
Cell Physiol Biochem 2018;49:395-405
DOI: 10.1159/000492901
Published online: 24 August, 2018 395

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Miranda et al.: Early Particulate Matter Exposure Impairs Rat Glucose Metabolism

Original Paper

Accepted: 15 August, 2018

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution 
for commercial purposes as well as any distribution of modified material requires written permission.

DOI: 10.1159/000492901
Published online: 24 August, 2018

© 2018 The Author(s) 
Published by S. Karger AG, Basel
www.karger.com/cpb

Particulate Matter Exposure During 
Perinatal Life Results in Impaired Glucose 
Metabolism in Adult Male Rat Offspring
Rosiane Aparecida Mirandaa    Claudinéia Conationi da Silva Francoa     
Carina Previatea    Vander Silva Alvesa    Flávio Andrade Franciscoa    
Veridiana Mota Moreiraa    Ana Maria Praxedes de Moraesa    
Rodrigo Mello Gomesb    Maria Cecília Picinatoc    Maria Raquel Marçal Natalid    
Paulo Cezar de Freitas Mathiasa

aDepartment of Biotechnology, Genetics and Cell Biology, State University of Maringá, Maringá, 
bDepartment of Physiological Sciences, Federal University of Goiás, Goiás, cDepartment of Physiology, 
Federal University of Pará, Altamira, dDepartment of Morphologic Sciences, State University of Maringá, 
Maringá, Brazil

Key Words
Air pollution • Particulate matter • Perinatal life • Metabolic programming • Glucose metabolism

Abstract
Background/Aims: Particulate matter (PM) is an important risk factor for immunological 
system imbalance due to its small size, which can reach more distal regions of the respiratory 
tract, independently of its chemical composition. Some studies have suggested that PM 
exposure is associated with an increased incidence of diabetes, especially in industrialized 
urban regions. However, studies regarding the effects of PM exposure during perinatal life on 
glucose metabolism are limited. We tested whether exposure to PM from an urban area with 
poor air quality during pregnancy and lactation could cause short- and long-term dysfunction 
in rat offspring. Methods: Samples of <10 µm PM were collected in an urban area of Cotonou, 
Benin (West Africa), and reconstituted in corn oil. Pregnant Wistar rats received 50 µg PM/day 
by gavage until the end of lactation. After birth, we analyzed the dams’ biochemical parameters 
as well as those of their male offspring at 21 and 90 days of age. Results: The results showed 
that PM exposure did not lead to several consequences in dams; however, the male offspring 
of both ages presented an increase of approximately 15% in body weight. Although the blood 
glucose levels remained unchanged, the insulin levels were increased 2.5- and 2-fold in PM 
exposure groups of both ages, respectively. HOMA-IR and HOMA-β were also increased at 
both ages. We also demonstrated that the number, islet area and insulin immunodensity of 
pancreatic islets were significantly increased at both ages from PM exposure. Conclusion: 
Our data show that chronic PM exposure by the oral route during perinatal life in rats leads 
to glucose dyshomeostasis in male offspring both in early and later life. Thus, we suggest that 
an ambience with poor air quality, mainly where traffic is dense, can contribute to an increase 
in metabolic disease incidence.
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Introduction

Air pollution is an important factor of environmental health that affects urban 
populations in developed and developing countries. The most common diseases related to 
air pollution are those that compromise airways, such as pulmonary deficiency, asthma and 
changes in lung function [1, 2]. Nevertheless, recent studies have reported an association 
between diabetes and air pollution [3, 4].

Over the past two decades, many clinical, epidemiological and experimental studies 
have suggested that insults early in life (primarily during perinatal life) can lead to serious 
risks to offspring in developing chronic noncommunicable diseases [5, 6]. For example, 
adults who were malnourished during fetal development can manifest diabetes and/
or hypertension in adulthood [7]. Most of these diseases are caused by the disruption of 
metabolic control, which originates from the central nervous system and peripheral organs 
that are programmed to be fed in a restricted caloric environment. When switching to an 
overabundant diet, offspring have a higher risk of developing metabolic diseases [8]. From 
this observation came the “developmental origins of health and disease” (DOHaD) concept 
[9].

Recent studies have been proposed to evaluate the exposure to endocrine disruptors, 
such as food contaminants, heavy metals, fine particulate matter, pesticides and plastics 
products, during the critical phases of development and the long-term effects of this exposure 
on offspring metabolism [10-12]. Experimental and epidemiological studies have suggested 
that endocrine disruptor exposure during neonatal phases induces permanent metabolic 
dysfunction in adult offspring [12-15]. Additionally, pregnant women who are exposed to 
a highly polluted area in an urban zone have an increased risk of their babies developing 
type 1 diabetes [16]. These types of diseases during early life can be included in the DOHaD 
concept.

Particulate matter (PM) is an important risk factor of immunological system imbalance 
due to its small size, which can reach more distal regions of the respiratory tract, 
independently of its chemical composition [17]. Epidemiological studies have suggested that 
PM increases pulmonary morbidity; aggravates allergies, asthma, and vascular dysfunction 
and is associated with an increased incidence of type 2 diabetes, especially in industrialized 
urban regions [18-20]. In addition, other effects of PM exposure have been reported, including 
β-cell dysfunction in mice exposed to diesel smoke [21]. Exacerbated insulin resistance was 
also observed in high fat diet-induced obese mice after chronic exposure to fine air PM due 
to increased proinflammatory levels [22, 23]. PM exposure is a risk not only by the airway 
route but also by the gastrointestinal route because particles are swallowed when removed 
from the airways by the mucociliary clearance system [24]. Moreover, water and food are 
contaminated with deposited PM, the ingestion of which is also considered to pose a higher 
risk of diseases.

Considering that studies regarding the effects of PM exposure by the oral route during 
perinatal life are limited, our primary hypothesis was that early life exposure to PM from an 
urban area with poor air quality during perinatal life could impact both short- and long-term 
metabolism in offspring. In this study, we exposed dams to a PM solution by the oral route 
during gestation and lactation to study the effect of early exposure on metabolic programming 
of biometric parameters, glucose metabolism, lipid profile and islet morphology in weaned 
and adult male rat offspring.

Materials and Methods

Animals and experimental groups
Adult female and male Wistar rats were obtained from the Central Animal House at the State University 

of Maringá, Paraná, Brazil. At 70 days old, female rats were mated with male rats at a proportion of 3:1. Estrous 
cycle changes were evaluated daily by vaginal smears to determine pregnancy. At birth, each pregnant rat 
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was housed in separate cages, and on the 7th day of pregnancy, each dam was randomly assigned to either 
the control corn oil (CT) group or the PM group. The respective treatment was administered by gavage 
daily. Each experimental group consisted of nine pups per dam comprising males and females. The pups 
were weaned at 21 days old, and only males were used in the current study. Offspring rats were observed at 
either 21 days old (21d) or 90 days old (90d). We used 8-10 rats per experimental group (2 rats per litter). 
Offspring from mothers treated with vehicle were denominated as CT21d and CT90d, whereas the offspring 
from mothers treated with PM were denominated as PM21d and PM90d.

Throughout the protocol period, all animals were housed under controlled conditions in a 12-h light-
dark cycle (lights on from 7 a.m. to 7 p.m.) at a temperature of 21 ± 2 °C. Water and a standard rodent 
chow diet (NuVital®, Curitiba, PR, Brazil) were provided ad libitum. The Animal Ethics Committee in Animal 
Research of the State University of Maringá (CEUA nº 5681231014) approved all the animal protocols.

PM sampling
PM <10 µm samples were collected in an urban area, where the traffic is dense, of Cotonou, Benin 

(West Africa), and physicochemically characterized as previously described by Cachon et al [17].. The main 
composition of PM includes biological components, Al, Fe, Mg, Mn, Na, Pb, Zn and carbonaceous materials; 
volatile organic compounds such benzene, toluene, ethylbenzene and o-xylene; polycyclic aromatic 
hydrocarbons, mainly fluoranthene, pyrene, chrysene, benzo [a]pyrene; paraffins such as tricosane, 
tetracosane, heptacosane, tritriacontane; and fatty acids such as hexadecanoic acid, octadecanoic acid, oleic 
acid and tetradecanoic acid.

PM<10 reconstitution
The PM<10 stock solution was prepared by reconstitution with 3 mL of corn oil and was sonicated with 

10-s pulses and 10-s pauses for 30 min (Sonic Dismembrator Model 100, Fischer Scientific, Waltham, MA, 
USA). The gavage solutions were individually prepared daily using a stock solution.

Dose solution administration
On the 7th day of pregnancy until the last day of lactation, the female rats from the PM group received 

50 µg of PM<10 solution daily corresponding to 200 µg PM<10/kg of body weight (bw). Considering a rat of 
approximated 250 g of bw, we administered a constant quantity of 250 µL of reconstituted PM<10 per day at 
a dose of 50 µg of PM<10. The dose was constant, mimicking the daily exposure. The administered doses were 
calculated based on the low dose of diesel oral exposure described previously by Danielsen and colleagues 
(2008) [24]. The control group (CT) received a corn oil solution at a constant volume of 1 mL/kg of bw. 
These solutions were administered using a gavage needle during the gestation and lactation period at the 
same time every evening (5 p.m.).

Tissue collection
After 12 h fasting, dams, offspring at 21 days old or rat offspring at 90 days old were weighed and 

anesthetized with thiopental (150 mg/kg of bw) for euthanasia. The retroperitoneal fat pad stores were 
removed and weighed. The pancreas was also removed for histological procedures from pups and adult 
animals. Blood samples were collected and stored to measure insulin, glucose and lipid levels.

Intraperitoneal glucose tolerance test (ipGTT)
The ipGTT was performed in weaned rats at 21 days old (n=7-9) by injecting glucose (2 g/ kg bw i.p.) 

after fasting overnight. Blood glucose levels were determined prior to the glucose bolus (0) and at 15, 30, 60, 
90, and 120 min after injection. Blood samples were obtained by a small cut in the tail vein and measured 
using a glucometer (ACCU-CHEK® Advantage, Roche Diagnostics, Mannheim, Germany). The total area 
under the curve of glucose concentration oscillations was calculated.

Intravenous glucose tolerance test (ivGTT)
At 90 days of age, both groups (n=7) underwent surgery consisting of cannula implantation into the right 

jugular vein as previously described [25]. A glucose load (1 g/kg bw) was infused. Blood samples (350-400 
µl) were collected immediately prior to glucose injection (0 min) and at 5, 15, 30 and 45 min after glucose 
administration, and the obtained plasma samples were stored at -20 °C for further analysis.
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Biochemical analysis
The blood glucose concentration was determined using the glucose oxidase method [26] with a commercial 

kit (Gold Analisa®, Belo Horizonte, MG, Brazil). The triglyceride (TG), total cholesterol (TC) and high-density 
lipoprotein (HDL) levels were determined by colorimetric commercial kits (Gold Analisa®, Belo Horizonte, MG, 
Brazil). Low-density lipoprotein (LDL) levels were obtained using the Friedewald equation [27].

The insulin levels were determined using a radioimmunoassay [28] with a gamma counter (Wizard2 
Automatic Gamma Counter, TM-2470, PerkinElmer®, Shelton, CT, USA). For the radioimmunoassay, human 
insulin was used as a standard, and detection was performed using an antirat insulin antibody (Sigma-Aldrich®, 
St. Louis, MO, USA) and 125I-labeled recombinant human insulin (PerkinElmer®, Shelton, CT, USA). The intra- 
and inter-assay coefficients of variation were 12.2% and 9.8%, respectively, for insulin. The detection limit 
for the insulin levels was 1.033 pmol/l. Homeostasis model assessment: insulin resistance (HOMA-IR) and 
β-cell function (HOMA-β), were calculated by formulas as previously described [29, 30].

Immunohistochemistry staining
Pancreatic samples from offspring rats at either 21 or 90 days of age (n=6/group) were fixed in 10% 

of dehydrated formalin, cleared and embedded in histological paraffin (Biotec Pinhais, Parana, Brazil). The 
fixed samples were sectioned using a microtome (LEICA RM2245, Leica Microsystems, Wetzlar, Germany) 
in semiserials cuts 5 µm thick. After deparaffinization, the sections were rehydrated and blocked against 
endogenous peroxidase activity with 3% H2O2. Sections were then washed in 0.01 M phosphate-buffered 
saline (PBS, pH 7.4) and incubated with 10% nonimmune goat serum (Histostain-Plus®, Invitrogen, 
Carlsbad, CA, USA) for 10 min. After blocking, an anti-insulin monoclonal antibody diluted at 1:500 (Sigma 
®, St. Louis, MO, USA) was incubated for 1 h at room temperature. After washing two times with 0.01 M 
PBS, the sections were incubated with a specific biotinylated secondary antibody (Histostain-Plus®, 
Invitrogen, Carlsbad, CA, USA) for 10 min. The sections were then incubated with the enzyme streptavidin-
peroxidase conjugate (Histostain-Plus®, Invitrogen, Carlsbad, CA, USA) for 10 min and washed for 5 min 
twice. The streptavidin–biotin complexes were detected with diaminobenzidine chromogen solution (DAB) 
(Histostain-Plus® Invitrogen, Carlsbad, CA, USA). Counterstaining with hematoxylin was performed for 15s.

The number of pancreatic islets in the pancreas (number of islets/cm2) was quantified by insulin 
immunomarked pancreatic cuts (2 cuts/animal of 6 animals/group) in a sectional area of ​​40 islets/animal/
group. The images were obtained in TIFF format on an optical microscope (Olympus BX41, Olympus, Tokyo, 
Japan) with objectives of 2× and 40×, respectively, coupled to a QColor 3 camera (Olympus, Tokyo, Japan). 
Analyses were performed using the Image Pro Plus® version 4.5 software (Media Cybernetics, Silver Spring, 
MD, USA).

Statistical analyses
The data are presented as the mean ± SEM and were subjected to Student’s t test. A value of p < 0.05 

was considered to be statistically significant using GraphPad Prism version 6.0 for Windows (GraphPad 
Software Inc., San Diego, CA, USA).

Results

PM exposure during pregnancy and lactation had no effect on the bw of PM dams 
compared to the CT dams, as shown in Fig. 1. Similar to the observed measurements during 
pregnancy, there were no changes in the dams’ bw during the lactation phase. As shown in 
Table 1, the dams’ plasma profile presented decreased TG and HDL levels [35% and 53% (p < 
0.001; p < 0.0001), respectively]. No differences were observed in the detection of glycaemia 
or insulinemia, or in the HOMA-IR, HOMA-β, and LDL levels.

Although the birth weight and bw growth of pups was unchanged (Fig. 2a and 2b), the 
weight at weaning was 16% higher in the PM21d group (Fig. 2c) compared to the CT21d 
group (p < 0.01). Fat deposition was increased 1.5- and 1.2-fold in the retroperitoneal and 
periepididymal fat pads, respectively, in the PM21d group (p < 0.001; p < 0.01, respectively, 
Fig. 2d and 2e). The PM90d animals presented with increased bw (p < 0.05), as shown in 
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Fig. 3a and 3b. No statistically significant differences were observed in retroperitoneal and 
periepididymal fat pads from the PM90d group, as shown in Fig. 3c and 3d.

Table 1 also shows the effect of PM maternal exposure on the plasma profile in young 
and adult offspring rats. Although the blood glucose levels remained unchanged, the insulin 
levels were increased 2.5- and 2-fold in the PM21d and PM90d groups, respectively (p < 
0.001; p < 0.01), compared to their respective control groups. Moreover, as shown in Table 
1, the HOMA-IR increased 
2-fold in both ages of 
offspring whose dams 
were treated with PM (p 
< 0.0001). HOMA-β was 
increased 2.7-fold in the 
PM21d group (p < 0.0001) 
and 2-fold in the PM90d 
group (p < 0.001), compared 
to their respective controls. 
TC was decreased by 
25% in the PM21d group 
compared to the CT21d 
group. In contrast, TC was 
increased by 28% in the 
PM90d group compared 
to the CT90d group. TG 
levels were decreased by 
52% and 35% in both the 
PM21d and PM90d groups, 
respectively. The HDL levels 
were decreased by 28% in 
the PM21d group compared 
to the CT21d group (p 
< 0.001). No differences 
were observed concerning 
the LDL levels in both 
experimental ages.

During the glucose 
tolerance tests, namely, 
ipGTT in the PM21d group 
and ivGTT in the PM90d 
group, the blood glucose 
and insulin levels failed to 
show any difference (as 
observed in Fig. 4, 5a and 
5b) compared to the levels 
in the CT21d and CT90d 
groups, respectively.

Fig. 6 shows the 
i m m u n o h i s t o c h e m i c a l 
staining of the pancreatic 
islets. The islet number, 
islet area and insulin 
immunodensity of the 
pancreatic islets were 
significantly increased by 
38%, 41% and 98% in the 

Fig. 1. Effect of PM treatment 
during gestation and lactation 
on the biometric parameters of 
dams. Body weight from the CT 
and PM dams during the treat-
ment periods, gestation and lac-
tation. The inset represents the 
respective area-under-the-curve 
(AUC). No significant differences 
were observed by Student’s t 
test.

Figure 1 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Table 1. Effect of PM exposure on the plasma profile in dams and in 
weaned and adult rat offspring. The data represent the mean ± SEM 
obtained from 8-10 rats per experimental group. The symbols repre-
sent significant differences. Student’s t test, *p < 0.05, **p < 0.01, ***p < 
0.001, ns = not significant
 Dams 21 days old 90 days old 

Parameters CT PM CT PM CT PM 

Glycemia (mg/dL) 109.5±2.82 107.3±2.75ns 95.80±6.5 100.8±2.2ns 88.50±2.7 87.71±1.7ns 

Insulinemia (ng/dL) 0.19±0.01 0.21±0.03ns 0.10±0.007 0.26±0.04** 0.17±0.004 0.34±0.004* 

HOMA-IR 1.21±0.07 1.35±0.22ns 0.62±0.05 1.41±0.12*** 0.89±0.01 1.79±0.2* 

HOMA-β 30.08±2.41 36.57±1.48ns 22.30±2.0 60.73±8.5*** 60.28±5.8 126.1±7.3** 

Total Cholesterol (mg/dL) 114.6±8.5 99.34±12.75* 111.5±3.0 83.02±2.9*** 67.02±5.4 86.41±3.2** 

Triglycerides (mg/dL) 128.0±8.4 82.5±5.8** 94.33±6.4 44.75±9.1** 63.00±3.3 40.63±3.6** 

HDL (mg/dL) 62.60±4.9 29.00±2.0*** 60.23±3.9 42.96±2.2** 68.33±7.8 74.40±6.1ns 

LDL (mg/dL) 49.93±4.0 37.82±4.2ns 55.55±4.0 45.87±1.9ns 19.65±4.9 17.60±2.5ns 

 

Fig. 2. Effect of maternal PM 
exposure on the biometric pa-
rameters of young rat offspring. 
Body weight changes from birth 
until weaning (a), body weight 
at birth (b) body weight at 
weaning (c), retroperitoneal (d) 
and periepididymal fat pads (e) 
of 21 days old offspring from the 
CT21d and PM21d groups. The 
inset in figure a represents the 
AUC of body weight evolution. 
The data represent the mean 
± SEM obtained from 8-10 rats 
per experimental group. The 
symbols represent significant 
differences by Student’s t test; 
*p<0.01, **p<0.001, ns: not sig-
nificant.
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PM21d group, respectively 
(p < 0.01; p < 0.001; p < 
0.0001) compared to the 
CT21d group (Fig. 6a-6c). In 
addition, the PM90d group 
showed similar results, 
with a 33% increase (p < 
0.01) in the islet number, a 
47% increase (p < 0.0001) 
in the islet area and a 48% 
increase (p < 0.0001) in 
the insulin immunodensity 
compared to that in the 
CT90d group (Fig. 6d-6f).

Discussion

For the first time, this study shows that PM exposure from an urban area with poor 
air quality by the digestive pathway during the critical phases of fetal development in rats 
led to metabolic disturbances in the offspring both early and later in life, primarily in bw, 
glucose homeostasis and the lipid profile. In dams, we did not observe changes in bw in both 
gestation and lactation, but we observed an altered lipid profile pattern with low levels of 
TC, TG and HDL.

It has been shown that there is a relationship between air quality and birth weight [31-
33]. The maternal exposure to PM, in our study, did not cause low birth weight. However, other 
environmental contaminants, including pesticides (organophosphorus), trace elements 
(Pb) and chemicals from plastic manufacturing (Bisphenol A), could result in reduced birth 
weight, and this effect could be a consequence of high doses of these contaminants [34-

Fig. 5. Effect of maternal PM ex-
posure on glucose homeostasis in 
adult rat offspring. Glucose (a) and 
insulin (b) levels normalized by 
the increment of basal insulin dur-
ing the intravenous glucose toler-
ance test (ivGTT) in 90 days old 
offspring. The insets represent the 
AUC of glycemia and insulinemia, 
respectively. The data represent 
the mean ± SEM obtained from 7 
rats per experimental group. No 
significant differences were ob-
served by Student’s t test; ns: not 
significant.

Figure 5 

 
 

 

 

  

 

Fig. 3. Effect of maternal PM exposure on the 
biometric parameters of adult rat offspring. 
Body weight evolution from weaning until 90 
days old (a), body weight (b), retroperitoneal (c) 
and periepididymal fat pads (d) of 90 days old 
offspring from the CT90d and PM90d groups. 
The data represent the mean ± SEM obtained 
from 8-10 rats per experimental group. The 
inset in figure a represents the AUC of growth 
evolution. The symbols over the bars represent 
significant differences by Student’s t test, *p<0.01, 
****p<0.0001, ns: not significant.

Figure 3 

 

 

 
 

 

 

 

  

 

 

 

 

 

 

 

Fig. 4. Effect of maternal PM exposure on glucose homeostasis in 
young rat offspring. Glucose levels during the intraperitoneal glucose 
tolerance test (ipGTT) in 7-9 rats per experimental group from 21 
days old offspring. Inset represents the AUC of glycemia. No significant 
differences were observed by Student’s t test; ns: not significant.

Figure 4 
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37]. Metabolic programming induced by the maternal environment does not necessarily 
have a direct relationship with low birth weight, as previously demonstrated in studies of 
gestational diabetes [38, 39].

Despite the observation that offspring from the PM-exposed dams did not present low 
birth weights, the treatment induced both short- and long-term dysfunction in the lipid 
profile. Adult individuals exposed to air pollution can present dyslipidemia [40]; however, 
the impact of this contamination regarding the metabolic development of their progeny is 
largely unknown. It is notable that alterations in lipid metabolism with low levels of TC and 
HDL could be associated with thyroid dysfunction, more specifically with hyperthyroidism 
[41]. This finding could be due to an increase in the catabolism of LDL particles by an 
augmentation of LDL receptors and due to cholesteryl ester transfer protein-mediated 
transfer of cholesteryl esters from HDL to very-low-density lipoproteins (VLDLs) and 
increased hepatic lipase mediated catabolism of HDL [42, 43].

Several studies have shown the effects of PM exposure via airways; however, a large 
fraction of pollutants that are inhaled are also ingested and rapidly enter the gastrointestinal 
system, and this route of contamination is poorly explored [44]. In addition, these doses 
were equivalent to the quantity of PM that could be inhaled and cleared by digestive tract in 
normal adult rats [45]. The PM from an urban area of Cotonou administered in the present 
work was used in previous study that focused on chronically exposed lung human epithelial 
cells, causing oxidative stress and an inflammatory response [17]. It is likely that exposure 
to the PM may also produce inflammatory events in the gastrointestinal tract and other 
systemic and placental related events, thus promoting adverse intrauterine conditions 
[46, 47] and possibly affecting metabolic function in adulthood [48]. In addition, some of 
the PM constituents can have direct consequences on the developmental programming 
of metabolism; for example, lead, a toxic element present in the PM mixture, is known to 
provoke glucose metabolism perturbations in offspring exposed in utero [49]. Although the 
effect of PM has never been investigated in pregnant rats by the oral route, some studies have 
already reported the relationship between PM at environmentally relevant exposure levels 
and impaired glucose metabolism during pregnancy and infancy [50, 51].

In the current study, the primary observed dysfunction regarding the effects of maternal 
PM exposure on male rat offspring metabolism in both stages of life was glucose homeostasis 
accompanied with hyperinsulinemia and increased HOMA-IR, suggesting insulin resistance. 
Our data indicate that one target of deregulation due to PM exposure is the β-cell, either 
directly or indirectly. Before a challenge such as IVGTT, pancreatic β-cells from the PM group 

Fig. 6. Effect of maternal PM exposure on the 
morphology of the pancreas. Representative 
images (20× magnification, scale bars = 1000 
µm and 400× magnification, scale bars = 50 
µm, respectively) show pancreatic sections 
immunostained by anti-insulin antibody from all of 
the offspring groups. Quantitative morphological 
analysis of the islet number, islet area and islet 
insulin immunodensity are shown in (a), (b) and 
(c) for 21 days old offspring and in (d), (e) and (f) 
for 90 days old offspring, respectively. The data are 
presented as the mean ± SEM obtained from one 
pancreatic section from each animal (40 islets/
sections; n= 6 animals/group), with a total of 240 
islets analyzed per group. Symbols over the bars 
represent significant differences by Student’s t test, 
*p<0.01, **p<0.001, ***p<0.0001.

Figure 6 
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tended to secrete less insulin than those from the control group, suggesting a weakness of 
insulin. However, the insulin response during IVGTT is nonphysiological; for this reason, 
in fasting conditions when the insulin or glucose is already altered, any change thereafter 
will not accurately reflect what could have been the β-cell response [52]. PM exposure 
also caused an increased HOMA-β index in the offspring, which suggests that the changes 
induced forced the islets to excessively secrete insulin through islet hypertrophy and β-cell 
hyperplasia to maintain the hyperinsulinemic status. These disturbances could be due to 
β-cell compensation for peripheral insulin resistance [53]. Corroborating with the increased 
HOMA-β, immunohistochemistry staining and morphometric analysis of the pancreas 
showed an increased number and size of pancreatic islets in the offspring in both PM groups, 
thus reinforcing the idea that β-cells are a target of this deregulation induced by maternal 
PM exposure from an urban air sample.

Our findings demonstrated that air pollution exposure in pregnant and lactating rat 
dams caused short- and long-term effects in their offspring, providing a potential basis for 
the link between air pollution exposure and metabolic programming. In addition, another 
recent report demonstrated that prenatal exposure to diesel exhaust particles did not affect 
glucose homeostasis in adult offspring but exacerbated insulin resistance in males fed a high 
fat diet [54], suggesting that metabolism effects of air pollution may be attributable to the 
mixture of compounds rather than a single chemical component of PM. Although it is possible 
that the manifested metabolic dysfunction observed is independent of the air contaminant 
composition, PM exposure during crucial periods of development were correlated with 
perturbed and provoked disruptions of the glucose metabolism of male offspring in early and 
later life. Although our results suggest glucose dyshomeostasis, several questions remain to 
be addressed. These include the investigation of these parameters on sexual dimorphism. 
In the literature, is well established that males and females present differences in metabolic 
programming, mainly because of the sexual hormones, although female offspring seem to be 
more protected from in utero insults by the relative ease with which the placenta adapts in 
the face of adverse conditions [55].

Maternal exposure to PM collected from a high-density-traffic urban area disturbs 
glucose metabolism of offspring from infancy throughout adulthood. The data presented 
in the current work may indicate that particulate air pollution contributes to an increased 
incidence of metabolic diseases. Nevertheless, more effort is required to precisely determine 
whether the alterations in the metabolic pathways as observed in the PM samples from this 
study would be reproduced using samples originating from other regions and/or seasons, 
as the samples may differ in chemical composition, size distribution, surface reactivity and 
toxicological characteristics. Thus, we suggest that an ambience with poor air quality, mainly 
where traffic is dense, could contribute to an increase in metabolic disease incidence and 
deserves more attention from the society.
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