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Abstract

Background: Obesity is an uncontrolled global epidemic and one of the leading global public health challenges.
Maternal exposure to ambient fine particulate matter (PM2.5) may adversely program offspring’s adiposity, suggesting a
specialized role of PM2.5 pollution in the global obesity epidemic. However, the vulnerable window for this adverse
programming and how it is cross-generationally transmitted have not been determined. Therefore, in the present
study, female C57Bl/6 J mice were exposed to filtered air (FA) or concentrated ambient PM2.5 (CAP) during different
periods, and the development and adulthood adiposity of their four-generational offspring were assessed.

Results: Our data show that the pre-conceptional but not gestational exposure to CAP was sufficient to cause male
but not female offspring’s low birth weight, accelerated postnatal weight gain, and increased adulthood adiposity.
These adverse developmental traits were transmitted into the F2 offspring born by the female but not male F1
offspring of CAP-exposed dams. In contrast, no adverse development was noted in the F3 offspring.

Conclusions: The present study identified a pre-conceptional window for the adverse programming of adiposity by
maternal exposure to PM2.5, and showed that it was maternally transmitted into the third generation. These data not
only call special attention to the protection of women from exposure to PM2.5, but also may facilitate the development
of intervention to prevent this adverse programming.
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Introduction
The World Health Organization (WHO) estimates that
more than 90% of the current world population still
live in places exceeding the WHO air quality guidelines
(www.who.int/phe/ publications/air-pollution-global-as-
sessment/en/). Ambient fine particulate matter (PM2.5)
is one of the criterion air pollutants. A big number of
studies have demonstrated that exposure to PM2.5

correlates with increased premature mortality and vari-
ous cardiopulmonary diseases [1]. The biological mech-
anism for these associations, however, has not yet been
fully understood. A focused scientific effort over the last
decade demonstrates that parental exposure to environ-
mental stressors may persistently impact offspring’s sus-
ceptibility to a variety of non-communicable diseases
including obesity, referred to as the developmental ori-
gins (or programming) of health and disease (DOHaD)
[2]. Notably, our studies and others’ strongly suggest that
maternal exposure to PM2.5 may be a “programming”
factor for obesity and persistently effect the offspring’s
health. Specifically, numerous epidemiological studies
have shown that maternal exposure to PM2.5 correlates
with a variety of developmental perturbation, from low
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birth weight to abnormal pubertal development [3–13].
As per the DOHaD paradigm, early-life perturbation is a
prerequisite for developmental programming [14]. Fur-
thermore, several epidemiological studies have investi-
gated the impact of maternal exposure to PM2.5 on
offspring’s susceptibility to obesity, and almost all of
them support that maternal exposure to PM2.5 is obeso-
genic [8, 15–19].
Toxicological studies also support that maternal ex-

posure to PM2.5 programs offspring’s susceptibility to
obesity. For example, in utero exposures to concentrated
ambient PM2.5 (CAP) or diesel exhaust decreases the
birth weight of newborn mice [20–26]. Maternal expos-
ure to ambient pollutants increases body weight of adult
offspring [20, 21] and aggravates their high fat diet-
induced obesity [27]. Consistent with these toxicological
studies, we previously demonstrated that maternal intra-
tracheal instillation of diesel exhaust PM2.5 (DEP) altered
offspring’s growth trajectory and increased their adult-
hood adiposity [28]. More importantly, we found that
maternal exposure to CAP throughout a 7-week pre-
conception period and the whole gestation and lactation
period significantly reduced offspring’s birth weight and
rendered male but not female offspring a marked in-
crease in adulthood adiposity [29]. Intriguingly, although
the gestation and lactation period is frequently identified
as a vulnerable window for developmental programming
by maternal exposure to environmental stressor [30, 31],
maternal exposure to CAP throughout the gestation and
lactation period only was insufficient to program off-
spring’s growth trajectory [29], warranting further study
to determine the vulnerable window for this adverse
programming. In addition, developmental programming
has frequently been shown to be multiple-generationally
transmissible, but whether the programming of off-
spring’s adiposity by maternal exposure to PM2.5 is
multi-generationally transmissible is not yet investigated.
Therefore, in the present study, female C57Bl/6 J mice
were exposed to filtered air (FA) or CAP during different
periods, and the development and adulthood adiposity
of their four-generational offspring were assessed.

Methods
Whole-body inhalation exposure to CAP and breeding
protocols
All the procedures of this study were approved by the
Institutional Animal Care and Use Committee at Fudan
University, and all the animals were treated humanely
and with regard for alleviation of suffering. C57Bl/6 J
mice (female, 3-week-old) were purchased from the Ani-
mal Center of Shanghai Medical School, Fudan Univer-
sity (Shanghai, China) and were housed in standard
cages with a 12-h light/12-h dark cycle with tempera-
tures of 18–25 °C and relative humidity of 40–60%. After

one-week acclimation, mice were exposed to filtered air
(FA, n = 20) or CAP (n = 20) using a versatile aerosol con-
centration enrichment system (VACES) that was modified
for long-term whole-body exposures. The exposure proto-
col comprised exposures for 6 h/day and 5 days/week (no
exposure took place during the weekend). After a 7-week
exposure to FA/CAP, all the mice were mated with normal
C57Bl/6 J mice (purchased from the Animal Center of
Shanghai Medical School, Fudan University, 12-week-old,
1 male mating with 1 female). During the first week of
mating, the presence of sperm plug was checked daily.
Upon the presence of sperm plug, the dams were either
maintained in the same exposure or switched to the other,
alternately. As such, there were four groups of FA/CAP-
exposed dams (F0, n = 10/group): 1) FA, exposed to FA
only; 2) Post-Con, exposed to FA pre-conceptionally and
exposed to CAP post-conceptionally; 3) CAP, exposed to
CAP only; 4) Pre-Con, exposed to CAP pre-
conceptionally and exposed to FA post-conceptionally
(Fig. 1a). Since then, all the F0 dams were consecutively
subjected to the same exposure until the birth of the litter
3 offspring (litters 2 and 3 pups were weighed and eutha-
nized shortly after birth). The sires and pups were housed
in standard cages and not exposed to FA/CAP throughout
the whole period of experiment.
The F1 offspring (litter 1 only, as shown in Fig. 1a)

were mated with normal male or female C57Bl/6 J (12-
week-old, one male mating with one female) after re-
cording the growth trajectory. Therefore, the F2 off-
spring in the present study were born either by the
female F1 offspring of FA- or CAP-exposed dams (the
maternal line, M/F2) or by the male F1 offspring of FA-
or CAP-exposed dams (the paternal line, P/F2). Because
developmental programming of adulthood adiposity was
observed in M/F2 but not in P/F2, only the female M/F2
were mated with normal male C57Bl/6 J (12-week-old,
one male mating with one female) to generate F3.

Growth trajectory recording
To minimize the effect of litter size on the offspring
growth trajectory, all pups were indiscriminately culled
to 5–6/litter on the postnatal day 3 by a technician blind
to the grouping. All pups were weaned at postnatal week
3, and then housed in standard cages with standard ro-
dent diet. All the weanlings were housed 3–5 mice/cage,
and weighed weekly until 18 weeks old.

Body composition analysis
On the day of experiment, after measurement of their
body weight and length, all the mice were euthanized
and their blood was harvested from the orbital venous
plexus. Heart, lung, liver, kidney, pancreas, spleen, testis/
ovary, perirenal adipose tissue, epididymal/parametrial
adipose tissue, subcutaneous adipose tissue, and brown
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adipose tissue (BAT) were weighted, fixed in 4% parafor-
maldehyde for morphological analysis and/or snap-
frozen in liquid nitrogen and then stored at − 80 °C for
further use.

Histological analysis of adipose tissues
Epididymal adipose tissues were fixed in 4% paraformal-
dehyde, embedded in paraffin, cut into 5-μm sections,
and subjected to hematoxylin & eosin staining. Images
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Fig. 1 Maternal pre-conception exposure to CAP is sufficient to decrease offspring’s birth weight and increase adulthood adiposity. a Exposure
scheme: E, start of exposure; P, presence of sperm plug; L1, birth of litter one; L2, birth of litter two; L3, birth of litter three. b. The birth weight of male
F1 offspring. n = 20–33/group. c The birth weight of female F1 offspring. n = 9–35/group. d The growth trajectory of male F1 offspring. e The growth
trajectory of female F1 offspring. f and g. The representative histological (H&E staining) images (f) and adipocyte size (g) of male F1 offspring’s
perigonadal adipose tissues obtained using ImageJ. h and i. The representative histological (H&E staining) images (h) and adipocyte size (I) of female
F1 offspring’s perigonadal adipose tissues obtained using ImageJ. n = 12–30/group, *p < 0.05 versus FA, one-way or two-way ANOVA
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at 40× magnification were obtained with a SPOT digital
camera (Diagnostic Instruments, Sterling Heights, MI)
by a technician blind to the grouping. The cross-
sectional areas of adipocytes in epididymal adipose tis-
sues were calculated as previously described [32].

Leptin mRNA expression analysis by qPCR
Total RNAs were extracted from the frozen epididymal
adipose tissues, and the leptin mRNA expression levels
were assessed by qPCR as previously described [29].

Statistics
All data are expressed as means ± SEMs unless noted
otherwise. Statistical tests were performed using one-
way or two-way analysis of variance (ANOVA) followed
by Bonferroni correction (either compare all pairs
[Figs. 1d and e] or compare to FA [all other Figures]) or
unpaired student’s t test using GraphPad Prism (version
5; GraphPad Software, La Jolla, CA, USA). The signifi-
cance level was set at p < 0.05.

Results
Maternal pre-conception exposure to CAP is sufficient to
decrease offspring’s birth weight
We previously demonstrated that maternal CAP exposure
throughout a 7-week pre-conception period and the whole
gestation and lactation period programs the offspring’s devel-
opment and increases their adulthood adiposity [29]. To
identify the vulnerable window for this adverse developmen-
tal programming by maternal PM2.5 exposure, female C57Bl/
6 J mice were exposed to FA or CAP for 7weeks, and then
mated with normal male C57Bl/6 J mice. Upon the presence
of sperm plug, the dams were either maintained in the same
exposure or switched to the other. Therefore, there were four
groups of FA/CAP-exposed dams (F0): 1) FA, exposed to FA
only; 2) Post-Con, exposed to FA pre-conceptionally and ex-
posed to CAP post-conceptionally; 3) CAP, exposed to CAP
only; and 4) Pre-Con, exposed to CAP pre-conceptionally
and exposed to FA post-conceptionally (Fig. 1a).
The ambient PM2.5 concentration and the average PM2.5

concentrations in the FA and CAP chambers are presented
in Table 1. The compositions of ambient PM2.5 and CAP
were previously reported, characterized by the relatively high
crustal elements including Si, Al, Ti, and Fe [33] We did not
observe any significant difference in gestation duration, litter
size, and offspring sex ratio (Table 2).

Figures 1b and c demonstrate that consistent with our
previous study [29], maternal exposure to CAP through-
out the 7-week pre-conceptional period and the whole
gestational period (litter 1, CAP versus FA) significantly
decreased the offspring’s birth weight. Notably, CAP ex-
posure throughout the 7-week pre-conceptional period
only also significantly decreased the offspring’s birth
weight (Figs. 1b and c litter 1, Pre-Con versus FA),
whereas CAP exposure throughout the gestational
period only did not significantly affect offspring’s birth
weight (Figs. 1b and c litter 1, Post-Con versus FA).
Additionally, there was no significant difference between
the birthweight of offspring born by the CAP dams and
those born by the Pre-Con dams (Figs. 1b and c litter 1).
These data strongly suggest that maternal pre-
conceptional exposure to CAP is sufficient to program
the offspring’s development.
To ascertain how long the developmental programming

capacity would be maintained in those CAP-exposed dams,
all the dams continued to be exposed to FA or CAP and
mated with normal male mice until the birth of litter 3 (Fig.
1a). Figures 1b and c depict that the litter 2 offspring born by
the Pre-Con dams (withdrawn from CAP exposure for 51
days on average) had significantly lower birth weight versus
those born by the FA dams, but the litter 3 offspring of the
Pre-Con dams (withdrawn from CAP exposure for 134 days
on average) had comparable birth weight with the FA coun-
terpart. These data demonstrate that the programming cap-
acity of CAP-exposed dams was reversible, although slowly.
In contrast, the litter 2 offspring of the Post-Con dams (ex-
posed to CAP for 55 days on average, given the 21-day-
gestation of mice, approximately equaled to a 5-week pre-
conceptional exposure) had comparable birth weight with
those born by the FA dams, and their litter 3 offspring (ex-
posed to CAP for 127 days on average, approximately
equaled to a 15-week pre-conceptional exposure) had signifi-
cantly lower birth weight versus those born by the FA dams,
reaffirming the developmental programming by maternal
long-term pre-conceptional exposure to CAP.

Maternal pre-conceptional exposure to CAP is sufficient
to program the offspring’s development and adulthood
adiposity
Given its significant effect on the offspring’s birth weight,
we next assessed whether maternal pre-conceptional CAP
exposure is sufficient to persistently impact the growth

Table 1 PM2.5 concentrations (mean ± SD) during different periods. ^of litter 1. %including the week when checking the sperm plug

Ambient (ug/m3) FA (ug/m3) CAP (ug/m3)

Preconception^,% (56 days) 32.9 ± 21.8 12.1 ± 4.7 183.2 ± 92.9

Gestation^,% (26 days) 43.3 ± 22.5 14.3 ± 7.4 217.7 ± 121.3

Lactation^ (24 days) 56.2 ± 34.3 16.9 ± 8.7 297.3 ± 127.5

The remaining observation period (185 days) 51.3 ± 37.4 16.5 ± 9.2 289.3 ± 139.4
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trajectory of the litter 1 offspring. Figure 1d and e show
that consistent with previous studies [29], maternal expos-
ure to CAP throughout the 7-week pre-conceptional
period and the whole gestation and lactation period sig-
nificantly altered the growth trajectory of male but not fe-
male offspring. This was accompanied by increased
adiposity in adult male but not female offspring born by
CAP dams versus those of FA dams (Fig. 1f-i). The growth
trajectory of male offspring born by Pre-Con dams was
significantly different from that of FA dams, but compar-
able with that of CAP dams (Fig. 1d). Specifically, com-
pared to those born by the FA dams, the male offspring of
the Pre-Con dams had a “catch-up” growth during their
early life, making them have a higher body weight by the
postnatal week 2. This difference in body weight was
maintained throughout the remaining observation period.
We did not observe any significant body weight difference
between the offspring born by the Post-Con dams and
those born by the FA dams during the lactation period.
Therefore, the offspring born by the Post-Con dams were
not followed up after weaning.
To further document the programming by maternal

pre-conceptional exposure to CAP, the offspring’s body
composition in adulthood was assessed. Table 3 reveals
that like their CAP counterpart, the adult male offspring
of the Pre-Con dams had significantly more adipose
mass (epididymal and perirenal fat tissues) than those
born by the FA dams. No other significant difference in

main organ weight was observed (Table 3). Morpho-
logical analysis of the epididymal adipose tissues reveals
that compared to those born by the FA dams, the adult
male offspring of the Pre-Con and CAP dams had mark-
edly enlarged adipocytes (Fig. 1f and g).

Maternal but not paternal transmission of maternal CAP
exposure-induced developmental programming of
adulthood adiposity
To determine whether the adverse development in F1
offspring can be transmitted into the next generation in
the absence of any further CAP exposure, both male and
female F1 offspring born by the FA and CAP dams were
mated with normal C57Bl/6 J mice. Figure 2a and b
show that although the growth trajectory of female F1
offspring born by the CAP dams was comparable with
those of the FA dams (Fig. 1c), their offspring (F2 in the
maternal line, M/F2) had significantly lower birth weight
versus the FA counterpart. This was accompanied by in-
creased postnatal weight gain (Fig. 2c), increased adult-
hood adiposity (Table 4), and enlarged adipocytes
(Fig. 3e and f) in the male but not female M/F2 of the
CAP versus FA dams. In contrast, despite that the male
F1 offspring of the CAP versus FA dams had significantly
different growth trajectory and adulthood adiposity, their
offspring (F2 in the paternal line, P/F2) had comparable
birth weight (Fig. 2i and j), similar growth trajectory
(Fig. 2k and l), and comparable adulthood adiposity
(Table 4 and Fig. 2m-p).

The developmental programming by maternal exposure
to CAP is absent in F3 offspring
Since the abovementioned data show that the adverse de-
velopment of male offspring due to maternal exposure to
CAP was transmitted maternally, the female M/F2 were
mated with normal male C57Bl/6 J mice to examine how

Table 2 Characterization of litter 1 offspring. Data are presented
as mean ± SD. n = 6–7/group

FA CAP Pre-Con Post-Con

Gestation (days) 20.8 ± 0.4 20.5 ± 0.3 20.5 ± 0.5 20.3 ± 0.4

Litter size 6.4 ± 2.1 6.3 ± 3.1 6.0 ± 2.6 6.5 ± 3.1

Sex ratio (male/female) 0.8 ± 0.7 1.1 ± 0.9 1.0 ± 0.9 0.8 ± 1.3

Table 3 Organ weights of adult F1. All the data were expressed as % of body weight (mean ± SEM). *p < 0.05 versus FA, one-way
ANOVA

Male Female

FA CAP Pre-Con FA CAP Pre-Con

Perigonadal fat 1.38 ± 0.14 2.60 ± 0.09* 2.48 ± 0.17* 1.58 ± 0.13 1.92 ± 0.27 1.53 ± 0.25

Perirenal fat 0.52 ± 0.07 1.21 ± 0.06* 1.19 ± 0.17* 0.90 ± 0.06 1.16 ± 0.28 0.96 ± 0.05

Subcutaneous fat 0.68 ± 0.04 0.99 ± 0.03 0.78 ± 0.06 0.99 ± 0.05 1.33 ± 0.16 0.98 ± 0.09

Brown fat 0.31 ± 0.00 0.31 ± 0.00 0.29 ± 0.02 0.21 ± 0.00 0.26 ± 0.05 0.22 ± 0.03

Kidney 1.23 ± 0.01 1.33 ± 0.01 1.31 ± 0.01 1.21 ± 0.02 1.19 ± 0.07 1.28 ± 0.05

Pancreas 0.75 ± 0.00 0.79 ± 0.02 0.75 ± 0.00 0.84 ± 0.00 0.89 ± 0.04 0.96 ± 0.06

Liver 5.12 ± 0.16 4.93 ± 0.05 4.69 ± 0.13 5.02 ± 0.08 4.61 ± 0.11 4.65 ± 0.09

Heart 0.64 ± 0.00 0.64 ± 0.01 0.60 ± 0.01 0.57 ± 0.02 0.50 ± 0.05 0.59 ± 0.03

Lung 0.75 ± 0.01 0.79 ± 0.02 0.75 ± 0.00 1.09 ± 0.08 0.85 ± 0.17 1.01 ± 0.09

Spleen 0.38 ± 0.00 0.32 ± 0.01 0.30 ± 0.01 0.61 ± 0.02 0.52 ± 0.11 0.58 ± 0.03

Testis/Ovary 0.62 ± 0.00 0.66 ± 0.00 0.61 ± 0.05 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00
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Fig. 2 (See legend on next page.)
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many generations it can be transmitted. Figure 3a -d show
that the F3 born by the CAP versus FA dams had compar-
able birth weight and similar growth trajectory. Their body
compositions (Table 5) and adipocyte sizes (Fig. 3e-h) were
comparable too.

The developmental programming of adulthood adiposity
by maternal exposure to CAP is accompanied by the
decrease in the adipose leptin expression
We previously demonstrated that the programming of
adulthood adiposity by maternal CAP exposure coin-
cides with a decrease in adipose leptin expression [29].
To further document the role of this decreased leptin
expression in the developmental programming by mater-
nal CAP exposure, we used qPCR to determine the adi-
pose leptin mRNA expression levels in all three
generations of male offspring. Figure 4 reveals that com-
pared to their FA controls, the F1 and M/F2, but not P/
F2 nor M/F3, offspring of the CAP-exposed dams had
significantly decreased expression of leptin mRNA.

Discussion
Compelling evidence indicates that exposure to environ-
mental stressors during the early life or even the pre-
conceptional period may lead to the pathogenesis of

various non-communicable diseases, known as the de-
velopmental origins (or programming) of health and dis-
ease [2]. We previously showed that maternal exposure
to CAP throughout the 7-week pre-conceptional period
and the whole gestation and lactation period programs
the male offspring’s development and adulthood adipos-
ity, raising a new health concern over PM2.5 pollution.
In the present study, we extended our finding, demon-
strating that: (1) maternal pre-conceptional exposure to
CAP was sufficient to program the male offspring’s de-
velopment and adulthood adiposity; and (2) this pro-
gramming of the male offspring’s development and
adulthood adiposity was maternally transmitted cross
three generations (from F0 to F2). These new data not
only identify the vulnerable window for the adverse pro-
gramming of male offspring’s development and adult-
hood adiposity by maternal exposure to PM2.5, but also
provide a mechanistic insight into this adverse health ef-
fect due to exposure to PM2.5.
The composition of PM2.5 spatiotemporally varies and

may modulate the health effect due to exposure to
PM2.5. We previously demonstrated that the offspring’s
development and adulthood adiposity is persistently
effected by maternal exposure to CAP that has a rela-
tively high ratio of Na/Al, which reflects the geographic

(See figure on previous page.)
Fig. 2 Maternal but not paternal transmission of maternal CAP exposure-induced developmental programming of adulthood adiposity. a The birth
weight of male F2 offspring born by the female F1 (the maternal line, M/F2). b The birth weight of female M/F2 offspring. c The growth trajectory of male
M/F2 offspring. d The growth trajectory of female M/F2 offspring. e and f. The representative histological (H&E staining) images (e) and adipocyte size (f) of
male M/F2 offspring’s perigonadal adipose tissues obtained using ImageJ. g and h. The representative histological (H&E staining) images (g) and adipocyte
size (h) of female M/F2 offspring’s perigonadal adipose tissues obtained using ImageJ. I. The birth weight of male F2 offspring born by the male F1 (the
paternal line, P/F2). J. The birth weight of female P/F2 offspring. K. The growth trajectory of male P/F2 offspring. L. The growth trajectory of female P/F2
offspring. M and N. The representative histological (h and e staining) images (m) and adipocyte size (N) of male P/F2 offspring’s perigonadal adipose
tissues obtained using ImageJ. O and P. The representative histological (H&E staining) images (o) and adipocyte size (p) of female P/F2 offspring’s
perigonadal adipose tissues obtained using ImageJ. n= 11–28/group, *p< 0.05 versus FA, student t test or two-way ANOVA

Table 4 Organ weights of adult F2. All the data were expressed as % of body weight (mean ± SEM). *p < 0.05 versus FA, one-way
ANOVA. M/F2, F2 offspring in the maternal line; P/F2, F2 offspring in the paternal line

M/F2 P/F2

Male Female Male Female

FA CAP FA CAP FA CAP FA CAP

Perigonadal fat 1.14 ± 0.02 1.80 ± 0.25* 1.09 ± 0.11 1.30 ± 0.14 0.99 ± 0.14 1.14 ± 0.27 1.08 ± 0.30 1.34 ± 0.17

Perirenal fat 0.45 ± 0.01 0.79 ± 0.18* 0.41 ± 0.04 0.49 ± 0.03 0.37 ± 0.06 0.49 ± 0.06 0.55 ± 0.17 0.45 ± 0.03

Subcutaneous fat 0.57 ± 0.00 0.71 ± 0.07 0.78 ± 0.06 0.79 ± 0.04 0.46 ± 0.03 0.61 ± 0.02 1.00 ± 0.19 0.83 ± 0.04

Brown fat 0.31 ± 0.00 0.37 ± 0.05 0.27 ± 0.00 0.35 ± 0.02 0.27 ± 0.06 0.32 ± 0.00 0.25 ± 0.03 0.30 ± 0.02

Kidney 1.36 ± 0.01 1.32 ± 0.01 1.36 ± 0.03 1.55 ± 0.03 1.38 ± 0.00 1.32 ± 0.01 1.29 ± 0.16 1.48 ± 0.02

Pancreas 0.64 ± 0.01 0.58 ± 0.03 0.61 ± 0.02 0.79 ± 0.03 0.65 ± 0.05 0.71 ± 0.02 0.80 ± 0.05 0.75 ± 0.05

Liver 5.19 ± 0.05 4.84 ± 0.31 5.69 ± 0.16 6.46 ± 0.21 5.50 ± 0.12 5.09 ± 0.02 4.88 ± 0.32 5.24 ± 0.21

Heart 0.54 ± 0.00 0.51 ± 0.02 0.53 ± 0.01 0.58 ± 0.02 0.56 ± 0.00 0.54 ± 0.00 0.55 ± 0.06 0.62 ± 0.02

Lung 0.76 ± 0.01 0.68 ± 0.00 0.81 ± 0.01 0.89 ± 0.00 0.83 ± 0.02 0.73 ± 0.01 0.87 ± 0.02 0.82 ± 0.03

Spleen 0.52 ± 0.03 0.41 ± 0.00 0.42 ± 0.02 0.54 ± 0.03 0.46 ± 0.02 0.36 ± 0.00 0.64 ± 0.02 0.58 ± 0.09

Testis/Ovary 0.79 ± 0.01 0.68 ± 0.02 0.03 ± 0.00 0.04 ± 0.00 0.73 ± 0.00 0.66 ± 0.01 0.02 ± 0.00 0.03 ± 0.00
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proximity of the study site (the campus of the University
of Maryland, Baltimore) to the ocean [34]. In the present
study, we show that the offspring’s development and
adulthood adiposity are programmed by maternal expos-
ure to CAP that has relatively high crustal elements in-
cluding Si, Al, Ti, and Fe, which reflects the undergoing
major construction at the exposure site in Shanghai,
China [33]. These data collectively suggest that the com-
position of PM2.5 may play a limited role in the develop-
mental programming by maternal exposure to PM2.5.
This is consistent with the numerous studies performed
at different sites but showing similar health effects of ex-
posure to PM2.5 [35, 36].
Numerous studies have demonstrated that the timing of

exposure to environmental stressor may determine the
subsequent developmental programming [2]. As such,
identification of the vulnerable window for each adverse
programming is of scientific and public health importance.
In the present study, a 7-week pre-conceptional period
was identified as the vulnerable window for the program-
ming of male offspring’s development and adulthood

A B C D

E F G H

Fig. 3 The developmental programming by maternal exposure to CAP is absent in F3 offspring. a The birth weight of male F3 offspring born by
the female M/F2 (the maternal line. M/F3). b The birth weight of female M/F3 offspring. c The growth trajectory of male M/F3 offspring. d The
growth trajectory of female M/F3 offspring. e and f. The representative histological (H&E staining) images (e) and adipocyte size (f) of male M/F3
offspring’s perigonadal adipose tissues obtained using ImageJ. g and h. The representative histological (H&E staining) images (g) and adipocyte
size (h) of female M/F3 offspring’s perigonadal adipose tissues obtained using ImageJ. n = 15–19/group, *p < 0.05 versus FA, student t test or
two-way ANOVA

Table 5 Organ weights of adult F3. These were offspring of
female M/F2. All the data were expressed as % of body weight
(mean ± SEM). *p < 0.05 versus FA, one-way ANOVA

Male Female

FA CAP FA CAP

Perigonadal fat 2.25 ± 0.09 1.94 ± 0.07 1.41 ± 0.04 1.56 ± 0.05

Perirenal fat 0.98 ± 0.04 0.90 ± 0.02 0.75 ± 0.02 0.77 ± 0.02

Subcutaneous fat 0.96 ± 0.03 0.96 ± 0.02 1.01 ± 0.02 0.99 ± 0.03

Brown fat 0.33 ± 0.00 0.30 ± 0.00 0.31 ± 0.01 0.26 ± 0.01

Kidney 1.28 ± 0.02 1.24 ± 0.01 1.29 ± 0.01 1.25 ± 0.01

Pancreas 0.60 ± 0.01 0.63 ± 0.01 0.68 ± 0.00 0.66 ± 0.00

Liver 4.98 ± 0.04 4.77 ± 0.02 4.75 ± 0.02 4.83 ± 0.03

Heart 0.51 ± 0.01 0.50 ± 0.01 0.55 ± 0.00 0.48 ± 0.00

Lung 0.67 ± 0.00 0.70 ± 0.00 0.84 ± 0.01 0.91 ± 0.02

Spleen 0.31 ± 0.02 0.31 ± 0.01 0.41 ± 0.01 0.40 ± 0.02

Testis/Ovary 0.72 ± 0.00 0.71 ± 0.00 0.04 ± 0.00 0.03 ± 0.00
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adiposity by maternal exposure to PM2.5. This is evidenced
primarily by the data showing that maternal 7-week pre-
conceptional exposure to CAP persistently altered male
offspring’s development and adulthood adiposity, and all
these alterations were comparable with those induced by
maternal CAP exposure throughout the 7-week pre-
conceptional period and the whole gestation and lactation
period (Fig. 1b-e and Table 3). Furthermore, the present
study demonstrates that maternal exposure to CAP
throughout the whole gestation and lactation period did
not impact the offspring’s birth weight and growth trajec-
tory during lactation (Fig. 1). This is consistent with one
recent study showing that maternal exposure to CAP dur-
ing pregnancy did not program the offspring’s growth tra-
jectory [37]. These data collectively rule out the possibility
that the gestation and lactation period is vulnerable win-
dow for the programming of male offspring’s development
and adulthood adiposity by maternal exposure to PM2.5.
Notably, the pre-conceptional period has been frequently

identified as a vulnerable window for developmental pro-
gramming by paternal exposure to environmental stressors
[38, 39], whereas it has rarely been investigated when iden-
tifying the vulnerable window for programming by mater-
nal exposure to environmental stressors. Nonetheless, there
are several studies suggesting that maternal pre-
conceptional exposure may program offspring’s health. For
example, maternal exposure to air pollution before preg-
nancy was shown to correlate with changes in newborn’s
cord blood lymphocyte subpopulations [40], and maternal
pre-pregnancy body mass index was shown to modify the
association between prenatal traffic-related air pollution ex-
posure and birth weight [41]. Along with these previous
studies, the present data strongly suggest that the pre-
conceptional period may merit more consideration as a vul-
nerable window for developmental programming by mater-
nal exposure to environmental stressors.
Furthermore, the identification of the pre-conceptional

period as a vulnerable window for maternal exposure to
PM2.5-induced developmental programming sheds some
light on its mechanism, particularly the maternal insult

that mediates this adverse programming. As it would
benefit the health of both mother and child, to prevent
maternal insult is one of the most attractive strategy to
stop maternal exposure-induced adverse programming.
The sufficiency of pre- but not post-conceptional mater-
nal exposure to CAP programing offspring’s develop-
ment and adulthood adiposity calls special attention to
the role of maternal gametic insult in this adverse pro-
gramming, in contrast to the most frequently studied
maternal somatic insult such as placenta dysfunction.
The implication of maternal gametic insult is also
strongly supported by the maternal transmission of this
adverse programming into the F2 generation (Fig. 2),
which is another important finding in the present study.
This demonstration of three-generational effects obvi-
ously raises more public health concerns over the ad-
verse programming by maternal exposure to PM2.5.
Given the absence of adverse development in F3 gener-
ation (Fig. 3), it is however not a true transgenerational
inheritance, which requires at least four-generational
maternal transmission or three-generational paternal
transmission. Nonetheless, as both F1 and F2 offspring
were not subject to any further CAP exposure, this
three-generational maternal transmission clearly demon-
strates that maternal gametic insult is involved in this
adverse developmental programming.
Low birth weight correlates with a variety of short-

and long-term health problems. There is a rapidly in-
creasing body of literature showing that maternal expos-
ure to PM2.5 correlates with low birth weight [36].
Interestingly, the cross-generational investigation reveals
a clear coincidence of low birth weight, accelerated post-
natal growth, and increased adulthood adiposity. This is
consistent with numerous studies showing that low birth
weight is a risk factor for various cardiometabolic dis-
eases including obesity [42]. These collectively suggest a
causal role of low birth weight in the adverse program-
ming of growth trajectory and adulthood adiposity by
maternal exposure to PM2.5, making the former a valu-
able indicator to predict cross-generational effect due to

A B C D

Fig. 4 The adipose expression levels of leptin mRNA. Total RNAs were extracted from the epididymal adipose tissues of the indicated male offspring, and the
expression levels of leptin mRNA were determined by qPCR. n= 12 and 18 (a); 18 and 28 (b); 11 and 19 (c); 15 and 19 (d). *p< 0.05 versus FA, student t test
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exposure to PM2.5. However, it should be noted that
there are conflictive studies too. For example, one recent
study revealed that maternal exposure to CAP during
pregnancy resulted in offspring’s low birth weight but
not change in growth trajectory [37]. Given the rapidly
increasing evidence that maternal exposure to PM2.5

correlates with low birth weight, further study is ur-
gently needed to verify its role in developmental pro-
gramming due to exposure to PM2.5.
An additional important finding in the present study is

that the male offspring only manifests maternal CAP
exposure-induced accelerated postnatal weight gain and
increased adulthood adiposity, whereas the female off-
spring only transmits these traits into the next gener-
ation. This segregation of the programming capacity and
the programmed traits is impressive, suggesting that the
accelerated postnatal growth and increased adulthood
adiposity are unlikely components of a self-sustaining
loop that is essential for a true transgenerational inherit-
ance. It further supports the implication of maternal
gametic insult in the transmission of this adverse devel-
opmental programming.

Conclusion
The present study demonstrates that maternal pre-
conceptional exposure to PM2.5 adversely programs male
offspring’s development and adulthood adiposity, which
is maternally transmitted cross three generations. These
data not only call special attention to the protection of
women from exposure to PM2.5, but also lay some foun-
dation for the development of intervention to prevent
the adverse developmental programming by maternal
exposure to PM2.5.

Abbreviations
ANOVA: Analysis of variance; BAT: Brown adipose tissue; CAP: Concentrated
ambient PM2.5; DEP: Diesel exhaust PM2.5; DOHaD: Developmental origins of
health and disease; FA: Filtered air; PM2.5: Ambient fine particulate matter;
VACES: Versatile aerosol concentration enrichment system

Acknowledgements
Not applicable.

Authors’ contributions
YX, WW and XH acquired the data used in the present study. YX, WW, and
ZY analyzed and interpreted the present results. YX and ZY drafted the
manuscript. JZ, XX, WL and HK were also major contributors in writing the
manuscript. All authors read and approved the final manuscript.

Authors’ information
Not applicable.

Funding
This work was supported by the National Institutes of Health (R01ES024516
to ZY), the American Heart Association (13SDG17070131 to ZY), the National
Natural Science Foundation of China (Grant No. 81270342 to YX, 91643205 to
HK and 81500216 to MC) and Shanghai Pujiang Program (17PJ1401300 to YX).

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Environmental Health, School of Public Health, Fudan
University, 130 Dong’an Rd, Shanghai 200032, China. 2Shanghai Key
Laboratory of Meteorology and Health, Shanghai Meteorological Service,
Shanghai, China. 3Department of Medicine Cardiology Division, University of
Maryland School of Medicine, 20 Penn St. HSFII S005, Baltimore, MD 21201,
USA. 4NHC Key Laboratory of Reproduction Regulation (Shanghai Institute of
Planned Parenthood Research), Fudan University, Shanghai, China.
5Department of Interventional & Vascular Surgery, Shanghai Tenth People’s
Hospital, Tongji University School of Medicine, Shanghai, China.

Received: 10 December 2018 Accepted: 21 June 2019

References
1. Dockery DW, Pope CA 3rd, Xu X, Spengler JD, Ware JH, Fay ME, et al. An

association between air pollution and mortality in six US cities. The New
England journal of medicine. 1993;329(24):1753–9. https://doi.org/10.1056/
NEJM199312093292401. http://www.ncbi.nlm.nih.gov/pubmed/8179653.

2. Grandjean P, Barouki R, Bellinger DC, Casteleyn L, Chadwick LH, Cordier S,
et al. Life-long implications of developmental exposure to environmental
stressors: new perspectives. Endocrinology. 2015;156 10:3408–3415; doi:
https://doi.org/10.1210/EN.2015-1350. http://www.ncbi.nlm.nih.gov/
pubmed/26241067.

3. Bonzini M, Carugno M, Grillo P, Mensi C, Bertazzi PA, Pesatori AC. Impact of
ambient air pollution on birth outcomes: systematic review of the current
evidences. La Medicina del lavoro. 2010;101(5):341–63 http://www.ncbi.nlm.
nih.gov/pubmed/21105590.

4. Valdiglesias V, Pasaro E, Mendez J, Laffon B. In vitro evaluation of selenium
genotoxic, cytotoxic, and protective effects: a review. Arch Toxicol. 2010;
84(5):337–51. https://doi.org/10.1007/s00204-009-0505-0 http://www.ncbi.
nlm.nih.gov/pubmed/20033805.

5. Schembari A, de Hoogh K, Pedersen M, Dadvand P, Martinez D, Hoek G,
et al. Ambient air pollution and newborn size and adiposity at birth:
differences by maternal ethnicity (the born in Bradford study cohort).
Environ Health Perspect. 2015;123(11):1208–15. https://doi.org/10.1289/ehp.
1408675. http://www.ncbi.nlm.nih.gov/pubmed/25978617.

6. Sun X, Luo X, Zhao C, Chung Ng RW, Lim CE, Zhang B, et al. The association
between fine particulate matter exposure during pregnancy and preterm
birth: a meta-analysis. BMC pregnancy and childbirth. 2015;15:300. https://
doi.org/10.1186/s12884-015-0738-2 http://www.ncbi.nlm.nih.gov/pubmed/
26581753.

7. Rich DQ, Liu K, Zhang J, Thurston SW, Stevens TP, Pan Y, et al. Differences in
birth weight associated with the 2008 Beijing Olympics air pollution
reduction: results from a natural experiment. Environ Health Perspect. 2015;
123(9):880–7. https://doi.org/10.1289/ehp.1408795 http://www.ncbi.nlm.nih.
gov/pubmed/25919693.

8. Fleisch AF, Rifas-Shiman SL, Koutrakis P, Schwartz JD, Kloog I, Melly S, et al.
Prenatal exposure to traffic pollution: associations with reduced fetal
growth and rapid infant weight gain. Epidemiology. 2015;26(1):43–50.
https://doi.org/10.1097/EDE.0000000000000203 http://www.ncbi.nlm.nih.
gov/pubmed/25437317.

9. Hyder A, Lee HJ, Ebisu K, Koutrakis P, Belanger K, Bell ML. PM2.5 exposure
and birth outcomes: use of satellite- and monitor-based data. Epidemiology.
2014;25(1):58–67. https://doi.org/10.1097/EDE.0000000000000027 http://
www.ncbi.nlm.nih.gov/pubmed/24240652.

10. Savitz DA, Bobb JF, Carr JL, Clougherty JE, Dominici F, Elston B, et al.
Ambient fine particulate matter, nitrogen dioxide, and term birth weight in
New York, New York. Am J Epidemiol. 2014;179(4):457–66. https://doi.org/10.
1093/aje/kwt268 http://www.ncbi.nlm.nih.gov/pubmed/24218031.

11. Dadvand P, Parker J, Bell ML, Bonzini M, Brauer M, Darrow LA, et al. Maternal
exposure to particulate air pollution and term birth weight: a multi-country

Xu et al. Particle and Fibre Toxicology           (2019) 16:27 Page 10 of 11

https://doi.org/10.1056/NEJM199312093292401.
https://doi.org/10.1056/NEJM199312093292401.
http://www.ncbi.nlm.nih.gov/pubmed/8179653
https://doi.org/10.1210/EN.2015-1350
http://www.ncbi.nlm.nih.gov/pubmed/26241067
http://www.ncbi.nlm.nih.gov/pubmed/26241067
http://www.ncbi.nlm.nih.gov/pubmed/21105590
http://www.ncbi.nlm.nih.gov/pubmed/21105590
https://doi.org/10.1007/s00204-009-0505-0
http://www.ncbi.nlm.nih.gov/pubmed/20033805
http://www.ncbi.nlm.nih.gov/pubmed/20033805
https://doi.org/10.1289/ehp.1408675.
https://doi.org/10.1289/ehp.1408675.
http://www.ncbi.nlm.nih.gov/pubmed/25978617
https://doi.org/10.1186/s12884-015-0738-2
https://doi.org/10.1186/s12884-015-0738-2
http://www.ncbi.nlm.nih.gov/pubmed/26581753
http://www.ncbi.nlm.nih.gov/pubmed/26581753
https://doi.org/10.1289/ehp.1408795
http://www.ncbi.nlm.nih.gov/pubmed/25919693
http://www.ncbi.nlm.nih.gov/pubmed/25919693
https://doi.org/10.1097/EDE.0000000000000203
http://www.ncbi.nlm.nih.gov/pubmed/25437317
http://www.ncbi.nlm.nih.gov/pubmed/25437317
https://doi.org/10.1097/EDE.0000000000000027
http://www.ncbi.nlm.nih.gov/pubmed/24240652
http://www.ncbi.nlm.nih.gov/pubmed/24240652
https://doi.org/10.1093/aje/kwt268
https://doi.org/10.1093/aje/kwt268
http://www.ncbi.nlm.nih.gov/pubmed/24218031


evaluation of effect and heterogeneity. Environ Health Perspect. 2013;121(3):
267–373. https://doi.org/10.1289/ehp.1205575 http://www.ncbi.nlm.nih.gov/
pubmed/23384584.

12. Huang JV, Leung GM, Schooling CM. The Association of air Pollution with
Pubertal Development: evidence from Hong Kong's "children of 1997" birth
cohort. Am J Epidemiol. 2017;185(10):914–23. https://doi.org/10.1093/aje/
kww200 http://www.ncbi.nlm.nih.gov/pubmed/28444106.

13. Lavigne E, Belair MA, Do MT, Stieb DM, Hystad P, van Donkelaar A, et al.
Maternal exposure to ambient air pollution and risk of early childhood
cancers: a population-based study in Ontario, Canada. In: Environment
international, vol. 100; 2017. p. 139–47. https://doi.org/10.1016/j.envint.2017.
01.004. http://www.ncbi.nlm.nih.gov/pubmed/28108116.

14. Heindel JJ, Vandenberg LN. Developmental origins of health and disease: a
paradigm for understanding disease cause and prevention. Curr Opin
Pediatr. 2015;27(2):248–53. https://doi.org/10.1097/MOP.0000000000000191.
http://www.ncbi.nlm.nih.gov/pubmed/25635586.

15. Fioravanti S, Cesaroni G, Badaloni C, Michelozzi P, Forastiere F, Porta D.
Traffic-related air pollution and childhood obesity in an Italian birth cohort.
Environ Res. 2018;160:479–86. https://doi.org/10.1016/j.envres.2017.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29078141.

16. Chiu YH, Hsu HH, Wilson A, Coull BA, Pendo MP, Baccarelli A, et al. Prenatal
particulate air pollution exposure and body composition in urban preschool
children: examining sensitive windows and sex-specific associations. Environ
Res. 2017;158:798–805. https://doi.org/10.1016/j.envres.2017.07.026 http://
www.ncbi.nlm.nih.gov/pubmed/28759881.

17. Mao G, Nachman RM, Sun Q, Zhang X, Koehler K, Chen Z, et al. Individual
and joint effects of early-life ambient exposure and maternal Prepregnancy
obesity on childhood overweight or obesity. Environ Health Perspect. 2017;
125(6):067005. https://doi.org/10.1289/EHP261 http://www.ncbi.nlm.nih.gov/
pubmed/28669938.

18. Lavigne E, Ashley-Martin J, Dodds L, Arbuckle TE, Hystad P, Johnson M, et al.
Air pollution exposure during pregnancy and fetal markers of metabolic
function: the MIREC study. Am J Epidemiol. 2016;183(9):842–51. https://doi.
org/10.1093/aje/kwv256 http://www.ncbi.nlm.nih.gov/pubmed/27026336.

19. Fleisch AF, Luttmann-Gibson H, Perng W, Rifas-Shiman SL, Coull BA, Kloog I,
et al. Prenatal and early life exposure to traffic pollution and cardiometabolic
health in childhood. Pediatric obesity. 2017;12(1):48–57. https://doi.org/10.
1111/ijpo.12106 http://www.ncbi.nlm.nih.gov/pubmed/26843357.

20. Weldy CS, Liu Y, Liggitt HD, Chin MT. In utero exposure to diesel exhaust air
pollution promotes adverse intrauterine conditions, resulting in weight gain,
altered blood pressure, and increased susceptibility to heart failure in adult
mice. PLoS One. 2014;9(2):e88582. https://doi.org/10.1371/journal.pone.
0088582 http://www.ncbi.nlm.nih.gov/pubmed/24533117.

21. Gorr MW, Velten M, Nelin TD, Youtz DJ, Sun Q, Wold LE. Early life exposure
to air pollution induces adult cardiac dysfunction. Am J Physiol Heart Circ
Physiol. 2014;307(9):H1353–60. https://doi.org/10.1152/ajpheart.00526.2014
http://www.ncbi.nlm.nih.gov/pubmed/25172901.

22. Valentino SA, Tarrade A, Aioun J, Mourier E, Richard C, Dahirel M, et al.
Maternal exposure to diluted diesel engine exhaust alters placental function
and induces intergenerational effects in rabbits. Particle and fibre
toxicology. 2016;13 1:39; doi: https://doi.org/10.1186/s12989-016-0151-7.
http://www.ncbi.nlm.nih.gov/pubmed/27460165.

23. Veras MM, Damaceno-Rodrigues NR, Guimaraes Silva RM, Scoriza JN, Saldiva
PH, Caldini EG, et al. Chronic exposure to fine particulate matter emitted by
traffic affects reproductive and fetal outcomes in mice. Environ Res. 2009;
109(5):536–43. https://doi.org/10.1016/j.envres.2009.03.006 http://www.ncbi.
nlm.nih.gov/pubmed/19394924.

24. Rocha ESIR, Lichtenfels AJ, Amador Pereira LA, Saldiva PH. Effects of ambient
levels of air pollution generated by traffic on birth and placental weights in
mice. Fertil Steril. 2008;90(5):1921–4. https://doi.org/10.1016/j.fertnstert.2007.
10.001 http://www.ncbi.nlm.nih.gov/pubmed/18222432.

25. Tsukue N, Tsubone H, Suzuki AK. Diesel exhaust affects the abnormal
delivery in pregnant mice and the growth of their young. Inhal Toxicol.
2002;14(6):635–51. https://doi.org/10.1080/08958370290084548 http://www.
ncbi.nlm.nih.gov/pubmed/12119073.

26. Watanabe N, Kurita M. The masculinization of the fetus during pregnancy
due to inhalation of diesel exhaust. Environ Health Perspect. 2001;109(2):
111–9 http://www.ncbi.nlm.nih.gov/pubmed/11266319.

27. Bolton JL, Auten RL, Bilbo SD. Prenatal air pollution exposure induces
sexually dimorphic fetal programming of metabolic and neuroinflammatory
outcomes in adult offspring. Brain Behav Immun. 2014;37:30–44. https://doi.

org/10.1016/j.bbi.2013.10.029 http://www.ncbi.nlm.nih.gov/pubmed/
24184474.

28. Chen M, Liang S, Zhou H, Xu Y, Qin X, Hu Z, et al. Prenatal and postnatal
mothering by diesel exhaust PM2.5-exposed dams differentially program
mouse energy metabolism. Particle and fibre toxicology. 2017;14 1:3; doi:
https://doi.org/10.1186/s12989-017-0183-7. http://www.ncbi.nlm.nih.gov/
pubmed/28100227.

29. Chen M, Wang X, Hu Z, Zhou H, Xu Y, Qiu L, et al. Programming of mouse
obesity by maternal exposure to concentrated ambient fine particles.
Particle and fibre toxicology. 2017;14 1:20; doi: https://doi.org/10.1186/
s12989-017-0201-9. http://www.ncbi.nlm.nih.gov/pubmed/28645299.

30. Gage SH, Munafo MR, Davey Smith G. Causal Inference in Developmental
Origins of Health and Disease (DOHaD) Research. Annual review of
psychology. 2016;67:567–585; doi: https://doi.org/10.1146/annurev-psych-
122414-033352. http://www.ncbi.nlm.nih.gov/pubmed/26442667.

31. Hanson MA, Gluckman PD. Early developmental conditioning of later health
and disease: physiology or pathophysiology? Physiol Rev. 2014;94(4):1027–
76. https://doi.org/10.1152/physrev.00029.2013 http://www.ncbi.nlm.nih.gov/
pubmed/25287859.

32. Chen HC, Farese RV Jr. Determination of adipocyte size by computer image
analysis. J Lipid Res. 2002;43(6):986–9 http://www.ncbi.nlm.nih.gov/pubmed/
12032175.

33. Wang W, Zhou J, Chen M, Huang X, Xie X, Li W, et al. Exposure to
concentrated ambient PM2.5 alters the composition of gut microbiota in a
murine model. Particle and fibre toxicology. 2018;15(1):17. https://doi.org/10.
1186/s12989-018-0252-6 http://www.ncbi.nlm.nih.gov/pubmed/29665823.

34. Wang X, Chen M, Zhong M, Hu Z, Qiu L, Rajagopalan S, et al. Exposure to
Concentrated Ambient PM2.5 Shortens Lifespan and Induces Inflammation-
Associated Signaling and Oxidative Stress in Drosophila. Toxicological
sciences : an official journal of the Society of Toxicology. 2017;156 1:199–
207; doi: https://doi.org/10.1093/toxsci/kfw240. http://www.ncbi.nlm.nih.
gov/pubmed/28069988.

35. Yang Y, Ruan Z, Wang X, Mason TG, Lin H, Tian L. Short-term and long-term
exposures to fine particulate matter constituents and health: a systematic
review and meta-analysis. Environ Pollut. 2019;247:874–82. https://doi.org/10.
1016/j.envpol.2018.12.060 http://www.ncbi.nlm.nih.gov/pubmed/30731313.

36. Klepac P, Locatelli I, Korosec S, Kunzli N, Kukec A. Ambient air pollution and
pregnancy outcomes: a comprehensive review and identification of
environmental public health challenges. Environ Res. 2018;167:144–59.
https://doi.org/10.1016/j.envres.2018.07.008 http://www.ncbi.nlm.nih.gov/
pubmed/30014896.

37. Blum JL, Chen LC, Zelikoff JT. Exposure to ambient particulate matter during
specific gestational periods produces adverse obstetric consequences in
mice. Environ Health Perspect. 2017;125(7):077020. https://doi.org/10.1289/
EHP1029 http://www.ncbi.nlm.nih.gov/pubmed/28893721.

38. Rodgers AB, Morgan CP, Leu NA, Bale TL. Transgenerational epigenetic
programming via sperm microRNA recapitulates effects of paternal stress.
Proc Natl Acad Sci U S A. 2015;112(44):13699–704. https://doi.org/10.1073/
pnas.1508347112 http://www.ncbi.nlm.nih.gov/pubmed/26483456.

39. Chen Q, Yan M, Cao Z, Li X, Zhang Y, Shi J, et al. Sperm tsRNAs contribute
to intergenerational inheritance of an acquired metabolic disorder. Science.
2016;351(6271):397–400. https://doi.org/10.1126/science.aad7977 http://
www.ncbi.nlm.nih.gov/pubmed/26721680.

40. Baiz N, Slama R, Bene MC, Charles MA, Kolopp-Sarda MN, Magnan A, et al.
Maternal exposure to air pollution before and during pregnancy related to
changes in newborn's cord blood lymphocyte subpopulations. The EDEN
study cohort. BMC pregnancy and childbirth. 2011;11:87. https://doi.org/10.
1186/1471-2393-11-87 http://www.ncbi.nlm.nih.gov/pubmed/22047167.

41. Lakshmanan A, Chiu YH, Coull BA, Just AC, Maxwell SL, Schwartz J, et al.
Associations between prenatal traffic-related air pollution exposure and
birth weight: modification by sex and maternal pre-pregnancy body mass
index. Environ Res. 2015;137:268–77. https://doi.org/10.1016/j.envres.2014.10.
035 http://www.ncbi.nlm.nih.gov/pubmed/25601728.

42. Jornayvaz FR, Vollenweider P, Bochud M, Mooser V, Waeber G, Marques-Vidal
P. Low birth weight leads to obesity, diabetes and increased leptin levels in
adults: the CoLaus study. Cardiovasc Diabetol. 2016;15:73. https://doi.org/10.
1186/s12933-016-0389-2 http://www.ncbi.nlm.nih.gov/pubmed/27141948.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Xu et al. Particle and Fibre Toxicology           (2019) 16:27 Page 11 of 11

https://doi.org/10.1289/ehp.1205575
http://www.ncbi.nlm.nih.gov/pubmed/23384584
http://www.ncbi.nlm.nih.gov/pubmed/23384584
https://doi.org/10.1093/aje/kww200
https://doi.org/10.1093/aje/kww200
http://www.ncbi.nlm.nih.gov/pubmed/28444106
https://doi.org/10.1016/j.envint.2017.01.004
https://doi.org/10.1016/j.envint.2017.01.004
http://www.ncbi.nlm.nih.gov/pubmed/28108116
https://doi.org/10.1097/MOP.0000000000000191.
http://www.ncbi.nlm.nih.gov/pubmed/25635586
https://doi.org/10.1016/j.envres.2017.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29078141
https://doi.org/10.1016/j.envres.2017.07.026
http://www.ncbi.nlm.nih.gov/pubmed/28759881
http://www.ncbi.nlm.nih.gov/pubmed/28759881
https://doi.org/10.1289/EHP261
http://www.ncbi.nlm.nih.gov/pubmed/28669938
http://www.ncbi.nlm.nih.gov/pubmed/28669938
https://doi.org/10.1093/aje/kwv256
https://doi.org/10.1093/aje/kwv256
http://www.ncbi.nlm.nih.gov/pubmed/27026336
https://doi.org/10.1111/ijpo.12106
https://doi.org/10.1111/ijpo.12106
http://www.ncbi.nlm.nih.gov/pubmed/26843357
https://doi.org/10.1371/journal.pone.0088582
https://doi.org/10.1371/journal.pone.0088582
http://www.ncbi.nlm.nih.gov/pubmed/24533117
https://doi.org/10.1152/ajpheart.00526.2014
http://www.ncbi.nlm.nih.gov/pubmed/25172901
https://doi.org/10.1186/s12989-016-0151-7
http://www.ncbi.nlm.nih.gov/pubmed/27460165
https://doi.org/10.1016/j.envres.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19394924
http://www.ncbi.nlm.nih.gov/pubmed/19394924
https://doi.org/10.1016/j.fertnstert.2007.10.001
https://doi.org/10.1016/j.fertnstert.2007.10.001
http://www.ncbi.nlm.nih.gov/pubmed/18222432
https://doi.org/10.1080/08958370290084548
http://www.ncbi.nlm.nih.gov/pubmed/12119073
http://www.ncbi.nlm.nih.gov/pubmed/12119073
http://www.ncbi.nlm.nih.gov/pubmed/11266319
https://doi.org/10.1016/j.bbi.2013.10.029
https://doi.org/10.1016/j.bbi.2013.10.029
http://www.ncbi.nlm.nih.gov/pubmed/24184474
http://www.ncbi.nlm.nih.gov/pubmed/24184474
https://doi.org/10.1186/s12989-017-0183-7
http://www.ncbi.nlm.nih.gov/pubmed/28100227
http://www.ncbi.nlm.nih.gov/pubmed/28100227
https://doi.org/10.1186/s12989-017-0201-9
https://doi.org/10.1186/s12989-017-0201-9
http://www.ncbi.nlm.nih.gov/pubmed/28645299
https://doi.org/10.1146/annurev-psych-122414-033352
https://doi.org/10.1146/annurev-psych-122414-033352
http://www.ncbi.nlm.nih.gov/pubmed/26442667
https://doi.org/10.1152/physrev.00029.2013
http://www.ncbi.nlm.nih.gov/pubmed/25287859
http://www.ncbi.nlm.nih.gov/pubmed/25287859
http://www.ncbi.nlm.nih.gov/pubmed/12032175
http://www.ncbi.nlm.nih.gov/pubmed/12032175
https://doi.org/10.1186/s12989-018-0252-6
https://doi.org/10.1186/s12989-018-0252-6
http://www.ncbi.nlm.nih.gov/pubmed/29665823
https://doi.org/10.1093/toxsci/kfw240
http://www.ncbi.nlm.nih.gov/pubmed/28069988
http://www.ncbi.nlm.nih.gov/pubmed/28069988
https://doi.org/10.1016/j.envpol.2018.12.060
https://doi.org/10.1016/j.envpol.2018.12.060
http://www.ncbi.nlm.nih.gov/pubmed/30731313
https://doi.org/10.1016/j.envres.2018.07.008
http://www.ncbi.nlm.nih.gov/pubmed/30014896
http://www.ncbi.nlm.nih.gov/pubmed/30014896
https://doi.org/10.1289/EHP1029
https://doi.org/10.1289/EHP1029
http://www.ncbi.nlm.nih.gov/pubmed/28893721
https://doi.org/10.1073/pnas.1508347112
https://doi.org/10.1073/pnas.1508347112
http://www.ncbi.nlm.nih.gov/pubmed/26483456
https://doi.org/10.1126/science.aad7977
http://www.ncbi.nlm.nih.gov/pubmed/26721680
http://www.ncbi.nlm.nih.gov/pubmed/26721680
https://doi.org/10.1186/1471-2393-11-87
https://doi.org/10.1186/1471-2393-11-87
http://www.ncbi.nlm.nih.gov/pubmed/22047167
https://doi.org/10.1016/j.envres.2014.10.035
https://doi.org/10.1016/j.envres.2014.10.035
http://www.ncbi.nlm.nih.gov/pubmed/25601728
https://doi.org/10.1186/s12933-016-0389-2
https://doi.org/10.1186/s12933-016-0389-2
http://www.ncbi.nlm.nih.gov/pubmed/27141948

	Abstract
	Background
	Results
	Conclusions

	Introduction
	Methods
	Whole-body inhalation exposure to CAP and breeding protocols
	Growth trajectory recording
	Body composition analysis
	Histological analysis of adipose tissues
	Leptin mRNA expression analysis by qPCR
	Statistics

	Results
	Maternal pre-conception exposure to CAP is sufficient to decrease offspring’s birth weight
	Maternal pre-conceptional exposure to CAP is sufficient to program the offspring’s development and adulthood adiposity
	Maternal but not paternal transmission of maternal CAP exposure-induced developmental programming of adulthood adiposity
	The developmental programming by maternal exposure to CAP is absent in F3 offspring
	The developmental programming of adulthood adiposity by maternal exposure to CAP is accompanied by the decrease in the adipose leptin expression

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Authors’ information
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

