
Exposure to airborne particulate matter and undernutrition in young rats: 
An in-depth histopathological and biochemical study on lung and 
excretory organs

Ivana Masci a , Carola Bozal b , Christian Lezón c, Maximiliano Martin d , Fernando Brites d ,  
Julián Bonetto a , Laura Alvarez e, Melisa Kurtz a,* , Deborah Tasat a,f

a Laboratorio de Bio-Toxicología Ambiental, Instituto de Tecnologías Emergentes y Ciencias Aplicadas. Escuela de Ciencia y Tecnología, Universidad Nacional de San 
Martín – CONICET, San Martín, Buenos Aires, Argentina
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A B S T R A C T

Environmental stressors, such as air particulate matter (PM) and nutrient deficiencies, can significantly impact 
crucial organs involved in detoxifying xenobiotics, including lungs, liver, and kidneys, especially in vulnerable 
populations like children. This study investigated the effect of 4-week exposure to Residual Oil Fly Ash (ROFA) 
on these organs in young rats under growth-restricted nutrition (NGR). We assessed histological, histomorpho
metric and biochemical parameters. ROFA exposure induced histological changes and inflammation in all three 
organs when compared to control (C) animals. Specifically, in lungs ROFA caused a significant reduction in 
alveolar airspace (C: 55.8 ± 1.8% vs. ROFA: 38.7 ± 3.0%, p < 0.01) and alveolar number along with changes in 
alveolar size distribution, and disruption of the smooth muscle layer which may impaired respiratory function. In 
the liver, ROFA increased binucleated cells, macro and microvesicles and both AST and ALT serum biomarkers 
(AST: C = 77.7 ± 1.3 vs. ROFA = 81.6 ± 1.3, p < 0.05; ALT: C = 44.5 ± 0.9 vs. ROFA = 49.4 ± 1.3, p < 0.05). In 
the kidneys, a reduced Bowman’s space (C: 2.15 ± 0.2 mm2 vs. ROFA: 1.74 ± 0.2 mm2, p < 0.05) was observed, 
indicative of glomerular filtration failure. NGR alone reduced Bowman’s space (C: 2.15 ± 0.2 mm2 vs. NGR: 1.06 
± 0.1 mm2, p < 0.001). In lung and liver NGR showed higher levels of proinflammatory cytokine IL-6 (p < 0.01 
and p < 0.001, respectively) when compared to C. In conclusion, both stressors negatively affected lung and 
excretory organs in young rats, with nutritional status further modulating the physiological response to ROFA. 
These findings highlight the compounded risks posed by environmental pollutants and poor nutrition in 
vulnerable populations.

1. Introduction

Air pollution and malnutrition are global challenges, posing signifi
cant public health risks. These two environmental stressors often coexist 
across different regions of the world, with South America, Africa, and 
Asia being the most affected continents, where large populations face 
the combined impact of both issues. Young children, especially those 
facing nutritional growth restrictions, are particularly vulnerable to the 

synergistic impacts of these stressors.
Exposure to air pollution, especially to particulate matter (PM), has 

been associated with a wide range of adverse health outcomes. PM is a 
complex mixture of solid and liquid particles suspended in the air, 
originated from various sources such as industrial processes, vehicle 
emissions, and the combustion of fossil fuels. Epidemiological and 
toxicological studies have demonstrated that PM contributes to respi
ratory diseases, including asthma, pneumonia, chronic obstructive 
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pulmonary disease (COPD), and lung cancer, as well as increased car
diovascular morbidity and mortality (Mills et al., 2009; Mills et al., 
2011; Wellenius et al., 2012). PM exposure is known to elicit both short- 
and long-term effects on human health, including reduced pulmonary 
function, increased susceptibility to respiratory infections, and impaired 
lung development (Pope et al., 2011; Li et al., 2016; Amnuaylojaroen 
and Parasin, 2024). Recent evidence highlights a strong correlation 
between childhood PM exposure and respiratory dysfunction, with 
children exhibiting diminished lung function, heightened asthma prev
alence, and increased respiratory symptoms (Garcia et al., 2021; Zheng 
et al., 2023). Indeed, the Global Burden of Disease data identifies air 
pollution as the second largest health risk for children aged 0–14 years 
worldwide (IHME, 2024).

Residual oil fly ash (ROFA), a byproduct of fossil fuel combustion, is 
a significant air particulate pollutant commonly found in industrial re
gions. It has been extensively utilized in toxicological research as a 
surrogate airborne particle to study physiological and pathological re
sponses to PM in murine models (Dreher et al., 1997; Kodavanti et al., 
1998, 2002). Structural lung and extrapulmonary organs injury, marked 
oxidative stress and increased inflammation are among the effects pri
marily attributed to ROFA, mainly due to its high concentration of 
bioavailable transition metals, such as nickel (Ni), vanadium (V), and 
iron (Fe) (Dreher et al., 1997; Kodavanti et al., 2002; Magnani et al., 
2011; Knuckles et al., 2013; Orona et al., 2020)

Studies examining ROFA exposure through intratracheal or intra
nasal instillation and aerosol inhalation have demonstrated significant 
functional and structural alterations. Among these administration 
routes, intranasal instillation offers several advantages, including being 
painless, non-invasive, cost-effective, and practical, with a rapid onset of 
action. This route is an effective technique commonly used in toxicity 
studies (Leong et al., 1998; Southam et al., 2002) and is widely recog
nized as favorable for systemic drug administration in human medicine 
(Falcone et al., 2014).

Children are particularly susceptible to the adverse effects of PM 
exposure due to their developing respiratory systems, higher respiratory 
rates, and immature immune systems. Lung development, a highly 
regulated process of proliferation, differentiation, and maturation, is 
particularly vulnerable to environmental insults during early life 
(Herriges and Morrisey, 2014).

It is clear that all the processes and events involved in the develop
ment of the respiratory system are susceptible to perturbation by envi
ronmental influences and that oxidative stress plays a well-described 
role in mediating PM toxicity. In fact, the oxidative and pro- 
inflammatory responses induced after PM exposure have also been 
proposed as underlying mechanisms of cardiometabolic and hepatic 
disorders (Pope et al., 2004, 2016; Rao et al., 2018; Xu et al., 2019).

Among the target organs affected by PM, the liver and kidneys, key 
excretory organs, are crucial in detoxifying xenobiotics and systemic 
homeostasis (Barouki et al., 2023). Exposure to PM could potentially 
impact these organs in two ways: first, by directly influencing their role 
in detoxifying xenobiotics absorbed from PM, and second, by causing 
indirect effects on liver and kidney cells due to inhaled PM.

The liver metabolizes xenobiotics and filters toxins from the blood, 
processes that can be disrupted by PM-induced oxidative stress and 
systemic inflammation. In fact, PM exposure has been implicated in 
exacerbating liver conditions, including diseases such as steatosis, 
fibrosis and even cancer (Kim et al., 2014; Deng et al., 2017; Xiao et al., 
2024).

As a metabolic organ responsible for maintaining the fluid and acid- 
base balance, the kidney’s filtration function makes it vulnerable to 
environmental pollutants (Xu et al., 2018). Long-term exposure studies 
have shown an association between PM and a decline in kidney function 
over time (Shubham et al., 2022), which may be reflected in a reduced 
glomerular filtration rate (Troost et al., 2024) and increased risk of 
kidney damage and dysfunction (Aztatzi-Aguilar et al., 2016; Chenxu 
et al., 2018).

Malnutrition exacerbates the health risks associated with PM expo
sure, particularly in children. Adequate nutrition plays a crucial role in 
normal organ development, immune function, and resistance to envi
ronmental stressors. Nutritional deficiencies may alter normal lung 
growth, increase oxidative stress and inflammation, compounding the 
effects of PM exposure (Fandiño et al., 2019; Stocks et al., 2013; Romieu 
et al., 2002). Children hospitalized for severe malnutrition usually 
present their liver and kidneys compromised, with structural and func
tional changes such as electrolyte disturbances, increased oxidative 
stress, hepatic steatosis and hypoalbuminemia (Leite et al., 2013; 
McClain et al., 2017; Parenti et al., 2021).

Early-life factors such as nutrition, coupled with environmental el
ements like air pollution, could play a role in adversely impacting lung, 
liver and kidneys development and function. In fact, despite the well- 
documented systemic effects of PM exposure, little is known about its 
specific impact on the respiratory, hepatic, and renal systems, especially 
under conditions of undernutrition. Addressing this gap is critical for 
understanding the combined health risks in vulnerable populations.

In this context, this study investigates the effects of 4-week Residual 
Oil Fly Ash (ROFA) exposure on lungs, liver, and kidneys in young rats 
within a growth-restricted nutrition (NGR) framework, aiming to 
elucidate the interplay between PM exposure and malnutrition on 
excretory organ health.

2. Materials and methods

2.1. Animal care

Wistar rats (male, 21–23 days old) were bred at the facility of the 
School of Pharmacy and Biochemistry, University of Buenos Aires, 
Argentina. Animals were housed at the animal facility at School of 
Dentistry of the University of Buenos Aires according to institutional 
guidelines and kept under standard laboratory conditions (light-dark 
cycle 12:12h, 21 ± 1 ◦C and 50–60% relative humidity). Animals were 
fed a standard diet (Purina chow) of the following composition (g/ 
100g): protein, 22.7; lipids, 7.09; fiber, 6.0; Ca, 1.3; P, 0.8; ashes, 6.5; 
water, 7.96 and dextrin up to 100g. Animal care and experimental 
procedures were performed according to the National Institutes of 
Health Guidelines for the Care and Use of Laboratory Animals (National 
Research Council-US, 2011) in compliance with Argentinean law and in 
accordance with the “Principles of Laboratory Animal Care” guidelines 
and approved by the University of Buenos Aires Ethics Committee, ac
cording to the Principles of Laboratory Animal Care (NIH 2 publication 
number 85–23, revised 1985, 3 http://grants1.nih.gov/grants/olaw/re 
ferences/phspol.htm).

2.2. ROFA morpho-chemical characterization

ROFA was collected from Boston Edison Co., Mystic Power Plant, 
Mystic, CT, USA, and kindly provided by Dr. J. Godleski (Harvard School 
of Public Health, MA, USA). ROFA was previously morphologically and 
chemically characterized by SEM and EDX (Ghio et al., 2002; Ferraro 
et al., 2011; Kurtz et al. 2024a, 2024b).

2.3. ROFA exposure and nutritional experimental design

Rats were randomly divided into 2 groups (n = 14/group): control 
(C) and nutritional growth retardation (NGR). Control rats were fed ad 
libitum with a standard diet, and NGR rats were fed 80% of the amount of 
food consumed by controls (Lezón et al., 2009; Kurtz et al., 2018, 2024a, 
2024b). The food amount was corrected by body weight (food intake in 
grams per 100 g body weight per day), as can be observed in Table 1. We 
selected this 20% restricted balanced diet for a 28-day period to model 
suboptimal nutrition, based on clinical pediatric findings (Lifshitz and 
Moses, 1988, 1989). This approach closely mirrors the inadequate 
nutritional intake observed in children consuming inappropriate diets 
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that provide insufficient total energy to sustain normal growth and 
weight gain.

In our study, rats subjected to this type of chronic suboptimal 
nutrition exhibited a reduced body mass growth rate. Table 2 shows the 
mean body weight progression of each group, a critical indicator of 
animal health. By the second weighing (day 3), statistically significant 
differences (p < 0.05) were observed between the control and NGR 
groups. This difference increased from day 5 onward (p < 0.001) and 
remained constant until the end of the experiment.

Over a 4-week period, the animals were exposed intranasally to 
ROFA (0.17 mg/kg body weight) or vehicle (sterile PBS) 3 times per 
week, resulting in four experimental groups: control (C, n = 5–7), con
trol ROFA exposed (ROFA, n = 5–7), undernourished (NGR, n = 5–7), 
and undernourished ROFA exposed (NGR + ROFA, n = 5–7), as seen in 
Fig. 1. It has to be pointed out that intranasal instillation is an effective, 
simple, painless and non-invasive technique commonly used in toxicity 
studies (Leong et al., 1998; Southam et al., 2002) and that the selection 
of the ROFA dose was based upon previous studies (Ostachuk et al., 
2008; Ferraro et al., 2011).

2.4. Tissue collection

At the end of the 4-week period of dietary and ROFA exposure, the 
animals were anesthetized and euthanized employing ketamine 0.2 ml/ 
100g BW and xylazine 0.05/100g BW. Blood samples were collected 
from all animals in order to perform the serological assays and organs 

were excised and employed for the histological, biochemical and mo
lecular assays. For biochemical purposes the lungs and extrapulmonary 
organs (liver and kidneys) from 3 to 5 animals per group were excised 
and stored at − 70 ◦C until analysis. On the other hand, for the histo
logical and histomorphometrical analysis, lung, liver, and kidney sam
ples (target tissues) from 3 to 4 animals per group were fixed in buffered 
formalin (10%), dehydrated in alcohol and embedded in paraffin.

2.5. Histological and Histomorphometrical Evaluation

Histological sections of 5–7 μm thickness from lungs, liver and kid
neys were cut with a Reichert-Jung micrometer (Nossloch, Germany), 
deparaffinized, rehydrated and stained for light microscopy. All patho
logical changes on the target organs were assessed using Hematoxylin- 
Eosin (HE) and Periodic Acid Schiff (PAS) staining. Lung samples were 
also stained with Mallory’s trichome for collagen observation, orcein for 
elastic fibers and toluidine blue stain for mastocyte identification 
(Sridharan and Shankar, 2012). All samples were observed and photo
graphed under high resolution light-field microscope (Axioskop 2; Carl 
Zeiss, Jena, Germany) and a digital camera (Nikon CoolPix 12 Mp, 
Japan).

Lung (H&E or toluidine blue) and kidney (PAS) microphotographs 
were employed to perform histomorphometrical analysis using an image 
processing software (Image J 1.54f, National Institutes of Health, USA). 
Three parameters were analyzed in H&E staining micrographs to eval
uate lung tissue structure: percentage of alveolar airspace (%), the 
number of alveoli per total area (N/mm2 total area), and the alveolar 
size distribution. In Toluidine blue staining the number of mastocytes 
per connective tissue area (N/mm2) was also evaluated. In kidney, 
Bowman’s space area (mm2) was measured to evaluate filtration 
apparatus.

2.6. Serological determinations

Biochemical analysis was performed in serum samples collected from 
the four experimental groups. Briefly, blood was obtained by cardiac 
puncture and serum was obtained after blood centrifugation at 13800g 
for 10 min. Total cholesterol, HDL-cholesterol, calcium, phosphorus, 
urea, as well as alanine aminotransferase (ALT) and aspartate amino
transferase (AST) activities were measured by standardized methods 
(Roche Diagnostics, Germany) in a COBAS C501 autoanalyzer (Roche 
Diagnostics GmbH, Germany). Non HDL-cholesterol was calculated as 
total cholesterol minus HDL cholesterol.

Lipoprotein-associated antioxidant capacity was evaluated using 
paraoxonase 1 (PON-1) with two different substrates: paraoxon (Sigma- 
Aldrich Inc., USA; PON-1 activity) and phenylacetate (Sigma-Aldrich 
Inc., USA; ARE activity) as described by Furlong et al. (1989).

Lp-PLA2 activity was measured employing a previously described 
colorimetric method (Cerelli et al., 2016).

2.7. Oxidative metabolism

Oxidative metabolism (antioxidant enzymes and lipoperoxidation) 
was evaluated in organ homogenates as described by Llesuy et al. 
(1994). Briefly, organs were homogenized in PBS (pH 7.4) at 4 ◦C (1:5 
w/v), the suspension was centrifuged at 6000×g for 10 min at 4 ◦C to 
remove cell debris, the pellet was discarded and the supernatant was 
used as “homogenate”. We assessed the activity of catalase (CAT) and 
superoxide dismutase (SOD) antioxidant enzymes, as well as membrane 
lipoperoxidation using TBARS, in the lungs, liver, and kidneys.

2.7.1. Catalase (CAT) and Superoxide dismutase (SOD) antioxidant 
enzymes activities

Tissue homogenates were used for antioxidant activity de
terminations. The activity of CAT was assessed following Maehly and 
Chance (1954). Rates were calculated as the change in optical density of 

Table 1 
Food consumption during the 4-week experimental protocol.

Food consumption (g/100g BW/day)

Day Control ROFA NGR NGR + ROFA

1 15 15 12 12
3 15 15,4 12 12,3
5 16,3 15 13 12
8 13 14,7 10,4 11,8
10 12 13,9 9,4 11,2
12 12 12 9,6 9,6
15 11,4 11,7 9,1 9,4
17 10,7 11 8,6 8,8
19 10,5 10 8,4 8
22 9,5 9,5 7,6 7,6
24 8,9 9 7,1 7,2
26 9,2 9,1 7,4 7,3
29 9,1 9,2 7,3 7,4

Changes along time of food consumption for the dietary control groups and the 
calculated amount of food given to NGR groups (80% from each control).

Table 2 
Body weight during the 4-week experimental protocol.

Body weight during the experiment (g)

Day Control ROFA NGR NGR + ROFA

1 64,5 ± 2,1 65,2 ± 2,2 67,0 ± 2,5 66,1 ± 2,4
3 75,5 ± 3,2 74,2 ± 3,4 70,3 ± 2,1* 71,0 ± 2,3*
5 82,8 ± 2,9 80,8 ± 3,6 72,8 ± 3,2*** 71,0 ± 3,9***
8 102,5 ± 4,4 98,0 ± 4,0 77,2 ± 2,9*** 75,1 ± 2,7***
10 124,3 ± 3,9 120,7 ± 3,7 95,5 ± 2,8*** 96,7 ± 3,0***
12 140,8 ± 4,1 141,7 ± 3,9 98,4 ± 3,1*** 97,1 ± 2,8***
15 159,2 ± 6,4 157,5 ± 5,4 105,4 ± 3,7*** 104,0 ± 3,5***
17 181,0 ± 7,7 182,5 ± 6,7 102,0 ± 3,2*** 106,2 ± 4,1***
19 200,8 ± 6,5 198,7 ± 7,4 114,2 ± 4,2*** 110,4 ± 3,7***
22 220,2 ± 7,2 218,2 ± 7,9 119,2 ± 4,5*** 118,5 ± 4,2***
24 230,3 ± 8,1 238,7 ± 8,7 123,0 ± 4,1*** 122,2 ± 4,5***
26 247,3 ± 8,4 250,3 ± 7,0 126,2 ± 5,1*** 125,7 ± 4,7***
29 270,3 ± 7,9 274,5 ± 8,1 130,6 ± 4,9*** 129,3 ± 5,6***

Changes along time after weaning in body weight for the four experimental 
groups. Values are expressed as mean ± SD from one representative experiment 
conducted with 6 animal per group (n = 6), One way ANOVA and Bonferroni 
post-hoc test was performed. *p < 0.05, ***p < 0.001.
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the assay mixture/min/mg protein. SOD activity was assayed by the 
method of Misra and Fridovich (1972) and is expressed as SOD units/mg 
protein. One unit of SOD was defined as enzyme amount producing 50% 
inhibition epinephrine autoxidation.

2.7.2. Thiobarbituric acid reactive substances (TBARS)
Lipid peroxidation was determined spectrophotometrically in tissue 

homogenates by TBARS, as described by Yagi (1976). Briefly, the ho
mogenate was added with trichloroacetic acid (40% w/v) and centri
fuged at 1000×g for 10 min. The supernatant was added with an equal 
volume of thiobarbituric acid (46 mM) (Sigma-Aldrich Co.), and the 
solution was heated at 95 ◦C for 15 min. Then, samples were cooled and 
quantified spectrophotometrically at 535 nm. Malondialdehyde (Sig
ma-Aldrich Inc., USA) was used as a standard. Results are expressed as 
nmol TBARS/mg protein.

2.8. Protein determination

Proteins were measured by the method of Bradford (1976) using 
bovine serum albumin as the standard.

2.9. Cytokine production

Total organ RNA was extracted using Trizol reagent following the 
manufacturer’s instructions (Life Technologies, Inc.-BRL, Grand Island, 
NY). The reverse transcription was performed using 2 or 4 μg of total 
RNA. The cDNAs generated was further amplified by PCR under opti
mized conditions using the primer pairs listed below. In this study, we 
analyzed the expression of IL-6, a pro-inflammatory marker, and IL-10, 
an anti-inflammatory marker, in the lungs, liver and kidneys.

IL-6: Forward, 5′-GACAAAGCCAGAGTCCTTCA-3′, Reverse, 5′- 
ACTAGGTTTGCCGAGTAGAC-3’. IL-10: Forward, 5’ -AGGGT
TACTTGGGTTGCC-3′, Reverse, 5′-GGGTCTTCAGCTTCTCTCC-3’. 
GAPDH (glyceraldehyde 3-phosphate dehydrogenase): Forward: 5′- 

ACCCAGAAGACTGTG GAT GG-3′, Reverse: 5′-CACATTGGGGGTAG
GAACAC-3.

The number of cycles used was optimized for each mRNA to fall 
within the linear range of PCR amplification. PCR products were 
redissolved in a 1% (wt/vol.) agarose gel. The gel images were acquired 
with the GelPro analyzer (IPS, North Reading, MA). The levels of mRNA 
were quantified using a computer-assisted image analyzer (ImageQuant 
5.2) and the PCR results for each sample were normalized with GAPDH 
mRNA as an internal control.

2.10. Statistical analysis

Results were expressed as mean values ± standard error of the mean 
(SEM), representing the mean of 4 independent experiments. Statistical 
analysis was performed using two-way ANOVA, followed by Bonferro
ni’s post-hoc test, with statistical significance set at p < 0.05.

3. Results

3.1. ROFA morpho-chemical characterization

We analyzed the size, morphology, and chemical composition of 
Residual Oil Fly Ash (ROFA) using scanning electron microscopy (SEM) 
coupled with energy-dispersive X-ray spectroscopy (EDX). The results 
are consistent with previous findings from our group and others, high
lighting morphological heterogeneity in shape and size (Ghio et al., 
2002; Ferraro et al., 2011; Kurtz et al. 2024a, 2024b). A SEM micro
photograph of ROFA particles (Fig. 2) demonstrate a wide size range, 
primarily spanning from 3.6 μm to 0.49 μm, indicating significant 
dimensional variability. This distribution includes both coarse particles 
(PM10) and fine particles (PM2.5), which exhibit distinct behaviors and 
health implications. Elemental composition analysis (Table 3) reveals a 
high content of transition metals, including vanadium, nickel, and iron, 
along with trace amounts of barium, embedded in a rich-aluminum 

Fig. 1. Nutritional Animal Model and PM Exposure Experimental Design. 
Wistar rats were randomized in two groups regarding food intake 1) CONTROL: food intake ad libitum or 2) NGR: 80% of the amount of food consumed by control. 
Simultaneously, each of these dietary groups were intranasally instilled 3 times per week either with ROFA (0.17 mg/kg BW) or it’s vehicle (PBS), creating 4 groups: 
Control, ROFA, NGR, NGR + ROFA. After 24 hs. from the last PM exposure, blood samples were obtained and lungs, liver and kidneys were excised for histological 
and biochemical analyses.
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silicate composition.

3.2. Histopathological analysis

3.2.1. The lung
Control lung sections exhibit a typical appearance with normal 

alveolar structure. In contrast, NGR rat lungs display thinner alveolar 
walls where growing septa are dividing the larger compartments 
(Fig. 3). ROFA exposure induces the recruitment of inflammatory cells 
(macrophages, polymorphonuclear, and lymphocytes) in both control 
and NGR animals therefore, leading to a reduction of the alveolar space 
compared to their non-exposed counterparts. NGR + ROFA depict a 
notable vascular congestion increase (Fig. 3 arrows). Furthermore, we 
investigated the involvement of PM-induced toxic effects in mucus hy
perproduction for all animal experimental groups. Compared to control 
rats, NGR exhibited a decrease in PAS-positive cells in the epithelium 
from the bronchiolar region as observed by Periodic Acid-Schiff Stain 
(PAS). On the contrary, in all ROFA-exposed lung rats we found an in
crease in PAS-positive cells and subepithelial cell infiltration (Fig. 3
insets).

For a more accurate description, we conducted an histomorpho
metric analysis to quantitate the alveoli airspace, the number of alveoli 

and the alveolar size distribution. A clear decrease in the percentage of 
the alveolar space was seen after ROFA exposure for both control and 
NGR animals (C 55.8 ± 1.8 vs. ROFA 38.7 ± 3.0, p < 0.01; NGR 61.3 ±
1.0 vs. NGR + ROFA 44.2 ± 3.3, p < 0.001) (Fig. 4A). As seen in Fig. 4B, 
the number of alveoli per area also diminished after ROFA exposure (C 
492 ± 31 vs. ROFA 247 ± 10, p < 0.001; NGR 481 ± 31 vs. NGR + ROFA 
302 ± 17, p < 0.001). Changes in the alveolar size distribution were 
observed in ROFA and NGR + ROFA when compared to their counter
parts (Fig. 4C). NGR + ROFA exhibit a positively skewed distribution, 
showing an increase in larger alveolar spaces (Fig. 4C). This experi
mental group also showed a larger mean alveoli size (1830 ± 378 μm2) 
when compared to the control and NGR groups (Control = 1255 ± 92, 
NGR = 1243 ± 93 μm2).

As seen in Fig. 5, Mallory’s trichrome stained sections from control 
animals elicited a continuous well-defined smooth muscle layer, prom
inently visible under the bronchiolar mucosa, while the NGR group 
shows a reduction in the thickness of this layer. All animals exposed to 
ROFA exhibited a notable pattern of discontinuity in the smooth muscle 
structure and disruption in the elastic fiber network as seen in orcein 
stained sections (Fig. 5: insets). A marked thickening of the bronchial 
mucosal layer due to the presence of inflammatory cell infiltrate was 
also found in ROFA exposed animals (Fig. 5).

Mast’s cells metachromatic granules were identified with Toluidine 
Blue stain (Fig. 6A). Microphotographs of ROFA exposed animals 
depicted an increase in mast cells. To validate this observation, we 
quantitate the number of mast cells per area. As expected, after ROFA 
exposure we found an increase in mast cell number being the difference 
significative only between control and ROFA groups (Fig. 6B).

3.2.2. The liver
Liver sections from control animals display the typical hexagonal 

arrangement of hepatic lobules with a central vein and portal tracts at 
the lobule periphery. In contrast, NGR liver sections exhibit smaller 
hepatocytes and the presence of some binucleated cells compared to the 
control group. In the hepatic parenchyma of rats exposed to ROFA, we 
observed the presence of microvesicles characterized by distended he
patocytes with a foamy cytoplasm and small lipid vesicles 1 μm in 
diameter, sinusoidal dilation and congestion (Fig. 7). Additionally, both 
ROFA-exposed groups showed an increase in the number of binucleated 
hepatocytes (Fig. 7 inset). No vesicles, signs of inflammation or rise in 
the number of binucleated cells were observed in control animals.

As shown in Fig. 8, ROFA-treated animals displayed a marked in
crease in PAS-positive hepatocytes. The NGR groups exhibited a patchy 
distribution of PAS-positive cells, indicating glycogen depletion, 
particularly near the centrilobular vein-a region with lower oxygena
tion. It is to note that NGR + ROFA depicted a more accentuated patchy 
pattern than NGR.

3.2.3. The kidney
Kidney H&E-stained sections from control animals show normal 

glomerular architecture, no inflammation, no hemorrhage and intact 
tubular lumen (Fig. 9A). In the ROFA group, we observed hyaline cyl
inders in the lumen, inflammatory cell infiltration and some focal 
hemorrhage along with a decrease in the Bowman’s space (Fig. 9A). 
Furthermore, the unnourished animal (NGR and NGR + ROFA) groups 
exhibit smaller glomeruli with reduced Bowman’s space and congested 
interstitium though the overall renal architecture remains preserved 
(Fig. 9A). Quantification of Bowman’s space area showed a significant 
decrease in the filtration space in animals exposed to ROFA or to a 
restricted diet (Fig. 9B). ROFA exposure significantly reduced the 
Bowman’s space with respect to controls (C = 2.15 ± 0.2 vs. ROFA =
1.74 ± 0.2, p < 0.05). Malnutrition induced a further reduction (C =
2.15 ± 0.2 vs. NGR = 1.06 ± 0.1 p < 0.001) regardless ROFA exposure 
(NGR = 1.06 ± 0.1 vs. NGR + ROFA = 1.34 ± 0.1, p > 0.05).

Fig. 2. SEM photomicrograph of ROFA particles. The particles display a 
variety of sizes with a mean diameter of 2.06 ± 1.57 μm.

Table 3 
ROFA elemental composition. The elemental composition corresponds to a 
vanadium – rich aluminum silicate particle with high levels of iron and nickel, 
collected from Mystic Power Plant.

ROFA Elemental Composition

Element Wt % At %

C K 1.60 4.53
O K 16.26 34.64
Na K 04.03 5.98
Mg K 2.63 3.68
Al K 2.67 3.38
Si K 5.11 6.20
K K 0.67 0.59
Ca K 1.50 1.27
Ba L 2.86 0.71
Ti K 0.44 0.31
V K 31.38 20.99
Fe K 7.59 4.63
Ni K 15.71 9.12
Cu K 2.55 1.37
Zn K 4.99 2.60
Total 100.000 100.000
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3.3. Oxidative metabolism

Air pollution and malnutrition are factors that can adversely affect 
organ function by disrupting oxidative metabolism thus, we assessed 

organ antioxidant enzymes activities and lipoperoxidation. As shown in 
Fig. 10, ROFA-exposed control lungs elicited a significant reduction in 
CAT activity (p < 0.05), while SOD activity showed no differences. In 
the NGR group, ROFA exposure did not produced changes for any of the 

Fig. 3. Lung Sections Stained with Hematoxylin-Eosin (H&E) and Periodic Acid Schiff reaction (PAS). 
Representative microphotographs of the lower respiratory tract from the 4 experimental groups. Control lung sections show normal alveoli architecture while NGR 
display thinner alveolar walls. ROFA exposure induces the recruitment of inflammatory cells leading to reduced airspace compared to their non-exposed counter
parts. A notable increase in larger alveolar spaces and vascular congestion (arrows) is observed in NGR + ROFA animals. Original magnification 200X. Insets show 
PAS-stain lung respiratory epithelium. A clear augmentation in PAS-positive cells and subepithelial lymphoplasmacytic infiltration is evidenced in all ROFA exposed 
animals. Original magnification 400X.

Fig. 4. Histomorphometric Evaluation of the Lung. 
A) percentage of alveolar airspace, B) alveoli number and, C) alveolar size distribution for all four experimental groups. Exposure to ROFA induces a significative 
decrease in alveolar space (4A), alveoli number (4B) and changes in alveolar size distribution (4C). 
Results are expressed as mean ± SEM, n = 5–7 animals per group. Two-way ANOVA in conjunction with Bonferroni’s post-test were performed, *p < 0.05, **p <
0.01, ***p < 0.001.
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antioxidant enzymes assayed. Significant differences in CAT (p < 0.05) 
and SOD (p < 0.001) activities were observed in the NGR group 
compared to the control group, likely indicating diet-induced effects. 
Both the control group and the NGR group exhibited an increase in 
lipoperoxidation after ROFA exposure, being this change statistically 
significant in the NGR + ROFA group (p < 0.05) when compared to the 
NGR group. In the liver, CAT antioxidant enzyme activity remained 
unchanged across all experimental groups. SOD activity did not change 
following ROFA exposure in the control group, while in the NGR group a 
significant increase was observed. It is to note that NGR animals showed 
basal lower SOD activity level. However, TBARS levels remained stable 

in both groups, irrespective of ROFA exposure. Following ROFA expo
sure in the kidneys no changes in CAT or SOD antioxidant enzyme ac
tivities were observed neither for control nor NGR animals. However, 
SOD activity in the NGR group was significantly reduced (p < 0.001) 
compared to those in the control group, likely due to differences in 
nutritional status. Neither ROFA exposure nor diet had any effect on 
lipoperoxidation levels.

3.4. Cytokine production

In the lungs, basal IL-6 expression was higher in the NGR animals 

Fig. 5. Lung Sections Stained with Mallory’s Trichrome and Orcein. 
Representative microphotographs of the lung parenchyma from the 4 experimental groups. Control lung shows a normal continuous smooth muscle layer and 
collagen tissue in the bronchial mucosa. NGR lung shows a thinner smooth muscle layer while ROFA and NGR + ROFA lung sections show a discontinuous smooth 
muscle layer. Original magnification 200X. Insets show Orcein lung-stained sections where a clear disorganization of the elastic fiber network for ROFA exposed 
animals (arrows) is observed. Original magnification 400X.

Fig. 6. Qualitative and Quantitative Mast Cells Evaluation in the Lung. 
A) Representative microphotographs of lung parenchyma from the 4 experimental groups stained with Toluidine Blue. ROFA exposure shows a notable increase in 
mast cell number. Original magnification 400X. B) Histogram showing mast cell number per area. A significant increase is observed in control animals exposed to 
ROFA. Results are expressed as mean ± SEM, n = 5–7 animals per group. Two-way ANOVA in conjunction with Bonferroni’s post-test was performed, ***p < 0.001. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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compared to the control animals (p < 0.01). As shown in Fig. 11, 
treatment with ROFA significantly increased IL-6 levels only in the 
control group (p < 0.01), with no further effect on the NGR group. The 
anti-inflammatory cytokine IL-10 expression mirrored that of IL-6. 
When analyzing cytokine status in the liver, ROFA exposure 

significantly increased IL-6 levels (p < 0.001) and IL-10 levels (p < 0.05) 
with respect to the control group. NGR basal IL-6 and IL-10 expressions 
were significantly higher when compared to the control group (p <
0.001) being unchanged by ROFA exposure. In the kidney, following 
ROFA treatment, a significant increase in IL-6 levels was observed only 

Fig. 7. Liver Sections Stained with Hematoxylin-Eosin (H&E). 
Representative microphotographs of liver sections from the 4 experimental groups. The control group displays normal, well-preserved liver architecture with no signs 
of inflammation, steatosis, or fibrosis. NGR liver sections show smaller hepatocytes, with some binucleated cells (asterisks). ROFA and NGR + ROFA liver sections 
exhibit microvesicles and an increase in binucleated hepatocytes (asterisks). H&E, Original magnification 200X, inset: 400X. inset scale bar represents 25 μm.

Fig. 8. Periodic Acid Schiff Reaction (PAS)-stained Liver Sections. 
Representative microphotographs from the 4 experimental groups. A homogeneous and stronger PAS reaction intensity is shown in hepatocytes from ROFA exposed 
animals, while NGR and NGR + ROFA groups exhibit a patchy pattern of PAS-positive cells. Original magnification 100X.
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Fig. 9. Qualitative and Quantitative Kidney’s Parenchyma Analyses. 
A) Representative microphotographs of the kidneys from the 4 experimental groups stained with Hematoxylin-Eosin (H&E) and Periodic Acid-Schiff reaction (PAS) 
(inset). Control sections display normal kidney architecture while ROFA show hyaline cylinders, inflammatory cell infiltration, focal hemorrhage and reduced 
Bowman’s space. NGR and NGR + ROFA present smaller glomeruli and narrower Bowman’s spaces compared to controls. H&E, Original magnification 100X, PAS 
inset: 400X. Inset scale bar represents 50 μm. B) Bowman’s space area histomorphometrical quantitation. A significant decrease in the filtration space is observed in 
animals exposed to ROFA or subjected to a restricted diet compared to the control group. Results are expressed as mean ± SEM, n = 5–7 animals per group. Two-way 
ANOVA in conjunction with Bonferroni’s post-test were performed, *p < 0.05, ***p<0.001.

Fig. 10. Oxidative Metabolism in the Lung, Liver and Kidney. 
A) Catalase activity, B) Superoxide dismutase activity and, C) Lipoperoxidation. Results are expressed as mean ± SEM, n = 5–7 animals per group. Two-way ANOVA 
in conjunction with Bonferroni’s post-test were performed. *p < 0.05, ***p < 0.001.
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in the control group and, on the contrary, IL-10 expression significantly 
decreased (p < 0.05) (Fig. 11). Interleukins 6 and 10 production showed 
neither differences between control and NGR groups nor between the 
NGR + ROFA and NGR groups.

3.5. Serological determinations

As seen in Table 4, total cholesterol, and Non-HDL-C levels are 
increased in ROFA exposed animals whereas these two parameters along 
with HDL-C are augmented in NGR and NGR + ROFA animals with 
respect to controls. Hepatic physiological markers showed that ROFA 
exposed animals presented higher ALT and AST activities while, NGR 
showed lower ALT. As functional kidney and metabolic marker, a sig
nificant reduction in urea concentration was found in NGR animals with 
respect to the control group. Regarding lipoprotein oxidative meta
bolism, the activities of the antioxidant enzymes PON-1 (p < 0.001), 

ARE (p < 0.001), and Lp-PLA2 (p < 0.01) were significantly reduced 
compared to control animals.

4. Discussion

Exposure to environmental pollutants together with diet and lifestyle 
can contribute to the progression of metabolic disruption, however, the 
mechanisms involved are not completely understood. Therefore, to 
better understand the impact of these two stressors on children, this 
study uses ROFA, an industrial PM, characterized by its high content in 
metallic traces such as the heavy metal vanadium (Ferraro et al., 2011; 
Orona et al., 2014; Kurtz et al., 2024a, 2024b) and an animal model of 
chronic undernutrition (Lezón et al., 2009; Kurtz et al., 2018).

Chronic exposure to noxious gases, PM and/or the mixture of gases 
and particles (Zhou et al., 2014; Li et al., 2018; Jiang et al., 2020) was 
particularly associated with lung diseases. Children, in particular, have 

Fig. 11. Cytokine Expression in Lung, Liver and Kidney. 
A) IL-6 relative expression and B) IL-10 relative expression. ROFA exposure induced changes in cytokine expression only in the control group. NGR showed higher 
basal levels for both cytokines with respect to control in lung and liver. Results are expressed as mean ± SEM, n = 5–7 animals per group. Two-way ANOVA in 
conjunction with Bonferroni’s post-test were performed. *p < 0.05, **p < 0,01, ***p < 0.001.
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more permeable respiratory systems, higher ventilation rates, and less 
mature immune systems, making them less effective at eliminating and 
detoxifying inhaled air particles. The total alveolar airspace, as well as 
the number and size of alveoli in the lung, are key structural de
terminants of respiratory parenchymal architecture and, consequently, 
essential for proper lung function. Our study revealed that both control 
and NGR animals exposed to ROFA exhibited lung alterations, including 
a significant reduction in both alveolar airspace and alveolar number, 
with changes in alveolar size distribution that were more pronounced in 
the NGR + ROFA group. Furthermore, we have identified a clear 
disruption of the smooth muscle layer in both control and NGR animals 
upon exposure to ROFA, that along with the lumen area reduction could 
potentially lead to a decrease in gas-exchange surface area and the 
respiratory function, contributing to various lung pathologies 
(Thurlbeck and Müller, 1994; Pauwels et al., 2001; Stephens, 2001; 
Doeing and Solway, 2013; Cieri, 2019).

Mast cells, located at the host-environment interface, recognize 
harmful antigens and are involved in chronic allergic, inflammatory, 
autoimmune diseases and cancer (Rao and Brown, 2008; Tsai et al., 
2011). Chronic exposure to environmental air pollutants, including PM, 
can activate mast cells, potentially leading to inflammation in respira
tory tissue (Diaz-Sanchez et al., 2000; Yang et al., 2022). In agreement, 
we observed in ROFA-exposed animals an evident increase in the 
number of mast cells in the lung parenchyma, indicating an undergoing 
chronic inflammatory process. Histamine from mast cells triggers 
proinflammatory cytokines (IL-6, IL-8) and anti-atherogenic eicosanoids 
(PGI2, PGE2) (Li et al., 2001). In our study, ROFA exposure increased 
mast cells and IL-6 only in the control group. It’s important to highlight 
that the NGR group already exhibited a higher number of mast cells and 
basal IL-6 levels compared to the control group, likely due to a baseline 
state of stress and chronic inflammation. Our findings are consistent 
with epidemiological evidence showing that ultrafine PM2.5 exposure 
raises IL-6 respiratory and cardiovascular disease in patients (Schneider 
et al., 2010; Cliff et al., 2016; Manzano-León et al., 2016). Interestingly, 
in the lungs of ROFA-exposed animals, the anti-inflammatory cytokine 
IL-10 is augmented in an apparent effort to counterbalance the inflam
matory response.

Research in mice shows that PM exposure can lead to the nonalco
holic fatty liver disease (NAFLD), the most common chronic liver dis
ease, which may progress to a non-alcoholic steatohepatitis (NASH)-like 
state. While NAFLD is often linked to obesity and aging, it can also result 
from nutritional deficits, impacting undernourished children. In this 
context, severe undernutrition has also been shown to promote fatty 
liver through impaired lipid metabolism (Li et al., 2015; van Zutphen 
et al., 2016). Recent studies estimate NAFLD affects 3–12% of children 
(Bush et al., 2017) and that up to 30% of NAFLD cases may progress to 
NASH, characterized by hepatocellular ballooning, inflammation and 

fibrosis (Takahashi and Fukusato, 2014). In our study, ROFA exposure 
caused liver lesions with micro and macrovesicles, typical of NASH. This 
aligns with findings from Maglione et al. (2020) and Orona et al. (2020), 
who reported hepatic steatosis and increased reactive oxygen species 
(ROS) in young mice exposed to urban PM. Of greater interest is the fact 
that similar liver alterations have been observed in petrochemical 
workers exposed to toxins (Cotrim et al., 1999). In the ROFA and NGR +
ROFA liver sections, microvesicles suggest the presence of glycogen 
storage disease (glycogenosis) or microvesicular steatosis. Furthermore, 
in all ROFA-exposed animals we found an increase of binucleated he
patocytes possibly indicating injury response with nuclear division but 
incomplete cytoplasmic separation.

Nephrotoxic compounds affect the kidney’s functional unit, mainly 
the glomeruli and the proximal tubules. Accordingly, reduction in the 
glomerular filtration rate has been reported after chronic and sub
chronic exposure to PM (Aztatzi-Aguilar et al., 2016) and prolonged 
exposure to air pollution was directly associated to a higher risk of 
developing acute kidney injury and its related death (Liu et al., 2024). 
PM chemically characterized by the presence of metallic traces consti
tute an important exogenous source of ROS, which can initiate molec
ular mechanisms leading to oxidative damage upon interaction with 
tissues. Oxidative stress induces lipid peroxidation in cell membranes, 
triggering cell damage and contributing to the development of various 
diseases. PM containing metal traces is a significant source of ROS, 
which cause oxidative damage in tissues, further exacerbating disease 
progression (Lee et al., 2017; Xu F. et al., 2020). In this sense, exposure 
to heavy metals has been associated with chronic kidney disease (Jha 
et al., 2013). In this study, we observed changes in kidney histology, 
particularly in the glomeruli and proximal tubules of animals exposed to 
ROFA. The morphological alterations observed may be associated with 
glomerular filtration failure and damage to tubular kidney cells which in 
turn, could potentially be attributed to metallic traces such as vanadium, 
present in ROFA particles. Vanadium, by triggering ROS, could not only 
induce an oxidative metabolism imbalance but also initiate a subsequent 
increase in proinflammatory cytokines. This could partially explain the 
significant increase in IL-6 observed in the kidneys of control animals 
exposed to ROFA.

When we analyzed serum parameters, we observed that the animals 
exposed to ROFA presented higher ALT and AST activities, which is 
consistent with the aforementioned hepatic alterations observed in this 
group. In this regard, air pollution is known to induce hepatic inflam
mation (Paoin et al., 2023). On the contrary, the animals subjected to 
NGR showed lower ALT thus evidencing the presence of a decreased 
synthetic capacity of the liver as a result of malnourishment (Siddiqui 
et al., 2021). Consistently, this group also displayed reduced urea con
centration, which could be attributed to a decrease in nitrogen meta
bolism (Emery, 2005). Regarding lipid parameters, ROFA-exposed 

Table 4 
Serum biochemical parameters.

Serum parameters CONTROL ROFA NGR NGR + ROFA

Total cholesterol (mg/dL) 65.2 ± 1.8 72.7 ± 2.2* 85.2 ± 0.9### 81.3 ± 2.5
HDL-C (mg/dL) 27.4 ± 0.3 28.7 ± 0.3 32.4 ± 0.7### 31.2 ± 0.6
Non-HDL-C (mg/dL) 36.7 ± 1.3 43.9 ± 2.2** 49.6 ± 0.7### 49.3 ± 2.1
Calcium (mg/dL) 10.2 ± 0.1 10.8 ± 0.2 10.6 ± 0.3 10.9 ± 0.3
Phosphorus (mg/dL) 9.3 ± 0.3 10.0 ± 0.4 9.1 ± 0.4 10.1 ± 0.6
ALT (U/L) 44.5 ± 0.9 49.4 ± 1.3* 38.8 ± 1.6## 42.2 ± 1.2
AST (U/L) 77.7 ± 1.3 81.6 ± 1.3* 79.0 ± 0.4 80.3 ± 1.5
Urea (mg/dL) 43.1 ± 1.4 42.5 ± 1.1 28.2 ± 0.2### 26.6 ± 1.5
PON (mmol/mL*min) 258.7 ± 7.6 233.2 ± 9.1 178.3 ± 10.7### 153.0 ± 10.6
ARE (μmol/mL*min) 124.1 ± 2.4 120.7 ± 3.8 89.8 ± 4.2### 89.4 ± 4.4
Lp-PLA2 (μmol/mL*min) 2.76 ± 0.07 2.81 ± 0.07 2.36 ± 0.12## 2.59 ± 0.14

Serum biochemical parameters evaluated in all 4 experimental groups. HDL, high density lipoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; 
PON, paraoxonase; ARE, arylesterase; LpPLA2, lipoprotein-associated phospholipase A2. Results are expressed as mean ± SEM, n = 5–7 animals per group. Two-way 
ANOVA in conjunction with Bonferroni’s post-test were performed. Asterisks represent statistically significant difference between control and ROFA groups or NGR 
and NGR + ROFA groups (*p < 0.05, **p < 0,01). Numerals represent statistically significant difference between the control and the NGR groups (##p < 0,01 and 
###p < 0,001).
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animals showed higher total and non-HDL-cholesterol than controls. 
This result reflects an increased production of apo B-containing lipo
proteins. Indeed, past evidence suggests a link between air pollution and 
increased production of very low-density lipoproteins in the liver (Zhang 
et al., 2023). These two parameters together with HDL-C were also 
increased in animals subjected to NGR compared to those that received a 
normal diet. This increase would be the result of an increase in choles
terol transport from peripheral tissues to the liver combined with 
reduced catabolism of apo B-containing lipoproteins rather than an in
crease in endogenous cholesterol synthesis. As we have proposed earlier, 
NGR-induced hypoinsulinemia would be responsible for this phenome
non (Lifshitz et al., 2012). PON 1 is an antioxidant enzyme mainly 
carried by HDL particles in plasma and is mainly responsible for HDL 
cardioprotective activity (Mahrooz, 2024). Previous studies suggest that 
undernutrition can affect PON 1 status, limiting its protective capacity. 
Malnutrition-associated oxidative stress and oxygen radical production 
would be the mechanism responsible for this alteration (Martin et al., 
2023). Indeed, excessive free radical production can overwhelm PON 1, 
impairing its antioxidant activity. In agreement, Lp-PLA2 activity, 
another antioxidant enzyme associated with HDL was also reduced in 
NGR rats (Brites et al., 2017). These findings suggest that HDL particles 
would be deteriorated in these animals, losing their cardioprotective 
function.

This study has certain limitations that should be considered when 
interpreting the findings. One notable limitation is that our experi
mental protocol involved a 4-week exposure, which does not mimic the 
chronic exposure observed in real-world scenarios. In affected pop
ulations, prolonged exposure to PM and undernutrition typically occurs 
over months or years. While our study provides valuable insights into 
acute biological responses, it may not fully capture the cumulative and 
long-term effects of chronic exposure. Future research should adopt 
long-term exposure models to better represent these conditions and 
evaluate the full extent of associated health risks. Additionally, the PM 
used in this study, is an industrial pollutant derived from oil combustion. 
Although ROFA shares some chemical similarities with urban PM, it 
does not fully replicate the chemical composition, physical properties, or 
size distribution of PM present in different cities or regions. Thus, 
incorporating diverse air PM samples in future studies would help better 
reflect the heterogeneity of urban air pollution and amplify the rele
vance of our findings.

Nevertheless, we believe that these findings, using an animal model 
that mirrors developmental stages in rats and humans, may reflect the 
morpho-functional differences between healthy and undernourished 
children exposed to air pollution.

5. Conclusion

This study offers a novel and comprehensive morpho-biochemical 
analysis of the combined effects of PM exposure and malnutrition on 
the respiratory, hepatic, and renal systems. It underscores the complex 
interplay between environmental pollutants and nutritional stress in 
shaping organ function and vulnerability during early development.

Young rats subjected to a restricted diet combined with exposure to 
ROFA have shown altered morphology and inflammation possibly 
leading to impaired respiratory function, liver steatosis and glomerular 
filtration failure. Furthermore, these changes may impair organ function 
in adulthood, potentially initiating or exacerbating morbidity in sus
ceptible individuals.

ROFA exposure leads to oxidative stress that overwhelms antioxidant 
defenses and promotes sustained oxidative damage. Additionally, un
dernutrition primes the inflammatory state by elevating baseline levels 
of pro-inflammatory cytokines, reducing the ability of malnourished 
individuals to adequately respond to further insults such as ROFA 
exposure. Together, these findings indicate that these two stressors had a 
negative impact on the lungs and excretory organs in young rats, 
through mechanisms involving oxidative stress and inflammation, with 

nutritional status influencing a differential physiological response to PM 
exposure.
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