
Summary. Air pollution, particularly fine particulate 
matter (PM2.5), is a global health issue affecting 
millions. In southern Chile, firewood used for heating 
exacerbates pollution, especially in winter. This study 
examines the impact of wood smoke-derived PM2.5 on 
kidney and adrenal gland morphology in pregnant rats. It 
evaluates chronic PM2.5 exposure effects during 
pregestational and gestational periods in Sprague-
Dawley rats. Pregnant rats were exposed to PM2.5 in 
Temuco, a city with high wood smoke pollution. Filtered 
and unfiltered air chambers simulated different exposure 
conditions. Histological and stereological analyses were 
conducted on rat kidneys and adrenal glands using 
systematic sampling and STEPanizer software. Findings 
showed significant changes in renal and adrenal 
morphology due to PM2.5 exposure. In the kidney, 
variations were observed in glomerular compaction, 
proximal convoluted tubules, and medullary rays. In the 
adrenal gland, the zona fasciculata showed decreased 
acidophilia and lipid content, reduced cytoplasmic 
homogeneity, and the appearance of empty spaces. 
These effects were more pronounced in rats exposed to 
unfiltered air during both pregestational and gestational 
periods. Wood smoke-derived PM2.5 exposure 
significantly impacts kidney and adrenal morphology in 
pregnant rats, emphasizing the need for strategies to 
reduce environmental pollutant exposure during critical 
developmental periods to protect maternal-fetal health. 
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Introduction 
 
      Air pollution is a global public health issue, 
affecting 92% of the world's population living in areas 
where the air quality exceeds the limits recommended by 
international guidelines (WHO, 2022). This problem is 
associated with approximately 4.3 million deaths due to 
indoor air pollution and 3.7 million due to outdoor air 
pollution annually. Atmospheric pollutants, particularly 
particulate matter (PM2.5; aerodynamic diameter ≤2.5 
micrometers), are of particular concern due to their 
ability to penetrate the respiratory system and disperse 
throughout the body via the bloodstream, posing a 
significant health risk. 
      Exposure to air pollution during pregnancy 
adversely affects placental and fetal development 
(Salinas et al., 2020; Villarroel et al., 2024), leading to 
intrauterine growth restriction, prematurity, low birth 
weight, congenital anomalies, and in extreme cases, 
intrauterine and perinatal death. It also compromises 
endometrial functionality by affecting critical parameters 
for embryonic implantation, such as uterine 
morphological differentiation (de Castro et al., 2024) and 
maternal respiratory function, impacting oxygen and 
nutrient supply to the fetus via the placenta (Zhu et al., 
2021). High concentrations of PM2.5 have been linked 
to placental inflammation, abnormalities in trophoblastic 
invasion, and reduced placental angiogenesis, adversely 
affecting fetal development (Santos et al., 2021). During 
pregnancy, the kidneys play a crucial role in regulating 
the glomerular filtration rate (GFR), electrolyte 
management, and acid-base balance (Alsuwaida et al., 
2011; Beers and Patel, 2020). Pregnancy induces 
systemic vasodilation, increasing renal blood flow and 
GFR by 50 to 60% (Beers and Patel, 2020). 
Additionally, increased creatinine clearance is observed 
due to these changes in renal function. Although adrenal 
gland disorders are rare during pregnancy, their 
deficiencies or excesses can trigger both fetal and 
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maternal morbidity. Pregnancy demands increased 
steroid production to support fetal growth and meet 
maternal needs, leading to a physiological state of 
hypercortisolism. This period is characterized by 
elevated levels of adrenocorticotropic hormone (ACTH), 
cortisol, aldosterone, deoxycorticosterone, and 
corticosteroid-binding globulin (CBG), without a 
significant increase in adrenal gland weight, despite the 
expansion of the zona fasciculata, the primary producer 
of glucocorticoids (Levin et al., 2019). 
      Proper adrenal gland and kidney functionality during 
pregnancy is crucial for maternal health and fetal 
development (Afsar et al., 2019). Compromises in these 
organs can negatively impact fetal development. Prenatal 
and gestational exposure to PM2.5, especially from 
wood smoke, raises significant concern due to its 
potential to alter kidney and adrenal gland structure and 
function. Existing studies have established a direct 
relationship between prenatal exposure to PM2.5 from 
industrial and traffic sources and adverse effects in 
pregnant women, such as reduced birth weight and 
impaired renal function (Xie et al., 2022). Additionally, 
exposure to PM2.5 has been shown to reduce the GFR 
and increase blood urea nitrogen and uric acid levels, 
implying an increased risk of kidney disease (Mehta et 
al., 2016). PM2.5 exposure also induces oxidative stress 
and inflammatory responses, with increased production 
of reactive oxygen species (ROS) leading to renal 
damage and altered renal function. While most studies 
focus on non-pregnant populations, it is plausible that 
gestational PM2.5 exposure could have similar or 
exacerbated effects due to physiological changes during 
pregnancy (Zhu et al., 2015). 
      PM2.5 exposure has been linked to alterations in 
endocrine function, including adrenal gland activity. 
Contaminants in PM2.5 can act as endocrine disruptors, 
interfering with the synthesis and metabolism of steroid 
hormones, including cortisol, a hormone produced by 
the adrenal gland. This could have significant 
implications during pregnancy as cortisol plays a crucial 
role in regulating metabolic processes, stress response, 
and fetal development (Liu et al., 2017). Any alteration 
in maternal renal or adrenal function could have direct 
consequences on fetal development. For example, 
alterations in water and electrolyte balance regulation 
due to renal dysfunction can affect the uterine 
environment, while changes in adrenal hormone 
production can influence fetal maturation and timing of 
delivery (Thompson and Al-Hasan, 2012). Under-
standing these effects is critical for developing 
mitigation and protection strategies for this vulnerable 
population. 
      Given the potential of PM2.5 to adversely affect 
both renal function and adrenal gland activity during 
pregnancy, this study aims to investigate how prenatal 
and gestational exposure to PM2.5, originating from 
wood smoke used for heating, affects the morphology of 
the kidney and adrenal gland in pregnant females. We 
hypothesize that prolonged exposure to PM2.5 causes 

significant structural changes in these vital organs of 
pregnant rats, suggesting that such exposure could alter 
organ proportion and structure due to PM2.5 pollution. 
The study aims to evaluate the effects of chronic PM2.5 
exposure from wood smoke, specifically during the 
pregestational and gestational periods, on the structure of 
the kidney and adrenal gland. The goal is to obtain 
information on the implications of this specific form of 
environmental pollutant on pregnancy and fetal 
development. 
 
Materials and methods 
 
Exposure location and animals 
 
      Pregnant Sprague-Dawley rats belonging to the 
university bioterium were utilized in the city of Temuco, 
located in southern Chile (38°44'59.4"S 72°37'07.8"W). 
The selection of this location was based on its 
designation as one of Chile's most polluted cities, 
according to IQAir (2019, 2022). Additionally, 
residential use of wood stoves has been reported as its 
primary source of air pollution (Blanco et al., 2022). The 
association between exposure to wood smoke-derived air 
pollution and maternal renal and adrenal stereological 
parameters was investigated using a time-stratified 
crossover design. All procedures were conducted in 
accordance with Law 20.380 (Ministry of Agriculture, 
2009) and were approved by the Scientific Ethics 
Committees of the University of La Frontera (Act 
122/20) and the Bioethics and Biosafety Committee of 
the Pontificia Universidad Católica de Valparaíso (Act 
BIO EPUCV-BA 373-2020). Two generations of rats 
were exposed to air pollution primarily from wood 
smoke combustion, and the second generation (G2) was 
used to investigate the effects of prenatal exposure from 
previous generations. 
 
Exposure conditions 
 
      The exposure was carried out by simulating two 
adjacent environments, as described by Veras et al. 
(2008), aiming to generate a gradient in PM2.5 levels 
through the filtration of ambient air, conducted in an 
urban area with a history of air pollution and in 
proximity to the air quality monitoring station. Two open 
chambers were utilized, following the description by 
Villarroel et al. (2024), both receiving ambient air at a 
flow rate of 20 m3/min and maintained under similar 
environmental conditions in terms of temperature and 
humidity. Each chamber was 2.1x2.0x2.1 m, with the 
capacity to accommodate up to 50 animal cages. Air 
entered the chambers through a fan located at the base, 
with a flow rate of 150 m3/h, distributed uniformly 
before being expelled through a wide opening at the top. 
The system remained normobaric, with the internal 
pressure of the chambers not exceeding 40-60 mmH2O. 
Air was filtered in only one of the chambers, using three 
filters in series. The first two filters, metallic and 
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pleated, were responsible for retaining large and 
medium-sized particles, while the third consisted of a 
Purafil PSA 102 gas filtration unit (Purafil, Inc., U.S.A) 
equipped with Purafil Select filter media in PK12 
modules (Purafil, Inc., U.S.A) (Fig. 1A,B). 
 
Experimental design and groups 
 
      Two generations of rats were exposed to air 
pollution from wood smoke, focusing on the second 
generation (G2) to investigate the effects of prenatal and 
gestational exposure based on Veras et al. (2008). G2 
rats were obtained using the following protocol (Fig. 
1C): 20-day-old G0 rats (10 males and 10 females) were 
housed in filtered air (FA: 5 pairs) and non-filtered air 
(NFA: 5 pairs) chambers. G0 rats mated within their 
respective chambers upon reaching reproductive 
maturity, around 60 days of age. The resulting G1 
offspring remained in the same environment. G2 rats 
were then produced from the mating of 10 pairs of G1 

rats (FA: 5 pairs; NFA: 5 pairs). During the 
pregestational period, G2 rats were continuously 
exposed to filtered air (FA; n=48) or non-filtered air 
(NFA; n=48) until mating. Subsequently, during the 
gestational period, fertilized G2 females were divided 
into four study groups until delivery: FA/FA (control, 
n=12; G2 females raised and gestated in filtered air), 
FA/NFA (n=12; females raised in filtered air and 
gestated in non-filtered air), NFA/FA (n=12; females 
raised in non-filtered air and gestated in filtered air), and 
NFA/NFA (n=12; females raised and gestated in non-
filtered air). The primary outcome measure for 
determining sample size was the morphological changes 
in the kidney and adrenal gland, specifically alterations 
in glomeruli density (Nv [Glo/µm²]) and spongy cortical 
endocrinocyte volume density (Vv [%] SCE) in the zona 
fasciculata. Sample size calculations were based on 
expected differences between the control (FA/FA) and 
PM2.5 exposed groups (NFA/NFA), using prior similar 
studies to estimate effect size and variability, ensuring 
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Fig. 1. Exposure chamber design and experimental groups. A. Filtered Air Chamber (FA). B. Non-Filtered Air Chamber (NFA). C. Experimental design 
and exposure groups. Rattus norvegicus from the G0 generation were exposed to either filtered or non-filtered air. Their offspring (G1) were also raised 
in the same conditions and subsequently mated to produce the G2 generation. G2 females were exposed to filtered or non-filtered air during the 
pregestational period and were then divided into four groups based on the gestational period exposure: FA/FA, FA/NFA, NFA/FA, and NFA/NFA. After 
the gestational period, a celiotomy was performed to remove the kidneys and adrenal glands for further analysis.



sufficient power to detect significant differences. 
 
Kidney and adrenal gland collection 
 
      A surgical procedure was developed in three phases: 
preoperative, surgical, and postoperative. During the 
preoperative phase, the rat’s abdominal area was 
prepared, including shaving and disinfecting with a 2% 
chlorhexidine solution, followed by 70% alcohol to 
remove surface fats. This stage was completed by 
placing sterile surgical drapes designed with a surgical 
window to facilitate access to the incision site. The 
surgical phase involved performing a laparotomy and 
cesarean section on day 20 post-fertilization, coinciding 
with the standard gestational period for Sprague Dawley 
rats. To ensure animal welfare during these procedures, a 
combination of ketamine/xylazine was administered at 
doses of 80 mg/kg and 10 mg/kg IP, respectively, as a 
sedation/anesthesia protocol. From each group of rats, a 
kidney and the adrenal gland were extracted for analysis, 
ensuring careful handling to avoid compromising the 
adrenal gland's integrity. This process was facilitated 
using blunt forceps to grasp the perirenal adipose tissue, 
allowing for the gentle extraction of the kidney. The 
obtained organs were subsequently cleaned, dissected, 
and fixed in 5% formalin for further analysis, following 
the protocols established by Van Koppen et al. (2013), 
thus ensuring procedural standardization and the 
reliability of the obtained results. The postoperative 
phase was critical for the animals' recovery, during 
which analgesics and antibiotic therapy were 
administered. 
 
Renal volumetry 
 
      The Scherle method was used to determine the renal 
volume (Nyengaard, 1999). First, a beaker filled with 
physiological saline solution was prepared and placed on 
a precision balance. Immediately after surgical removal, 
the kidneys were then carefully suspended inside the 
beaker using a fine thread, ensuring that the organ did 
not touch the walls or the bottom of the container, 
thereby guaranteeing an accurate measurement of the 
liquid displacement. This procedure was repeated twice 
for each kidney from the different study groups to ensure 
the reliability and reproducibility of the obtained data. 
 
Tissue preparation 
 
      To adjust the methodology and account for 
variations in the shrinkage artifact of kidney tissue, we 
calibrated the microtome block advance by measuring 
the change in block height divided by the number of 
sections cut, ensuring an accurate estimate of the 
average section thickness (Gundersen et al., 1988; 
Dorph-Petersen et al., 2001; Tschanz et al., 2011). 
Additionally, we used a systematic uniform random 
sampling method to measure section thickness at 

different positions, employing a micrometer to record 
the vertical movements of the microscope stage. This 
methodology allowed us to adjust volumetric density 
calculations and other morphometric measurements to 
correct for any bias introduced by differential section 
shrinkage. Finally, we employed oil immersion 
objectives to minimize optical biases and ensure 
accurate distance measurements along the z-axis. These 
methodological adjustments ensured that stereological 
estimates were unbiased, even in the presence of tissue 
shrinkage. To address variations in tissue contraction 
artifacts (Tschanz et al., 2011), we applied the 
methodologies described by Dorph-Petersen et al. 
(2001). To estimate the contraction index, a thin circular 
section was extracted from a random slice of the kidney 
and adrenal gland using a punch and needle, 
respectively, ensuring that its thickness was less than 
one-tenth of the average height of the particle to avoid 
overestimation. Also, we calculated volume deformation 
by comparing the sum of block volumes before and after 
embedding, allowing us to adjust for any volumetric 
changes during the processing stages. Subsequently, we 
estimated area deformation (AD) by comparing the 
section areas of the blocks before and after sectioning, 
helping to account for any changes in tissue dimensions 
due to cutting. Additionally, we measured the local 
section thickness for each counting frame. These data 
were used to weight the calculations, ensuring that 
variations in shrinkage were accurately reflected in the 
final estimates. This approach ensured that, even with 
differential shrinkage among specimens, the calculations 
remained unbiased. By implementing these methods, we 
ensured that our stereological estimates were robust 
against variations in shrinkage artifacts, allowing us to 
combine data from different samples accurately and 
provide reliable averages and standard deviations. 
Following fixation, the samples underwent dehydration 
through a graded alcohol series, were cleared in xylene, 
and embedded in Paraplast (Paraplast Plus embedding 
medium; melting point: 54°C; Sigma-Aldrich Chemical 
Co., St. Louis, MO, USA). Sections of 5 µm thickness 
were prepared using a Leica RM2255 motorized rotary 
microtome (Leica Microsystems, Switzerland). The 
sections were then rehydrated, treated with xylene for 10 
minutes, and gradually hydrated through descending 
ethanol concentrations (100%, 96%, 80%, and 70%, 
each for 15 seconds), culminating in distilled water. 
Histological cross-sections of the kidneys were routinely 
stained with hematoxylin and eosin and imaged with a 
Motic Easy Scan Pro® digital slide scanner (Motic 
Instrument Inc, Canada) to generate comprehensive 
panoramic views. Throughout the histological 
processing, the generated cutting plane was maintained, 
serving as the plane for the histological sections. Given 
that the study was both descriptive and quantitative, 
hematoxylin-eosin staining was solely employed as it 
facilitated the analysis of digital images and the 
extraction of numerical data. 
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Histological study 
 
      A comprehensive histological analysis was 
conducted on the kidney and adrenal gland. In the 
kidney, variables such as the morphology of the 
proximal convoluted tubule (PCT), the structure of the 
medullary ray, the morphological characteristics of the 
glomeruli, the arterioles, and the thin segment of the 
nephron loop (ansa nephronis; Loop of Henle) were 
examined. In the adrenal gland, the variables included 
the cortex, the medulla, the zona fasciculata (ZF; 
fasciculata zone), the spongy cortical endocrinocytes 
(SCE, endocrinocytus corticalis spongiosus) of the ZF, 
the cortical blood vessels, and the drainage of the blood 
vessels and medullary chromaffin cells (MCC, 
endocrinocytus medullaris). All terms used in this study 
were according to the Nomina Histologica Veterinaria 
(International Committee on Veterinary Histological 
Nomenclature, 2017).  
 
Sampling strategy 
 
      In this study, a systematic and uniformly random 
sampling approach was implemented to analyze the 

structure of both the kidney and adrenal gland, thereby 
optimizing the precision and efficiency of stereological 
sampling. One of the first n slices was randomly 
selected, and from there, every n-th slice was chosen for 
analysis. This method ensured that all slices had an equal 
probability of being selected, however, unlike random 
sampling, it established a fixed pattern that helped 
reduce sampling variance and improve the study's 
efficiency. This type of sampling was useful for 
obtaining a representative sample of the tissue with less 
variability and is preferable when studying structural 
characteristics that are uniformly distributed throughout 
the tissue, providing a robust framework for the detailed 
stereological analysis of the kidneys and adrenal gland. 
 
Orientation of section planes 
 
      Given that the specific orientation of the structures 
of interest does not affect the estimation of the 
parameters, sections were cut without a predetermined 
orientation relative to the organ's structure. This 
orientation was sufficient for estimating parameters that 
do not depend on the orientation of the structures, such 
as the number of structures (e.g., the number of 
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Fig. 2. Test system M36 point grid in transverse sections and kidney cortex. A. Transverse section of the kidney showing the use of the M36 point grid 
system for the stereological evaluation of renal structure. The points indicate the intersections used for quantitative analysis. B. Enlarged image of the 
renal cortex, highlighting the application of the M36 line grid system for the evaluation of glomeruli and convoluted tubules. A, x 1.25; B, x 40.



glomeruli) and total volume using point counting. 
Arbitrary orientation is useful for general studies where 
the specific orientation of structures does not impact the 
estimation of the parameters of interest.  
 
Image acquisition and stereological estimators 
 
      Images were captured using a Leica® DM750 optical 
microscope equipped with a Leica® MC170HD digital 
camera. The images were analyzed using the 
STEPanizer Stereological Tool software (Fig. 2), 
applying the M36 point grid system (Tschanz et al., 
2011). The stereological parameters evaluated in both 
the kidney and adrenal gland are detailed in Tables 1, 2. 
 
Statistical analysis 
 
      Data were organized in Excel 2021 tables (version 
18.0 for Windows, Microsoft Office, 2021) and 
expressed as means and standard deviations. To 
determine data distribution, the Kolmogorov-Smirnov 
and Shapiro-Wilk normality tests were performed. Data 
were transformed to fit a normal distribution where 
necessary. To identify differences between groups, a 
one-way ANOVA and Tukey's post-hoc multiple 
comparison test were conducted. All tests were 
performed with a 95% confidence interval and a p-value 
of <0.05. Data were analyzed using Prism version 9.0 for 
Windows (GraphPad Software, San Diego, CA). 
 
Results 
 
Renal histology 
 
      Variations in glomerular morphology were observed 

among different groups. The FA/FA group exhibited 
spherical and compact glomeruli with normal 
histological characteristics, including visible basophilic 
cell nuclei, acidophilic cytoplasm, and limited urinary 
spaces mainly between the layers of the glomerular 
capsule (capsula glomeruli) (Fig. 3). In contrast, the 
NFA/NFA group showed sectioned glomeruli with 
subdivisions compromising their compactness and 
exhibited dilated urinary spaces. The FA/NFA group 
displayed more compact glomeruli than the NFA/NFA 
group, with reduced subdivision of urinary spaces, 
although with intermediate compactness and urinary 
space visualization compared with the FA/FA group. 
Finally, the NFA/FA group revealed a lower degree of 
glomerular compactness than the FA/NFA group and 
smaller urinary spaces compared with the NFA/NFA 
group, with no notable changes in the basophilic and 
acidophilic conditions of nuclei and cytoplasm between 
the groups. 
      In the study of PCT (tubulus proximalis pars 
convoluta) morphology among different experimental 
groups, significant variations were observed. The FA/FA 
group exhibited classic PCT morphology, characterized 
by evident acidophilia with H-E staining, narrow 
lumens, and a distinctive brush border on epithelial cells, 
whose nuclei tended to shift from the central cellular 
zone, likely related to the tissue section orientation (Fig. 
3). Conversely, the NFA/NFA group showed areas where 
the PCT lost its typical structure, with anastomosed cells 
making it difficult to distinguish between cell shapes, 
lumen, and brush borders; however, preservation of 
typical morphology in certain areas suggests that these 
variations are due to experimental conditions and not 
technical artifacts. In contrast, the PCT in the FA/NFA 
group resembled that of the FA/FA group, with clearly 
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Table 1. Definition of stereological estimators in the kidneys of female Sprague Dawley rats exposed to PM2.5. 
 
Variable                        Definition 
 
Volume (ml)                  Total volume of the kidney: total kidney volume for each group. 
Vv (%) Glo                    Glomerular volume density in the kidney cortex: proportion (%) of glomeruli present in a surface area of the studied renal cortex. 
Vv (%) Glo/kidney        Glomerular volume density (%) in the kidney: proportion (%) of glomeruli present per surface area in the kidney. 
Sv Glo (μm²/μm³)         Glomerular surface density per unit volume: surface area (μm²) of a glomerulus per unit volume (μm³) of the renal cortex. 
Sv Glo/kidney               Glomerular surface density in total kidney volumes: surface area (μm²) of a glomerulus in the total kidney volumes. 
Nv (Glo/μm²)                Number density of glomeruli in the kidney cortex: number of glomeruli in a given area of the kidney cortex (μm²). 
Vv (%) Cortex               Volume density of the cortex (%): proportion (%) of the cortex present per surface area in the renal parenchyma. 
Vv (%) Medulla             Volume density of the medulla (%): proportion (%) of medulla present per surface area in the renal parenchyma.

Table 2. Definition of stereological estimators in the adrenal glands of female Sprague Dawley rats exposed to PM2.5. 
 
Variable                       Definition 
 
Vv (%) cortex               Volume density of the cortex (%) in the adrenal gland: proportion (%) of cortex present per surface area in the adrenal gland. 
Vv (%) medulla            Volume density of the medulla (%) in the adrenal gland: proportion (%) of medulla present per surface area in the adrenal gland. 
Vv (%) SCE                 Volume density of SCE (%) in the zona fasciculata: proportion (%) of SCE present per surface area of the zona fasciculata. 
Sv SCE (μm²/μm³)       Surface density of SCE in the zona fasciculata: surface area (μm²) of SCE in the zona fasciculata. 
Nv (SCE/μm²)              Number density of SCE in the zona fasciculata: number of SCE in a given area (μm²) of the zona fasciculata. 
 
SCE, spongy cortical endocrinocyte.



identifiable cell structures, lumens, and brush borders, 
and no evidence of the cellular anastomosis observed in 
the NFA/NFA group. Finally, the NFA/FA group 
presented morphological changes in the PCT similar to 
those in the NFA/NFA group, but to a lesser extent, 
differentiating from the FA/FA and FA/NFA groups that 
did not show these variations. 
      The morphology of the medullary ray (radius 
medullaris) in different experimental groups revealed 
significant variations in the organization and structure of 
this renal component. In the FA/FA group, the medullary 
rays showed an organized structure, with clearly visible 
straight portions of tubules and minor collectors in 
longitudinal sections, extending from the medullary zone 
to the cortex and almost reaching the renal capsule (Fig. 

3). In contrast, the NFA/NFA group presented an 
irregular arrangement of the medullary rays through the 
cortex, without evidence of a complete pathway to the 
renal capsule. The FA/NFA group, although showing 
superior organization compared with the NFA/NFA 
group, exhibited discontinuity in approaching the renal 
capsule, disorganizing in the last third of the cortex and 
manifesting a less evident medullary ray arrangement 
than in the FA/FA group. The NFA/FA group was 
marked by significant disorganization in the course of 
the medullary rays through the renal cortex, with 
difficult distinction of constituent tubules under light 
microscopy, which also altered the spatial distribution of 
the cortical labyrinth (labyrinthus corticis), clearly 
differing from the other study groups. In this study, 
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Fig. 3. Histological analysis of kidney and adrenal gland in female Sprague Dawley rats exposed to PM2.5. Sections of the kidney (A-C) and adrenal 
gland (D, E) from different exposure groups: FA/FA, FA/NFA, NFA/FA and NFA/NFA. Kidney: A. High-magnification images of glomeruli (white 
arrowhead) and convoluted tubules (asterisks) in the renal cortex. B. The distal portion of the loop of Henle (black arrowheads). Brush borders of the 
distal convoluted tubules (white arrowheads). C. High-magnification images of the renal medulla highlighting collecting tubules (black arrows), a thin 
portion of the loop of Henle (asterisks), and an ascending portion of the loop of Henle (black arrows). Adrenal gland: D. Low-magnification images of 
the adrenal gland, showing the zona glomerulosa (zg), zona fasciculata (zf), zona reticularis (zr), and medulla (med). White arrowheads indicate blood 
vessels in the medulla. E. High-magnification images of the zona fasciculata, with black arrowheads indicating the nuclei of spongy cortical 
endocrinocytes (SCE). Hematoxylin-eosin. Scale bars are 800 μm and 400 μm in the panoramic images at the top, 50 μm in (A) and (C), 100 μm in (B) 
and (D), and 50 μm in (E).



arterioles located in the cortical labyrinth were 
examined, highlighting their large muscular tunica and 
the presence of an internal elastic membrane in their 
intima. The studied groups, following the order FA/FA, 
FA/NFA, NFA/FA, and NFA/NFA, showed a progressive 
increase in arteriole diameter based on the measurement 
of the internal elastic membrane. This observation 
suggests significant differences in arteriole caliber 
among the groups, although the structural components of 
the arteriole walls remained consistent without apparent 
morphological variations. The thin portion of the 
nephron loop (ansa nephronis) corresponds to an 
extension of the PCT that generally functions to control 
the osmolality levels of the ultrafiltrate. In the studied 
groups, it was observed to be composed of a simple 
squamous epithelium of variable height depending on 
whether it corresponds to cortical or juxtamedullary 
nephrons, as well as their total length. In general, no 
comparable significant differences in histological 
organization were observed among groups (Table 3). 
 
Adrenal gland histology 
 
      The zona fasciculata, the most developed part of the 
adrenal cortex, accounting for 80% of the total cortical 
volume, was composed of large, polyhedral SCE arranged 
in long, straight cords. The cell cytoplasm exhibited 
acidophilia due to the abundant presence of lipid 
inclusions, visible as small vesicles, resulting in a 
homogeneous cytoplasm. In the FA/FA group, the SCE 
showed characteristic lipid content and acidophilia, with 
cellular organization consistent with the literature and 
homogeneous cytoplasmic content, though with some 
retraction. In the NFA/NFA group, SCE exhibited reduced 
acidophilia and decreased lipid content, with no 
alterations in cellular organization but a noticeable 
decrease in cytoplasmic homogeneity, creating empty 
spaces. The FA/NFA group showed intermediate 
characteristics regarding lipid content, acidophilia, and 
cytoplasmic homogeneity between the FA/FA and 
NFA/NFA groups, with no alterations in cellular 
organization. Finally, the NFA/FA group presented cells 
with irregular lipid content, lower acidophilia, and less 
cytoplasmic homogeneity compared with the NFA/NFA 
group, although cellular organization remained 

unchanged. In the cortical blood vessels in the adrenal 
gland, fenestrated sinusoidal capillaries were observed, 
formed by endothelium with cytoplasmic spaces and 
discontinuities in their basal membranes, corresponding to 
the zona fasciculata. In the FA/FA group, the capillaries 
had compressed endothelial cell nuclei by the cellular 
cords characteristic of the zona, with a poorly visible or 
dilated lumen. In the NFA/NFA group, the capillaries 
showed non-compressed endothelial nuclei and a visible, 
dilated lumen compared with the FA/FA group. The 
FA/NFA group exhibited capillaries with endothelial 
nuclei and a lumen in a phase intermediate to the FA/FA 
and NFA/NFA groups, with visible blood content 
(erythrocytes). In the blood vessel drainage into the 
medullary sinuses of the adrenal gland (plexus venosus 
medullae), a dual circulation was observed in the medulla: 
one from the cortical arteriole, branching into fenestrated 
sinusoidal capillaries traversing the entire cortex and 
draining into the medullary sinuses, and another from the 
medullary arteriole, also draining into the venous sinuses 
and converging into the central medullary vein. In the 
FA/FA group, the fenestrated sinusoidal capillaries 
showed preserved walls and lumens with blood content, 
with visible drainage into the medullary sinuses. In the 
NFA/NFA group, fenestrated sinusoidal capillaries 
draining into the medullary sinuses were not observed. 
The FA/NFA group exhibited capillaries with preserved 
walls and lumens with blood content, though with less 
drainage into the medullary sinuses compared with the 
FA/FA group. Finally, the NFA/FA group displayed 
capillaries with similar characteristics but even less 
drainage into the medullary sinuses compared with the 
FA/NFA group. In the medulla, MCC nuclei were 
organized into ovoid groups and short anastomosed cords, 
showing different degrees of acidophilia and basophilia 
associated with their vesicular cytoplasmic components 
and function. In the FA/FA group, MCCs exhibited 
conserved nuclei with varying degrees of basophilia, with 
smaller nuclear sizes compared with the FA/NFA and 
NFA/FA groups. The NFA/NFA group showed MCCs 
with conserved nuclei and various degrees of basophilia, 
with nuclear sizes smaller than those in the FA/NFA, 
NFA/FA, and FA/FA groups. In the FA/NFA group, MCC 
nuclei were conserved and showed different degrees of 
basophilia, with a larger size compared with the NFA/FA 
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Table 3. Histological evaluation of the kidney and adrenal gland in female Sprague Dawley rats exposed to PM2.5. 
 
                                                              Kidney                                                                                                              Adrenal gland 
 
Group                                A                      B                       C                                                       D                          E                           F                         G 
FA/FA                              +++                  +++                   +++                                                    +++                        ---                         +++                      +-- 
FA/NFA                            + -                   +++                    ++-                                                     ++-                        --+                        ++-                      +++ 
NFA/FA                             - -                    ++-                     ---                                                     +- -                        ++-                        +--                       ++- 
NFA/NFA                         - - -                   +--                     +--                                                      ---                        +++                        ---                        --- 
 
A: Compactness of the glomeruli in the renal corpuscle. B: Epithelial preservation of the proximal convoluted tubule (PCT). C: Extension of the 
medullary ray (MR). D: Homogeneity of cell cytoplasm in the zona fasciculata (ZF). E: Dilation of cortical blood vessels. F: Drainage of blood vessels 
into the medullary sinuses. G: Nuclear size in chromaffin cells.



group. Finally, the NFA/FA group displayed MCCs with 
conserved nuclei and varied degrees of basophilia, with a 
nuclear size intermediate to the FA/NFA group (Table 3). 
 
Stereology 
 
      The results presented in Table 4 indicate significant 
differences in renal morphometry and stereology among 
the studied groups, highlighting variables such as the 
proportion of medullary volume (p=0.0131) and cortical 
volume (p<0.0001) in the kidney, as well as glomerular 
surfaces (p=0.0474). Table 5 reveals notable differences 
in the stereology of the adrenal gland, including the 
proportion of volume and surface area in the cortex and 
medulla, with statistical significance values also 
reaching p<0.0001. These results suggest relevant 
morphological variations in the adrenal gland among the 
analyzed groups. 
 
Discussion 
 
      We hypothesized that chronic exposure to PM2.5 
from wood smoke during pregestational and gestational 
stages has an adverse effect on the morphology of the 
kidney and adrenal gland. The findings showed 
significant microscopic structural changes in both 
organs, without affecting macroscopic characteristics. 
PM2.5 exposure resulted in histological modifications 

that could influence the GFR, indicating a metabolic 
adaptation to the contaminated environment. This 
phenomenon was reflected in an increase in the number 
of glomeruli in the renal cortex, suggesting a possible 
pathological state and potential kidney disease. In the 
adrenal gland, hypertrophy and hyperplasia were 
observed in the zona fasciculata, indicating a functional 
alteration of the SCE in response to elevated metabolic 
demands. The proportional decrease in SCE and the 
increase in the proportion of adrenal medulla suggest an 
adaptive response to continuous PM2.5 exposure. PM2.5 
exposure from wood smoke significantly impacted renal 
and adrenal morphology in pregnant rats. The control 
groups (FA/FA), exposed only to filtered air, showed the 
least structural alteration, implying protection against 
PM2.5. The groups exposed to unfiltered air, especially 
during both pregestational and gestational stages 
(NFA/NFA), presented more pronounced morphological 
changes, with increases in arteriole diameter and 
variations in the density and volume of renal and adrenal 
tissues, suggesting possible adaptation mechanisms or 
responses to PM2.5-induced damage. This pattern 
suggests vascular and morphological adaptations that 
could affect renal and endocrine function. The findings 
highlight the need for further investigation into the 
impact of air quality on renal and endocrine health, and 
the importance of mitigating environmental contaminant 
exposure during critical developmental stages, such as 
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Table 5. Stereology (mean±S.D.) of the adrenal gland in female Sprague Dawley rats subjected to PM2.5 from wood smoke. 
 
                                                      FA/FA                                   FA/NFA                                NFA/FA                             NFA/NFA                        p-value 
 
VV (%) cortex                           67.494±5.441a,b,c                 58.048±7.127a                      56.393±5.429b                    51.567±4.047c                  <0.0001 
VV (%) medulla                        32.121±5.761a,b,c                 41.944±7.130a                      43.607±5.429b                    48.433±4.047c                  <0.0001 
VV (%) SCE                             87.347±6.995a,c                   89.932±7.577b,d                    78.836±9.265a,b                  70.815±10.370c,d              <0.0001 
SV SCE (μm²/μm³)                     0.024±0.014                         0.027±0.011a                        0.015±0.008a                      0.018±0.010                      0.0075 
NV (SCE/μm²)                            2.372±1.256                         2.095±1.092                          1.626±0.742                        2.111±1.100                      0.2909 
 
Similar letters indicate statistical differences between groups. Glo: glomerulus. Statistical analyses were conducted using ANOVA with Tukey's post-hoc 
test to discern significant differences among groups.

Table 4. Morphometry and stereology (mean±S.D.) of the kidney in female Sprague Dawley rats exposed to PM2.5 from wood smoke. 
 
                                                         FA/FA                                 FA/NFA                              NFA/FA                             NFA/NFA                        p-value 
 
Kidney (ml)                                    1.200±0.232                         0.910±0.237                       1.050±0.154                       1.240±0.116                      0.1152 
Cortex (ml)                                    0.803±0.094                         0.635±0.053a,b                   0.747±0.071c                     0.878±0.061b,c                 <0.0001 
Medulla (ml)                                  0.397±0.094a                       0.265±0.053a                     0.297±0.073                       0.362±0.061                      0.0131 
VV (%) cortex                             66.913±7.832                       70.245±5.632                     71.360±6.929                     70.826±5.005                      0.6127 
VV (%) medulla                           33.087±7.832                       29.754±5.633                     28.623±6.925                     29.174±5.005                      0.6111 
VV (%) Glo                                  15.273±6.856                       16.662±5.428                     13.426±5.782                     17.708±6.076                      0.3030 
VV (%) Glo/kidney                        0.178±0.078                         0.148±0.048a                     0.141±0.060b                     0.220±0.076a,b                   0.0124 
SV Glo (μm²/μm³)                         0.007±0.005                         0.010±0.004a                     0.006±0.003a                     0.008±0.002                      0.0701 
SV Glo/kidney (μm²)                     8.900±6.171                         9.229±3.522                       5.955±3.278a                   10.250±2.206a                     0.0474 
NV (Glo/μm²)                                0.125±0.049                         0.145±0.047                       0.120±0.052                       0.157±0.054                      0.2027 
 
Similar letters indicate statistical differences between groups. Glo: glomerulus. Statistical analyses were conducted using ANOVA with Tukey's post-hoc 
test to discern significant differences among groups.



gestation, to preserve the structural and functional 
integrity of vital organs. 
 
PM2.5 derived from wood smoke and its structural 
effects on the kidney 
 
      Histological findings demonstrate the harmful 
effects of chronic PM2.5 exposure during pregestational 
and gestational stages in female Sprague Dawley rats. 
The group exposed to PM2.5 at both stages (NFA/NFA) 
showed the most significant morphological changes, 
with a marked deterioration in the glomerular, tubular, 
and medullary ray structures compared with the control 
group (FA/FA). The decrease in glomerular compactness 
and dilation of urinary spaces indicate potential 
dysfunctions in the renal filtration process. Additionally, 
changes in the morphology of the PCT, such as 
anastomosed cells and loss of typical structure, suggest 
impaired reabsorption and secretion capacity. Although 
the integrity of the Loop of Henle was maintained, 
progressive increases in the diameter of cortical 
arterioles point to a vascular adaptive response to a 
stressful environment. These findings underscore the 
vulnerability of the kidney and adrenal gland to 
environmental contaminants during critical develop-
mental periods and reinforce the need for strategies to 
mitigate air pollution exposure to safeguard renal and 
endocrine health. PM2.5 derived from wood smoke did 
not affect kidney volume, consistent with studies 
indicating that kidney size depends on multiple 
variables, such as height, age, hydration status, 
pregnancy, renal mass loss, smoking, and intra- and 
inter-observer variability (García et al., 2023). Zhao et 
al. (2020) reported that in pregnant women in China, 
exposure to PM2.5 and its chemical components was 
associated with a reduction in the estimated GFR 
(eGFR), evidencing the nephrotoxicity of PM2.5. 
Research in the general population also indicates that 
long-term exposure to PM2.5 is linked to reduced renal 
function and an increased risk of chronic kidney disease 
(Yang et al., 2016). Fang et al. (2020) found significant 
associations between personal PM2.5 exposure and 
adverse changes in eGFR in older individuals. 
Improving air quality and reducing PM2.5 levels have 
been associated with a lower risk of developing chronic 
kidney disease (Bo et al., 2021). 
      García et al. (2023) highlighted that an increase in 
the size of the nephron and kidney can trigger adverse 
cellular responses, such as glomerular activation, 
fibrosis, and vasoconstriction, resulting in hypertension 
and long-term kidney damage. Although PM2.5 
exposure did not directly affect renal volume, adaptive 
processes like autophagy may play a crucial role in the 
self-regulation of kidney damage, preventing renal 
failure (Huang et al., 2020). Xu et al. (2023) suggested 
that macrophages can phagocytize PM2.5 particles, 
impacting the immune and inflammatory response in the 
kidney. Susceptibility to PM2.5-induced nephropathy 
may also be influenced by specific genetic poly-

morphisms (Katakami et al., 2013). Studies in patients 
with Fabry disease suggest that metabolic disorders and 
exposure to contaminants can interact, exacerbating 
kidney damage (Rombach et al., 2010). Exposure to 
PM2.5 has a significant impact on kidney structure, 
especially during gestation. Although PM2.5 from wood 
smoke does not affect the number of glomeruli in the 
renal cortex (Nv [Glo/µm²]), the group exposed before 
and during gestation (NFA/NFA) showed a higher 
number of glomeruli, suggesting an adaptive response to 
increase the GFR. Studies on the increase in the 
proportion of glomeruli or the GFR associated with 
PM2.5 exposure are scarce. Studies by Carracedo and 
Ramírez (2020) and Carrillo-Mora et al. (2021) showed 
how changes in renal structure can influence its function. 
The increase in the proportion of glomeruli (Vv % 
Glo/kidney) in the group exposed to PM2.5 (NFA/NFA) 
suggests an increase in the GFR, implying greater renal 
functionality (Carracedo and Ramírez, 2020). Carrillo-
Mora et al. (2021) reported that 80% of pregnant 
mothers present physiological hydronephrosis, 
increasing kidney volume; vascular changes increase 
plasma flow and GFR. PM2.5 exposure affected the 
surface area of glomeruli in the renal cortex (Sv Glo 
(µm²/µm³)) and their total surface area (Sv Glo/kidney 
(µm²)). Increased glomerular surface area can lead to 
glomerular hyperfiltration, with a GFR higher than 
normal (Yang and Xu, 2022). This increase is related to 
adaptation to increased body surface area, as in obesity, 
resulting in a larger kidney size (Afsra et al., 2019). The 
adaptation and potential kidney damage from PM2.5 
exposure, along with factors like physiological 
hydronephrosis during pregnancy, highlight the 
complexity of renal responses to various conditions. 
Glomerular hyperfiltration, although adaptive, may also 
indicate a risk of chronic kidney diseases. 
      Even though PM2.5 did not show an effect on the 
proportion of cortex in the kidney (Vv % cortex), the 
analysis of total cortical volume revealed differences 
between groups. This was particularly evident in groups 
that inhabited mixed environments before and during 
gestation, while groups exposed to an unfiltered 
environment throughout the entire period showed no 
differences. This finding suggests a structural effect on 
the kidney from transitioning between filtered and 
unfiltered environments (and vice versa). The effect of 
stress on renal physiology could explain this. According 
to Marchon et al. (2018), prepubertal rats subjected to 
stress showed reductions in kidney weight, kidney 
volume, cortical volume, glomerular volume fraction 
(Vv (%) Glo), and the number of glomeruli. Xu et al. 
(2023) reported that PM2.5 exposure showed an increase 
in kidney weight along with cortical enlargement. 
According to Yariwake et al. (2021), this increase may 
be associated with nephron hypertrophy, characterized 
by large glomeruli and dilated tubules, which relates to a 
higher GFR and proteinuria. García et al. (2023) noted 
that the progressive reduction of the renal cortex and the 
relative saving of medullary volume through tubular 
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hypertrophy compensate for alterations such as sclerosis 
and atrophy of the superficial nephrons. Changes in 
cortical proportion are common findings in chronic renal 
alterations such as vascular nephropathy, which 
manifests as cortical thinning, arterial hypertension, and 
progressive renal failure (Alamillo et al., 2007).  
      In our study, PM2.5 exposure from wood smoke 
impacted the proportion of medulla in the kidney (Vv % 
medulla/kidney), especially in the FA/FA and FA/NFA 
groups. The modification of renal parenchymal volume is 
related to the inflammatory response, a rapid immune 
reaction to eliminate toxins and promote recovery. 
However, prolonged inflammation hinders the body's 
functioning (Xu et al., 2022). León Regal et al. (2015) 
indicated that inflammation can increase the proportion of 
renal parenchyma, which is associated with greater 
vascular permeability and vasodilation. PM2.5 exposure 
can cause renal injury or dysfunction by crossing the gas-
blood barrier, accumulating in the kidneys, and activating 
humoral and cellular inflammatory mediators, damaging 
endothelial cells and affecting renal microcirculation (Xu 
et al., 2022). Additionally, podocytes stimulated by PM2.5 
release inflammatory cytokines, aggravating the 
inflammatory response and causing cellular damage. 
Kronbichler et al. (2017) indicated that PM2.5 
disintegrates F-actin fibers, altering the integrity of the 
cytoskeleton and nuclear structure, leading to structural 
adaptations in the renal parenchyma. 
 
PM2.5 derived from wood smoke and its structural 
effects on the adrenal gland 
 
      The zona fasciculata, constituting 80% of the 
cortical volume, showed notable variations between 
groups. The FA/FA group rats, exposed to filtered air 
pregestationally and gestationally, displayed consistent 
cellular organization and homogeneous cytoplasmic 
content, with acidophilia and abundant lipid inclusions, 
as seen in previous studies (Rosol et al., 2001; Zaki et 
al., 2018). In contrast, NFA/NFA rats, exposed to 
unfiltered air, showed reduced acidophilia and lipid 
content, with less cytoplasmic homogeneity and empty 
spaces, indicating altered adrenal function (Rasking et 
al., 2022). Reduced acidophilia suggests fewer proteins 
and enzymes for steroid hormone synthesis (Afsar et al., 
2019), and reduced lipid content indicates less 
accumulation of necessary lipids (Zarobkiewicz et al., 
2018). Cytoplasmic heterogeneity and empty spaces 
suggest cellular damage and lipid storage dysfunction. 
These changes may compromise the adrenal gland's 
ability to synthesize and secrete essential hormones like 
cortisol, affecting stress regulation and metabolism, as 
studies on environmental contaminant toxicities indicate 
(Bazeliuk, 2003; Koko et al., 2004; El-Tahawy and 
Abozaid, 2019). The FA/NFA and NFA/FA groups 
showed intermediate characteristics, suggesting an 
accumulative and persistent impact of PM2.5 on adrenal 
structure. Cortical blood vessels showed differences in 
fenestrated sinusoidal capillaries. FA/FA rats had 

capillaries with compressed endothelial nuclei and 
dilated lumens, while NFA/NFA rats showed non-
compressed nuclei and dilated lumens, suggesting an 
accumulative contaminant effect (Fujita et al., 2008). 
The nuclei of MCC in FA/FA rats were smaller and 
basophilic, while in NFA/NFA rats, they were larger and 
basophilic, reflecting a high rate of protein synthesis and 
possible adaptation to chronic contaminant exposure 
(Liu et al., 2004). The proportion of SCE (Vv % SCE) 
also differed between groups, likely due to PM2.5-
induced stress, affecting SCE morphology and function 
(Ulrich-Lai et al., 2006; Li et al., 2017). PM2.5 
significantly affected the area of SCE in the zona 
fasciculata. Pan et al. (2021) mentioned that PM2.5 
exposure increases surrounding stress hormones, 
implicating the hypothalamic-pituitary-adrenal (HPA) 
axis in the pathogenesis of air pollution's systemic 
adverse effects. As Ulrich-Lai et al. (2006) stated, an 
increase in SCE surface area (Sv SCE [µm²/µm³]) 
demonstrates the high demand for the synthesis and 
secretion of corticosterone released in response to 
chronic stress, providing more space for the hormone's 
synthesis and secretion. 
      PM2.5 exposure affected both the cortex proportion 
(Vv % cortex) and medulla proportion (Vv % medulla). 
According to Ying et al. (2014), prolonged PM2.5 
exposure may contribute to hypothalamic inflammation, 
resulting in severe metabolic disorders and homeostasis 
imbalance. Balasubramanian et al. (2013) suggested that 
the stress axis can adapt to repeated stressful episodes, 
indicating that the lack of significant norepinephrine 
(NE) increases after multiple PM2.5 exposure is part of 
an adaptive response. Bozzo et al. (2011) mentioned that 
mental conditions like pharmacological manipulation, 
castration, or unilateral adrenalectomy induce increased 
cell proliferation in the adrenal cortex. According to 
Guerrero (2017), Hans Seyle's early work showed that 
organisms develop an alarm reaction to damage. His 
experimental results showed that adrenal glands 
increased in size with lipid discharge and loss of 
chromaffinity in the adrenal medulla. 
      While our study shows that PM2.5 induces structural 
changes in the adrenal gland, the literature describes the 
pathophysiological changes in the adrenal gland in 
response to PM2.5. According to Liu et al. (2020), a 
mechanism by which PM2.5 activates the HPA axis is 
PM2.5-induced neuroinflammation, affecting central 
nervous system pathways that can stimulate the HPA 
axis. HPA activation promotes the secretion of 
corticotropin-releasing hormone (CRH) from the 
hypothalamus, stimulating the pituitary to secrete 
ACTH, which is released into the circulatory system and 
acts on the adrenal glands to promote corticosterone 
secretion. According to García et al. (2023), the 
inflammatory state is the most common response to 
PM2.5 exposure, with its chemical compounds linked to 
systemic changes that can trigger and/or worsen various 
pathological conditions. Feng et al. (2023) mentioned 
that chemicals coated on PM2.5 can alter the integrity of 
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multiple physiological barriers and translocate from the 
lung to systemic circulation, accessing various 
secondary target organs, including the heart, kidney, 
liver, spleen, lymph nodes, and brain in humans and 
animal models. According to Li et al. (2019), the 
interaction of PM2.5 from wood smoke with the 
respiratory tract induces the formation of pro-
inflammatory molecules such as interleukins (IL) 1, 2, 6, 
7, and TNF (tumor necrosis factor) and local pro-
oxidants that affect other organs and alter tissue 
function. PM2.5 modifies cellular biomolecules and 
activates the immune response, beginning with the 
recruitment of immune cells and the production of 
cytokines that promote pro-inflammatory signaling. 
Bekki et al. (2016) mentioned that macrophages play a 
fundamental role in defense against inhaled particles 
through phagocytosis and cytokine and chemokine 
release, causing inflammation in lung tissue. ROS are 
key in defense, and ROS production results in oxidative 
stress, damaging lung cells and structures and triggering 
respiratory diseases. Feng et al. (2023) mentioned that 
PM2.5-mediated ROS can react with biomacro-
molecules, altering their structure and function. These 
inflammatory mechanisms and ROS generation could 
explain the structural changes observed in the kidney, 
such as the increased number of glomeruli and the 
increase in the renal cortex, and in the adrenal gland, 
such as the decreased proportion of SCE and increased 
proportion of adrenal medulla in pregnant females 
during gestation. 
 
Study limitations 
 
      One limitation of this study was the use of an animal 
model, which may not fully replicate human responses 
to PM2.5 exposure. Rats were selected due to their 
extensive and validated use in environmental toxicology 
studies, and results from similar studies were considered 
to contextualize our findings. Although rats were 
exposed to filtered and unfiltered air conditions, real-
world environmental contaminant exposure variability 
can be much higher, complicating direct extrapolation to 
humans. This limitation was mitigated by a controlled 
experimental design, allowing direct comparisons 
between different exposure groups. The duration and 
intensity of exposure in the study may not reflect chronic 
human conditions. An exposure protocol was designed 
to mimic real environmental pollution conditions, using 
PM2.5 concentrations representative of highly polluted 
areas. Another limitation is the exclusive evaluation of 
renal and adrenal morphology without a detailed 
functional exploration. This was addressed by detailed 
quantitative (stereology) and histological analyses to 
provide information on significant structural changes. 
Anatomically, the human adrenal gland is located above 
the kidney, while in rats, it is in the cranial region. This 
difference may influence the response to contaminants 
due to blood flow distribution and dynamics. To address 
this, our results were compared with previous studies in 
humans and other animal models. Finally, the limitation 

in the number of animals per group could affect the 
statistical robustness of the findings. A rigorous 
experimental design and appropriate statistical analyses 
were used to ensure the validity of the results. Future 
research should include a larger sample size and 
complementary functional analyses to validate and 
expand these results. 
      In conclusion, exposure to PM2.5 derived from 
wood smoke has significant effects on the morphology 
of both the kidney and adrenal gland in pregnant female 
rats. Our study demonstrates that these effects are more 
pronounced when exposure occurs both pregestationally 
and gestationally. In this group, the rats showed notable 
alterations in the kidney, such as glomerular 
compactness, PCT morphology, and medullary ray 
structure, suggesting dysfunctions in renal filtration and 
reabsorption and secretion capacity. In the adrenal gland, 
there was a decrease in acidophilia and lipid content in 
the zona fasciculata, along with cytoplasmic 
heterogeneity and the appearance of empty spaces, 
indicating altered adrenal function. These findings 
suggest that combined pregestational and gestational 
exposure to PM2.5 has an accumulative and persistent 
impact on the structure of these organs. Therefore, air 
quality during these critical periods is crucial for 
maternal-fetal health, and mitigation strategies should be 
implemented to reduce exposure to environmental 
contaminants and protect the structural and functional 
integrity of vital organs. These results support the need 
for public policies focused on improving air quality and 
reducing PM2.5 exposure, especially in areas where 
wood burning is common for heating. 
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