro embryo development, nicotine 
at 1.0, 3.0, or 5.0 mg/kg/day was also found to elevate plas-
ma MDA, an indicator of oxidative stress (OS), confirmed by 
others [5,6,22]. Therefore, nicotine-induced impaired in vitro 
embryo development could possibly be the result of free radi-
cal-induced OS. Embryos grew to blastocysts and hatched fol-
lowing concomitant supplementation of g-TCT, a proven anti-
oxidant [5,23,24], concurrently with nicotine.

Moreover, we are possibly the first to report that 60 mg/kg/day 
g-TCT,(the optimum concentration) can effectively reverse nic-
otine-induced altered in vitro embryo development by sup-
pressing the level of OS.

Conclusions

A dose of 5.0 mg/kg/day nicotine for 7 consecutive days stops in 
vitro preimplantation embryo development. However, concom-
itant treatment of g-TCT at an optimal dose of 60 mg/kg/day 
concurrently with nicotine consistently maintains in vitro em-
bryo development, as evident in controls.
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