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Objectives: Maternal smoking causes fetal underdevelopment and results in births

which are small for gestation age due to intrauterine undernutrition, leading to various

metabolic disorders in adulthood. Furthermore, postnatal high fat diet (HFD) consumption

is also a potent obesogenic factor, which can interact with maternal smoking. In this

study, we aimed to determine whether maternal HFD consumption during pregnancy can

reverse the adverse impact of maternal smoking and change the response to postnatal

HFD consumption.

Methods: Female mice were exposed to cigarette smoke (SE, 2 cigarettes/day) or

sham exposed for 5 weeks before mating, with half of the SE dams fed HFD (43%

fat, SE+HFD). The same treatment continued throughout gestation and lactation. Male

offspring from each maternal group were fed the same HFD or chow after weaning and

sacrificed at 13 weeks.

Results: Maternal SE alone increased body weight and fat mass in HFD-fed offspring,

while SE+HFD offspring showed the highest energy intake and glucose metabolic

disorder in adulthood. In addition, postnatal HFD increased the body weight and

aggravated the metabolic disorder caused by maternal SE and SE+HFD.

Conclusions: Maternal HFD consumption could not ameliorate the adverse effect of

maternal SE but exaggerate metabolic disorders in adult offspring. Smoking cessation

and a healthy diet are needed during pregnancy to optimize the health outcome in

the offspring.
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FIGURE 3 | Expression of energy metabolic regulators in fat tissue. mRNA expression of Cpt1α (A), Tnfα (B) in the white fat and, Ucp1 (C), and Ucp3 (D) in the

brown fat in the male offspring 13 weeks. Results are expressed as mean ± SEM. Data were analyzed by two-way ANOVA, followed by post-hoc LSD tests. *p <

0.05, postnatal HFD effect and #p < 0.05, maternal SE effect. %p < 0.05 vs. CHOW+SHAM-HFD and CHOW+SE-HFD.

increased muscle mass. However, this did not seem to lead to
an improvement in muscle metabolic function. Previous studies
suggested that Myod1 could promote transcriptional activation
to regulate the expression of muscle-specific genes, including
Myog, which plays a crucial role in the terminal differentiation
during myogenesis (28, 53). In this study, we found significantly
altered Myod1 expression but not Myog by maternal HFD+SE.
This may be an adaptation to prevent a reduction in muscle mass
by maternal SE, which is common in smokers (54). However, the
Myod1 changes in offspring from HFD+SE dams was reversed
by postnatal HFD consumption. This may be due to myogenesis,
as we observed in the other groups fed a HFD. However, further
studies are needed to examine the metabolic functions of the
muscle as well as mitochondrial function which is beyond the
scope of this study.

Whilst there was increased fat mass and unchanged fatty acid
metabolic marker Cpt1α, plasma TGwas not affected bymaternal
programming nor postnatal HFD consumption, which might be
due to the mouse strain specific. It has previously been shown
that with cigarette SE only during lactation, there were decreased
proteins levels of Ucp1 and Cpt1 and reduced sympathetic nerve
stimulation upon BAT in female adult rat (55). The same was
observed with the administration of isolated nicotine through
minipumps on the dams at the same period (56). Similarly, in
other rat model of SE only during lactation, SE group male adult
offspring did not changed insulinemia, despite higher serum
glucose levels, suggesting a pancreatic insulin secretory failure
(57). Nevertheless, it needs to be noted that none of the above
metabolic abnormalities were observed in the chow-fed offspring.
This highlights the importance of a healthy diet to prevent the
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FIGURE 4 | Expression of the metabolic regulator and myogenesis related gene in skeletal muscle tissue. Muscle mRNA expression of Pgc1α (A), Pgc1β (B), Myog

(C), and Myod1 (D) in the male offspring at 13 weeks. Results are expressed as mean ± SEM. Data were analyzed by two-way ANOVA, followed by post-hoc LSD

tests. *p < 0.05, postnatal HFD effect; %p < 0.05.

adverse impact ofmaternal programming onmetabolic outcomes
in adulthood. As this study was only performed with male mice,
it cannot be directly extended to the female offspring, due to the
sexual differences during maternal programming as shown by
the others (13, 58). In a similar model of SE, females offspring
showed increased glucose tolerance by maternal SE, which is
consistent with our founding (13). In addition, another study
showed that female offspring from the SE dams had lower levels
of anorexigenic neuropeptides, Cocaine-, and amphetamine-
regulated transcript and MSH, in their brains (59).

In conclusion, this study demonstrated that maternal SE
during pregnancy results in increased adiposity and worsened
metabolic disorders if the offspring are exposed to HFD after
weaning. The additional maternal exposure to HFD interacts
with SE which exacerbated metabolic disorders in the male
offspring by disrupting metabolic regulators. Therefore, both
quitting smoking and maintaining a healthy diet are vital for the
healthy future of the offspring.
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