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Abstract
Particulate matter (PM) contains different chemical substances that have been associated with health effects and an
increased risk of mortality due to their toxicity. In this study, fine particulate matter (PM2.5) samples were collected in a
region with rural characteristics (Seropédica (Se)) and another with some industries (Duque de Caxias (DC)) (Brazil,
RJ). Rats were exposed to PM2.5 extracts daily for 25 days at different dilutions: 10×, 5×, and a concentrated solution
(CS). Biochemical analyses were investigated for total antioxidant capacity (ACAP), lipid peroxidation (LPO) levels,
reduced glutathione (GSH) concentration, activity of glutamate cysteine ligase (GCL), and activity of glutathione S-
transferase (GST). The liver showed a significant increase in GCL (DC-5×, DC-CS and Se-CS) and GST activities (DC-
CS and Se-CS) in both regions when compared to the control group. In the renal cortex, GCL activity decreased in most
of the tested groups while GST activity increased only in the 5× groups of both regions (DC and Se). In the renal
medulla, GCL activity decreased for Se-10× and DC-CS but increased for Se-5×, and GST activity increased in the Se-
10×, DC-5×, and DC-CS groups. Lung GCL increased in all groups for both regions. Moreover, this organ also showed
an increase in GST activity when higher metal concentrations were present (5× and CS). TBARS levels were increased
for all tissues in most tested concentrations. These data indicate that soluble compounds (e.g., metals) from PM2.5

sampled in areas with different pollution indexes can change the redox status and cause damage to different tissues.

Keywords Glutathione . Glutamate cysteine ligase . Glutathione S-transferase . Lipoperoxidation . Particulate matter

Introduction

The presence of particulate matter (PM) in the air has
been associated with the development and worsening of

various diseases, increases in hospitalizations, and prema-
ture deaths (Lelieveld et al. 2019; Wei and Tang 2018;
Wu et al. 2018; Pascal et al. 2014; Pope III 2000).
Particulate matter is emitted from biomass, natural
sources, fossil burning, and industrial and agricultural ac-
tivities (Olawoyin et al. 2018; Simkhovich et al. 2008;
Bai et al. 2007). It is known that exposure to PM gener-
ates different biochemical responses depending on its con-
centration and composition; its effects are inversely pro-
portional to its size (Araujo et al. 2008). Several studies
have shown that exposure to PM can induce (1) redox
imbalance with alterations in the antioxidant systems
and, consequently, oxidative stress induction (Yi et al.
2011; Araujo et al. 2008; Bai et al. 2007); (2) cytokine
production (Rodríguez-Cotto et al. 2014; Fuentes-Mattei
et al. 2010); and (3) reduction in alveolar macrophages
(Williams et al. 2013). Inhaled PM initiates inflammatory
responses in the alveoli, diffusing up and reaching sys-
temic circulation (Polichetti et al. 2009). In the presence
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of transition metals in PM, oxidative damage may occur
through the formation of reactive oxygen species (ROS)
and consequent deterioration of cell membranes and pro-
tein structure may occur as a result of oxidative stress
(Qin et al. 2017; Pisoschi and Pop 2015).

PM contains trace metals and organic and inorganic
compounds, and the composition and concentration de-
pend on the region, season, and local activities (Chen
et al. 2016; Ku et al. 2016; Li et al. 2014; Mateus et al.
2013). Previous studies indicate that metals can interfere
in cellular homeostasis, favoring oxidation reactions de-
pending on their concentrations and interaction capaci-
ties with biological systems (Valko et al. 2015; Shi
et al. 2004). Furthermore, non-essential metals may re-
duce the supply of essential metals, thus promoting tox-
icity in several organs (Cobbina et al. 2015). Redox
signaling is essential for cellular processes, and its im-
pairment by ROS and/or metals can compromise cell
survival and defense capacity (Kalinowski et al. 2016;
Pisoschi and Pop 2015). Fine particulate matter (PM2.5;
diameter ≤ 2.5 μm) has received special attention due to
its constituents, for example, metals, which have the
capacity to interact with biochemical routes and inter-
fere in cellular reactions, causing harm to health
(Vreeland et al. 2017; Weber et al. 2016; Mirowsky
et al. 2015; Pulido and Parrish 2003).

Soluble fractions of PM2.5 were obtained from two
regions of the metropolitan area of Rio de Janeiro
(MRRJ), Brazil, which has two different pollution in-
dexes (Massone et al. 2015). These were Duque de
Caxias, with prominent industrial activities, and
Seropédica, with few industrial activities with rural
characteristics (Gioda et al. 2011; Mateus et al. 2013).
Even in rural areas, there are high levels of PM
(Shridhar et al. 2010), which can compromise the health
of the exposed population (Brook et al. 2014).

The purpose of this study was to elucidate the effects of
PM2.5 from two regions on the liver, kidneys, and lungs of
rats. After the compounds reached the bloodstream, total an-
tioxidant capacity (ACAP), glutamate cysteine ligase (GCL),
and glutathione S-transferase (GST) activities, and reduced
glutathione (GSH) concentrations, were measured.
Malondialdehyde, an oxidative stress marker, was also veri-
fied in order to evaluate the oxidative damage of membrane
phospholipids.

Materials and methods

Sampling

Filters containing PM2.5 were obtained from the
Environmental Institute of Rio de Janeiro State (INEA). Two

sampling sites were chosen: an area characterized as industri-
al/urban, Duque de Caxias (22° 42′ 15.5″ S, 43° 18′ 41.3″W),
and another with less pollution index characterized as rural,
Seropédica (22° 75′ 76″ S, 43° 68′ 492″ W) (Fig. 1).

The samples (4 filters) were collected between June
and July 2012 using high-volume samplers (Energetica,
RJ) and fiberglass filters under a flow rate of 1 m3

min−1 for 24 h at 1 filter per week. The mean concen-
tration of PM2.5 was 8.5 ± 4.0 μg/m−3 for Seropédica
and 14.4 ± 4.1 μg/m−3 for the industrial/urban area
Duque de Caxias (Ribeiro et al. 2016). Metals and other
water-soluble elements in PM2.5 were extracted from the
filter pools using a saline solution (1 g filter/100 mL of
0.9% saline solution) under magnetic stirring for 1 h at
room temperature. Blank filters (1 filter 1 g/mL—BF;
without PM2.5), used as a control, were extracted simi-
larly. All extracts were filtered through a 0.45-μm mesh
(Macherey-Nagel, Germany) and used as the concentrat-
ed solution (CS), which was further diluted 5× and 10×
with saline solution. The metals present in the PM2.5

saline extracts were previously analyzed (Ribeiro et al.
2016) using inductively coupled plasma with mass spec-
trometry (ICP-MS).

Animal model

Four-month-old male heterogenic Wistar rats (weight 300 ±
40 g) were kept at a controlled temperature (24.0 ± 2.0 °C), at
the Institute of Biological Sciences (ICB) of the Federal
University of Rio Grande (FURG). They were kept in collec-
tive cages in light/dark cycles of 12 h and were fed with food
and water ad libitum. The experimental protocol was ap-
proved by the Ethics Committee of the FURG under protocol
(P075/2014).

Groups and experimental protocol

A total of 40 rats were used in our experiments; they were
divided into eight groups of five animals. Two groups were
considered as controls (CT and BF): one injected only with
saline solutions (CT) and the other with blank filter (BF) ex-
tracts. The remaining 6 groups were treated with PM2.5 ex-
tracts from Seropédica (Se) and Duque de Caxias (DC) as
follows: two groups were treated with the concentrated extract
solution (DCCS and SeCS), two groups used for the diluted
5× and 10× from concentrated extracts Se5× and DC5×, and
Se10× and DC10×. Rats have dosed IP with 1 mL/day of the
previously described solutions for a total of 25 days (Ribeiro
et al. 2016). All the animals were euthanized 24 h after the last
IP administration, and their organs were collected, dried, and
weighted (lung, liver, and left kidney), and stored at − 80 °C.
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Sample preparations and protein determination

Each organ was homogenized (1:5) in a Tris HCl buffer (1
mM) containing EDTA (2 mM) and MgCl2·6H2O (5 mM) at
pH 7.75, and centrifuged at 10,000×g at 4 °C for 20 min.
Protein concentration was determined in the supernatant and
normalized to 3.37 mg of proteins/ml using a commercial kit
(Total Protein, DOLES Ltda).

Total antioxidant capacity against the peroxyl radical

An aliquot of 10 μL of the supernatant at the normalized
protein concentration was used to determine the total anti-
oxidant capacity (ACAP) using the generation of fluoro-
chrome from the react ion of diaceta te of 2 ′ ,7 ′ -
dichlorodihydrofluorescein (H2DCFDA, Molecular
Probes) which produces ROS (peroxyl radicals) in the sam-
ple. Then, 2-methylpropionamidine dihydrochloride
(ABAP; 4 mM; Aldrich) was employed as a peroxyl radi-
cal generator (7.5 μL). The assays were performed in trip-
licate with and without ABAP. The reading was carried out
in a microplate reader (Victor2, Perkin Elmer Wallac mod-
el 1420-042), preheated, and kept at 37 °C. Readings were
performed every 5 min for 60 min using excitation and
emission wavelengths of 485 and 520 nm, respectively;
the results were expressed per relative area of fluorescence
(Amado et al. 2009). Using this methodology, a higher
relative area meant low ACAP and vice versa.

Lipoperoxidation determination

The amount of LPO was determined by malondialdehyde
concentration (MDA) and subsequent reaction with thiobarbi-
turic acid (TBA) in an acidic pH (3.4). This reaction generates
a fluorescent compound that emits at 580 nm. It was quanti-
fied using a spectrofluorometer (PerkinElmer Wallac Victor2
model 1420-042), at an excitation wavelength of 520 nm and
580 nm (emission). MDA formation was expressed in
nanomoles MDA/milligram protein when compared to
tetramethoxypropane (TMP, Sigma-Aldrich) which was used
as a standard (Oakes and Van Der Kraak 2003).

Glutamate cysteine ligase activity and concentration
of reduced glutathione

GCL and reduced GSH were quantified following the protocol
described by White et al. (2003). Briefly, this technique evalu-
ates the GSH capacity to react with naphthalene-2,3-
dicarboxaldehyde (NDA; Biogen), forming a fluorescent com-
plex owing to glutamyl amino group and cysteine sulfhydryl
group of GSH. Reactions occur in a reaction buffer (Tris HCl
100mM,ATP 40mM,MgCl2·6H2O 40mM, sodium borate 20
mM, glutamic acid 20 mM, serine 2 mM, and EDTA 2 mM) at
pH 7.75 with sample extract (25 μL). To initiate the reactions,
cysteine 2mMwas added with the function of being a substrate
for GCL activity and this mixture was incubated for 60 min at
room temperature. Thus, this allowed for the quantification of
GCL activity and in parallel but without the addition of

Fig. 1 Geographical distribution of the sampling site
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cysteine. The GSH levels were measured, being the GSH level
and GCL activity measured on separate plates and to prevent
the reaction. At the end of the 60-min period, cysteine was
added to the GSH plate, allowing for the quantification of
GSH levels. The reaction was stopped by adding sulfosalicylic
acid (200 mM), incubated for 20 min, and then centrifuged for
5 min at 1500 rpm. In each well, 180 μL of the derivatizing
solution of NDA was added and incubated for 30 min. The
fluorescence intensity was read in a spectrofluorometer
(Victor 2, Perkin Elmer) using an excitation wavelength of
480 nm and an emission wavelength of 525 nm.

Determination of glutathione S-transferase activity

The GST activity was determined according to Habig and
Jakoby (1981) through the conjugation of 1 mM GSH
(Sigma) with 1 mM of 1-chloro-2,4-dinitrobenzene (CDNB;
Sigma), using 10 μL of homogenate. This complex is deter-
mined by absorbance at 340 nm using an ELISA microplate
reader (BioTek ELx808). The GST activity was expressed in
nanomoles of CDNB conjugated with GSH per minute per
milligram of protein. Briefly, 80 μL of CDNB was added to
3.8 mL of phosphate buffer at 25 °C; 235 μL was incubated
with 10 μL of the supernatant. In the preheated (25 °C) reader,
10 μL of GSH 25 mM was added to the respective wells.

Statistical analysis

The data are reported as mean ± SEM. The comparison be-
tween groups was performed using one-way ANOVA, follow-
ed by post hoc Newman Keuls tests and orthogonal contrasts.
Normality and variance homogeneity were checked. In all
cases, the significance level was set at p < 0.05 (Zar 2010).

Results

Liver tissue response to PM2.5 extracts

ACAP Significant reductions in ACAP (higher relative area) in
the liver were observed in groups exposed to the 10× dilution
and DCCS. In contrast, the Se5× group presented an incre-
ment (lower relative area) in total ACAP against peroxyl rad-
icals when compared to controls while the DC5× and SeCS
groups presented no change in ACAP (Fig. 2a).

TBARS For all rat groups exposed to PM2.5, liver LPO levelswere
higher than those of the controls (BF and CT), and this effect was
greatest for rats treated with the concentrate CS (Fig. 2b).

GCLThe GCL activity increased with the extract at DC-5× and
Se-5× groups when compared to the controls (Fig. 3a), and

with DC-CS and the rural concentrate Se-CS. In treatment of
10× groups no significant difference was observed with either
diluted extract when compared to the controls (Fig. 3a).

GSH Both the DC and Se extracts significantly reduce GSH
levels for most groups exposed to PM2.5 polar extracts. The
extract exhibited less GSH effect since Se10× and DC10× did
not induce significant reduction (Fig. 3b). However, when DC
and Se extracts, 5× diluted and SC, are compared, the GSH
effect is similar. The reductions in GSH levels (Fig. 3b) are
inversely proportional to the GCL activity (Fig. 3a).

GSTGSTactivity was not affected at 10× for either region or in
DC5× (although levels were somewhat higher than those of
controls, however, it was significantly higher for Se5×, and
both concentrates (SeCS and DCCS) (Fig. 3c).

Kidney tissue responses (cortex and medulla) to PM2.5

extracts

ACAP The effects on the kidney were evaluated on the cortex
and medulla. Effects of PM2.5 extracts on the renal cortex
showed a significant decrease in antioxidant capacity
(ACAP) (higher relative area) at 10× dilution for both the
DC and Se regions (Fig. 4a). However, the effect at this extract
concentration (10×) was completely opposite at the renal me-
dulla; ACAP significantly increased when compared to con-
trols (Fig. 4b). No significant ACAP effect was observed at
other extract concentrations in the renal cortex or medulla
compared to controls (Fig. 4a, b).

TBARS Lipid peroxidation was significantly higher for all ex-
tract concentrations except for the rural 10× (Se10×) dilution.
A significant increase in LPO for both cortex and medulla was
observed at other concentrations (Fig. 4c, d). There is a direct
relationship between lipid peroxidation and rural extract con-
centration in both renal cortex and medulla; however, this
relationship is not evident for the DC extract in the renal me-
dulla (Fig. 4c, d).

GCLThe activity of GCL in the renal cortex was significantly
reduced by all PM2.5 extract concentrations, except for Se10×
(Fig. 5a). This effect was less evident for the rural extract
when compared to the industrial extract. However, the effect
of extracts on GCL activity in the renal medulla was a reduc-
tion by Se10× and DCCS and an increase by Se5× while no
significant effect was found for other experimental groups
(Fig. 5b).

GSH The levels of GSH were mostly reduced by both extracts
(DC and Se) in both kidney cortex and medulla. In the renal
cortex, GSH levels were decreased by DC10× and DCCS, as
well as by Se5×, compared to those of the controls (Fig. 5c).
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The greatest reductions in GSH levels were measured in the
renal medulla. Significant reductions were determined for all
extract concentrations, except for the Se5× group, where there

was an opposite increase in GSH concentration when com-
pared to controls (Fig. 5d). Industrial extracts exerted similar
GSH reduced levels at all extract concentrations tested,

Fig. 3 Effects of different concentrations of PM2.5 in the liver tissue.
Effect on glutathione cysteine ligase activity (a), expressed by levels of
-glutamyl cysteine per milligram of protein. Reduced glutathione (GSH)
levels (b) in nanomoles per milligram of protein. Glutathione S-
transferase activity (c), expressed in nanomoles of 1-chloro-2,4-
dinitrobenzene (CDNB) conjugated with GSH per minute per protein.

Groups are control (CT), blank filter (BF), Seropédica (Se-10×, Se-5×,
and Se-CS), and Duque de Caxias region (DC-10×, DC-5×, and DC-CS).
All values are expressed as mean ± SEM (n = 5). The significant
difference (p < 0.05) are represented by different letters. When
necessary, analyses were done by orthogonal contrast, represented by
lines and *

LIVER

Fig. 2 Effects of different concentrations of PM2.5 in the liver tissue.
Total antioxidant capacity against peroxyl radical (ACAP) (a),
expressed per relative area of fluorescence and inversely proportional
values. Lipid peroxidation by TBARS method (b), expressed by
quantifying the level, in nanomoles of malondialdehyde (MDA) per

milligram of protein. Groups are presented as control (CT), blank filter
(BF), Seropédica (Se-10×, Se-5×, and Se-CS), and Duque de Caxias
region (DC-10×, DC-5×, and DC-CS). All amounts are expressed as
mean ± SEM (n = 5). The significant difference (p < 0.05) represented
by different letters
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demonstrating a consistent and conserved response to the ex-
tract (Fig. 5d).

GSTA significant increase in GST renal cortex activity for 5×
extract groups (Fig. 5e) was observed, while GST in the me-
dulla increased in Se10×, and at higher concentrations of the
DC extract (DC5×, and DCCS) when compared to controls
(Fig. 5f). No significant differences in GST activity was en-
countered in the cortex or medulla for other extract concentra-
tions (Fig. 5e, f).

Lung tissue responses to PM2.5 extracts

ACAP Reduced ACAP (higher relative area) in both 10× ex-
tract groups, as well as for the DCCS (Fig. 6a). The effect was
greater for the DC extracts than for the Se extracts. Total
ACAP of the other extract concentration groups was not al-
tered when compared to controls (Fig. 6a).

TBARSA significant increase in LPOwas determined for most
groups exposed to PM2.5 extracts when compared to controls
(Fig. 6b); however, no significant difference was observed for
DC10× and SeCS.

GCL The GCL activity was significantly higher in all groups
when compared to controls (Fig. 7a). A direct relationship
with extract concentration was observed, with the DC extracts
exhibiting relatively higher activity than the Se extracts.

GSH Significantly lower levels of GSH were observed in rat
lung tissues exposed to PM2.5 extracts (Fig. 7b).

GST No significant difference in GST activity was observed
for the 10× PM2.5 extract dilution (which is the least concen-
trated extract tested) from either region. Nevertheless, the
more concentrated extracts 5× and the CS (Se and DC) exhib-
ited significantly higher GST activity when compared to the
controls (Fig. 7c).

Discussion

Themain goal of this study was to analyze the systemic toxicity
triggered by the different soluble PM2.5 fractions from two
distinct regions (Duque de Caxias (DC) and Seropédica (Se)
sites). Various redox responses were evaluated after IP expo-
sure on the liver, kidneys, and lungs. For this purpose, exposure
to PM was performed according to Ribeiro et al. (2016), where
particulate material extracts were administered via IP and the
period of 25 days was selected as the number of days in a single
month in which people are exposed to outdoor pollution.

The intraperitoneal (IP) way to exposure was used, avoiding
the many pro-inflammatory effects related to the inhalation route
and covering the different forms of PM entry into the body (Kato
et al. 2011; Shrey et al. 2011; Folkmann et al. 2007). This expo-
sure method verify the redox state mediated by PM2.5 com-
pounds in different tissues mediated by PM2.5 compounds,

KIDNEY

CORTEX MEDULLA

Fig. 4 Effects of different
concentrations of PM2.5 in the
renal cortex (a and c) and renal
medulla (b and d). Total
antioxidant capacity against
peroxyl radical (ACAP) (a and b),
expressed per relative area of
fluorescence and inversely pro-
portional values. Lipid peroxida-
tion by TBARSmethod (c and d),
expressed by quantifying the lev-
el, in nanomoles of
malondialdehyde (MDA) per
milligram of protein. Groups are
shown as control (CT), blank fil-
ter (BF), Seropédica (Se-10×, Se-
5×, and Se-CS), and Duque de
Caxias region (DC-10×, DC-5×,
and DC-CS). All values are
expressed as mean ± SEM (n = 5).
The significant difference (p <
0.05) is represented by different
letters
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and not by the inflammatory response, and provides an alterna-
tive pathway for the arrival of PM into the bloodstream to inves-
tigate effects throughout the body. The lung parenchyma is the
first stage of filtering airborne particles, where the alveoli and
terminal bronchioles are its main functional units (Hussain et al.
2011). In addition, the particulate matter can be absorbed by the
gastrointestinal system (Sá et al. 2017; Bellmann et al. 2015) and
olfactory bulb (Wang et al. 2017; Costa et al. 2015); all pathways
contribute to the toxic effects of PM. Besides that, the particles
that reach large airways and are not absorbed by the alveolar
epithelium arrive at the gastrointestinal tract through mucociliary
transport and swallowed. Then, a part of the soluble fraction can
be retained on the lung mucus and driven to the oral cavity and
then incorporated into the digestive tract where it can be trans-
ferred to the bloodstream and distributed to other organs

(Bellmann et al. 2015). The peritoneal surface area and high
vascularization allow rapid absorption and delivery for hepatic
metabolism through the portal system (Nebendahl 2000).
Therewithal, intraperitoneal and intratracheal exposures of
PM2.5 have already been compared, obtaining similar
genotoxicity in rat lungs (Kato et al. 2011).

These findings on systemic exposure to PM2.5 from both
areas showed significant redox changes in major organs in-
volved in detoxification (liver), depuration processes (kid-
neys), and gas exchange (lungs). Surprisingly, these results
showed that, despite lesser concentrations of metals in the
Seropédica area, samples from that place also elicited toxic
effects similar to the samples coming from the industrial re-
gion. PM2.5 polar extracts obtained from two different regions
elicit the ability to impair redox balance, evidenced by the

KIDNEY

CORTEX MEDULLA

Fig. 5 Effects of different
concentrations of PM2.5 in kidney
tissue, the renal cortex (a, c, and
e) and renal medulla (b, d, and f).
Effect on glutathione cysteine
ligase activity (a and b) expressed
by levels of -glutamyl cysteine
per milligram of protein. Reduced
glutathione (GSH) levels (c and
d) in nanomoles per milligram of
protein. Glutathione S-transferase
activity (e and f), expressed in
nanomoles of 1-chloro-2,4-dini-
trobenzene (CDNB) conjugated
with GSH per minute per protein.
Groups are control (CT), blank
filter (BF), Seropédica (Se-10×,
Se-5×, and Se-CS), and Duque de
Caxias region (DC-10×, DC-5×,
and DC-CS). All values are
expressed as mean ± SEM (n = 5).
The significant difference (p <
0.05) is represented by different
letters. When necessary, analyses
were done by orthogonal contrast,
represented by lines and *
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results of this study in which the reduction in antioxidant
competence, reduction of GSH levels, and onset of LPO are
altered. Several toxicological mechanisms could be responsi-
ble for these effects, including the fact that some non-essential

metals can alter the uptake of essential metals due to the ionic
competition on the specific protein binding sites, interfering in
the cellular pathways, and inhibiting and/or stimulating enzy-
matic activity (Cobbina et al. 2015).

Fig. 7 Effects of different concentrations of PM2.5 in the lung tissue.
Effect on glutathione cysteine ligase (a) expressed by levels of -
glutamyl cysteine per milligram of protein. Reduced glutathione (GSH)
levels (b) in nanomoles per milligram of protein. Glutathione S-
transferase activity (c), expressed in nanomoles of 1-chloro-2,4-

dinitrobenzene (CDNB) conjugated with GSH per minute per protein.
Groups are control (CT), blank filter (BF), Seropédica (Se-10×, Se-5×,
and Se-CS), and Duque de Caxias region (DC-10×, DC-5×, and DC-CS).
All values are expressed as mean ± SEM (n = 5). The significant differ-
ence (p < 0.05) is represented by different letters

LUNG

Fig. 6 Effects of different concentrations of PM2.5 in the lung tissue. a
Total antioxidant capacity against peroxyl radical (ACAP), expressed per
relative area of fluorescence and inversely proportional values. b Lipid
peroxidation by TBARS method, expressed by quantifying the level, in
nanomoles of malondialdehyde (MDA) per milligram of protein. Groups

are control (CT), blank filter (BF), Seropédica (Se-10×, Se-5×, and Se-
CS), and Duque de Caxias region (DC-10×, DC-5×, and DC-CS). All
values are expressed as mean ± SEM (n = 5). The significant difference (p
< 0.05) is represented by different letters
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One of the questions about the toxicological effects of PM
regards the interactions occurring between metals present in
atmospheric particles, and biochemical interactions in living
organisms. In vivo exposure showed the effects of a polar
mixture of inorganic and organic compounds present in air-
borne PM2.5 extracts at different concentrations, inducing a
redox imbalance in different organs. These findings also
showed that antioxidant defenses are recruited more in the
redox cycle and compromise the maintenance of the redox
cell environment. The effects of these extracts clearly vary
from organ to organ. Antioxidant defense systems are recruit-
ed by cells in unfavorable situations. Because of this, checking
the total antioxidant profile shows the modulation of these
systems against an increase in ROS and their ability to prevent
damage. Moreover, enzymes such as superoxide dismutase
(acts against superoxide), catalase, and glutathione peroxidase
(decomposes hydrogen peroxide) are crucial for controlling
ROS, along with non-enzymatic systems (e.g., GSH), to pre-
vent tissue imbalance and impairment (Valko et al. 2015).

The PM2.5 polar extracts used in this study are composed of
a variety of metals (Ribeiro et al. 2016), which leads to bio-
molecule oxidation above the supported capacity of antioxi-
dant defenses, unleashing hepatic responses, such as
lipoperoxidation. These data are in agreement with that found
by Araujo et al. (2008), who exposed mice to ultrafine parti-
cles by inhalation for 40 days Bin situ^ under environmental
conditions, reporting high LPO in this organ.

Many studies have reported the effects of metals in the liver,
indicating cytotoxicity associated with lipoperoxidation
(García-Niño and Pedraza-Chaverrí 2014; Messarah et al.
2012), protein oxidation (Boveris et al. 2012), mitochondrial
dysfunction (Belyaeva et al. 2011), apoptosis, and DNA dam-
age (Liu et al. 2012). The liver plays a major role in GSH
synthesis and reduction, which is a crucial non-enzymatic an-
tioxidant that maintains the redox status and cellular defense to
protect against metal toxicity and other organic compounds
(Lee et al. 1997). The observed reduction of hepatic GSH con-
tent in this study due to PM2.5 polar extract exposure was also
supported by similar findings in other studies (Reckziegel et al.
2016; Jihen et al. 2011). We also found that the industrial ex-
tract is a more potent GSH reducer than the rural extract since it
maintains similar effects even at its most diluted concentration
while this effect is lost for diluted rural extracts.

These results also show that higher concentrations of PM2.5

(CS groups from both regions) induced GSTactivity (Fig. 3c).
The increase in GSTactivity should be analyzed together with
increased GCL activity and decreased GSH concentration in
the same experimental groups since this tripeptide is a co-
substrate of GST. Overall, the results indicate that higher metal
concentrations, regardless of the region, may be inducing the
results presented here, since according to Ribeiro et al. (2016),
these tested extracts have numerous metals measured. That
said, these elements activated an oxidative rebalancing

response as GCL activation to support GSH requirements by
GST, which in turn should lead to GSH depletion.

There is little data about possible damage caused by PM2.5

constituents to the kidney, comprising the cortex and medulla.
Antioxidant defense against peroxyl radicals was evident only
at low concentrations, Se10× and DC10× groups (Fig. 4a, b).
A decrease in ACAP value was found in the kidney region
with higher aerobic metabolism (cortex), possibly due to its
higher oxygen requirement and antioxidant utilization as a
ROS scavenger. Despite the few alterations in the total
ACAP of renal tissues by both extracts, the kidneys suffered
damage in the lipid membrane when exposed to the mixture of
metals contained in PM2.5 as evidenced by the lipid peroxida-
tion profile generated (Fig. 4c, d). The specific ACAP was
modulated for each renal region from the control group, as
shown by the ACAP values for Se10× for the cortex and
medulla (Fig. 4a, b). This means that the induction of the
antioxidant system was a compensatory response to avoid
oxidative damage, which is confronted in less concentration
in the industrial area. The renal medulla has a greater tissue
volume, which is representative of its prominent response
compared to the renal cortex. Taking this into account, these
results agree with the study by Abdelhalim et al. (2015),
which found an increase in total ACAP and lipoperoxidation
in the whole kidney and also analyzed the liver and lungs of
rats exposed to gold nanoparticles by IP administration. In the
PM2.5 extracts, a variety of metals were found, and the most
relevant were Mg, Zn, Ca, K, Cu, Ga, Pb, Cd, and Sb in the
administered solutions (Ribeiro et al. 2016).

Many metals can facilitate the entrance of toxic elements
into the intracellular environment bymeans of transporters, by
the formation of metal complexes with membrane proteins, by
channel affinity (molecular mimicry), or even by competing
for regulatory sites of transmembrane channels (Martinez-
Finley et al. 2012). Metals can be biodistributed unevenly in
different organs, as demonstrated by Paßlack et al. (2014),
where Zn, Mn, and Cu were more concentrated in the liver
than in the cortex and renal medulla. However, Cd levels were
detected in higher concentrations in the renal cortex and liver
when compared to the renal medulla, but metals such as Ba,
Cr, Sb, and Pb did not exhibit differences in concentration in
these tissues (Paßlack et al. 2014).

These studies suggest that PM2.5 compounds have a
higher affinity for a particular cell type. This may explain
the antagonistic and random responses found in the cortex
and renal medulla; metals and/or increases in ROS pro-
duction due to PM2.5 seem to interfere, decreasing GCL
activity in the renal cortex (Fig. 4a), though GSH levels
were only affected by some of the extract concentrations
(Fig. 4c, d). Cortex GST activity was slightly modified in
most of the experimental groups, but this concurrently
occurred with the depletion of GSH (Fig. 5c), advocating
for the importance of this enzyme (Fig. 5e). Surprisingly,
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GST does not appear to vary significantly in the renal
medulla, suggesting that other forms of protection path-
ways are being requested by this tissue. In addition, a
reduction in GCL activity was observed in the medulla
for the Se10× and DCCS groups. In these same experi-
mental groups, decreased GSH levels and higher GST
activities were also verified, demonstrating the importance
of GST detoxification systems. Higher GCL/GSH ratios
were observed in the renal medulla and 3× more GST
activity in the renal cortex than in the medulla.
Therefore, these results suggest that GST activity differs
between kidney regions, being greater in the cortex; more-
over, there exists a concentration of GST expressed at the
controls which was shown between regions of the renal
parenchyma and also more mobilized by PM2.5 in the
medulla than in the renal cortex in most concentrations.
Furthermore, the ACAP in the medulla is even higher
than that found in the liver (Fig. 2a, b). These data are
consonant with the conclusions derived by Zou et al.
(2001), who considered the renal medulla as a region with
a greater oxidative profile. This is because the O2

− impor-
tant action is in control of medullary blood flow, and
inhibition of superoxide dismutase (SOD) or an increase
in O2

− production reduced the medullary renal blood flow
and excretion of water and sodium.

Biochemical analyses of the lungs exposed to PM polar
extracts showed that the total ACAP underwent modifica-
tions, mainly with more diluted extracts (Se and DC), with
the greatest response always due to the DC extracts. There
were significant TBARS responses in almost all of the treat-
ments (Fig. 6b). After acute exposure in the cell line A549 to
the soluble polar portion of PM10 for 24 h, Yi et al. (2011)
reported increased ROS levels and apoptosis, while the activ-
ity of antioxidant enzymes such as SOD and catalase (CAT)
was reduced. Similar to the liver findings, the depletion in
GSH concentrations and the direct relationship between the
increase in GCL activity and extract concentration in the lungs
for most of the experimental groups suggest a redox imbal-
ance and, more importantly, GSH depletion. The latter has
been associated with higher susceptibility, tissue damage,
and pathological development (Biswas and Rahman 2009).
GSH plays an important role in lung defense against atmo-
spheric oxidizing agents and environmental xenobiotics. Low
concentrations of this antioxidant have been associated with
lung diseases and inflammatory reactions (Biswas and
Rahman 2009; Siedlinski et al. 2008). Riva et al. (2011), using
instillation exposure, demonstrated that metals present in
PM2.5 can cause similar effects to those reported here, such
as increased lipoperoxidation and depletion of GSH contents
in mouse lungs. Moreover, the direct relationship between
GST activity and extract concentration, significantly
established for 5× and CS treatments, should also favor
GSH depletion.

Conclusion

These findings showed how IP PM2.5 polar extract exposure
affects differently the various organs. Exposure to these ex-
tracts revealed susceptible injuries in different organs distrib-
uted through the bloodstream triggering redox imbalances and
consequently oxidative stress. This is evident since in all of
the organs tested, GSH levels were significantly reduced by
PM2.5 polar extract exposure. In addition, this was generally
accompanied by increases in GST and GCL activities as well
as an increase in lipid peroxidation. Many metals present in
the polar fractions of particulate matter can induce tissue
changes culminating in organ-specific oxidative damage
through the interference in cytosolic and mitochondrial oxida-
tive reactions. These findings also show that in some cases,
lower PM2.5 concentrations can exert similar effects as the
extract concentrate. This is probably due to similarities in
PM2.5 chemical composition between the regions and interac-
tions among elements, and the affinity of enzymatic regulatory
sites can partially justify the effects verified in these areas with
different levels of atmospheric pollution.
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