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Abstract

Several studies have pointed to fine particulate matter (PM, 5) as the main responsible for air pollution toxic effects. Indeed,
PM, 5 may not only cause respiratory and cardiovascular abnormalities but it may also affect other organs such as the liver.
Be that as it may, only a few studies have evaluated the PM, 5 effects on hepatic tissue. Moreover, most of them have not
analyzed the relationship between particles composition and toxicological effects. In this study, healthy rats were subjected
to urban levels of PM, 5 particles in order to assess their structural and functional effects on the liver. During the exposure
periods, mean PM, 5 concentrations were slightly higher than the value suggested by the daily guideline of the World Health
Organization. The exposed rats showed a hepatic increase of Cr, Zn, Fe, Ba, T1 and Pb levels. This group also showed leu-
kocyte infiltration, sinusoidal dilation, hydropic inclusions and alterations in carbohydrates distribution. These histologic
lesions were accompanied by serological changes, such as increase of total cholesterol and triglycerides, as well as genotoxic
damage in their nuclei. We also observed significant associations between several biomarkers and PM, 5 composition. Our
results show that exposure to low levels of PM, 5 might cause histologic and serological changes in liver tissue, suggesting
that PM, s toxicity is influenced not only by their concentration but also by their composition and the exposure frequency.
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Introduction

Currently, airborne particles are the largest human health
risk in urban environments being responsible for thousands
of deaths worldwide. Indeed, according to the World Health
Organization (WHO), particles with a 2.5 um diameter
(PM, ;) are the best indicators to estimate the burden of dis-
ease attributable to ambient air pollution [1].

Numerous experimental, clinical and epidemiological
studies have shown that exposures to PM, 5 not only is asso-
ciated to respiratory and cardiovascular diseases but also to
the enhancement of other pathologies [2, 3]. Indeed, previ-
ous evidence shows that PM, s may also affect organs such
as the kidney, liver and even the nervous system [4—6]. Fur-
thermore, PM, 5 exposure effects on non-target tissues such
as the liver are unclear and the toxicokinetic mechanisms are
not fully understood.

Few studies have evaluated the effects of suspended par-
ticles on hepatic tissue. They have reported inflammation
with fibrosis [5, 7], steatosis with dyslipidemia [8, 9], abnor-
malities in glucose metabolism [10] and genotoxic effects
[11] after exposure to suspended particles. However, most
of these studies were done under laboratory conditions, with
discontinuous or acute expositions to concentrated, standard
or enriched particles. Furthermore, most of them did not
employ PM, 5 nor analyze the relationship between particles
composition and their toxicological effects. In fact, some
particles-bounded substances, such as polycyclic aromatic
hydrocarbons (PAHs), may especially affect the liver due to
their lipophilic nature and metabolism [12]. Thus, the aim
of the present work was to evaluate the effect of sub-chronic
PM, 5 exposure on liver tissue by exposing healthy animals
to actual urban PM, 5 levels.

Materials and methods
Study design

The study design has been previously described by Busso
et al. [13]. Briefly, Wistar rats were exposed to urban PM,
for a 3 months period, in a two-chambers mobile animal
facility located 7 m above the ground at the roof of the
Chemistry Department of the Faculty of Exact, Physical and
Natural Sciences, National University of Cérdoba (FCEFyN-
UNC). Four experimental exposures were done with four
different groups during wintertime in 2014 (1 group), 2015
(2 groups) and 2016 (1 group). During these exposures, daily
PM, 5 samples were collected, and elemental and PAHs
compositions were measured. After the exposure period, the
animals were sacrificed, and blood and histologic parameters
were measured.
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Exposure protocol

Twelve male Wistar rats were bred and kept in an air-filtered
bioresource environment at the “J. Robert Cade” Founda-
tion. At 5 weeks age, animals were randomly divided into
two equal groups and each of them located in one of the
mobile animal facility chambers, whose air uptake was con-
nected to a Harvard Impactor (HI). In the control chamber, a
2.0 um pore polytetrafluoroethylene (PTFE) filter (Zefluor,
Millipore) was employed to remove fine particles. In the
treatment chamber no filter was used; therefore, only large
particles (> PM, 5) were removed by the HI impaction plate.
Thus, the exposition period for each experimental group was
2010+ 54 h, which is considered a sub-chronic exposure
time [14]. Water and food were supplied ad libitum. Airflow
in each chamber was set at 12.5 L min~! to ensure a full air
exchange at least 15 times per hour. Daily ambient tempera-
ture, relative humidity, precipitations, and wind speed were
also recorded with a meteorological station located next to
the mobile animal facility.

This exposure protocol was performed complying with
the Institutional Committee for the Care and Use of Labora-
tory Animals guidelines of the FCEFyN-UNC and the Insti-
tutional Animal Care and Use Committee guidelines of the
USA National Institute of Health.

PM, ; sampling and mass determination

Two daily PM, 5 samples were obtained employing HI and
PTEFE filters (Zefluor, Millipore). One sample (A), obtained
from the control chamber was employed to measure PM,
mass and elemental composition, and a second sample
(B), taken from the HI running simultaneously, was used
for PAHs quantification. After getting the samples, filters
A were conserved at 60 °C while filters B were stored at
—20 °C until analysis.

Particle mass was determined from filters A by gravi-
metric differences using a microbalance with a 0.01 mg
mass resolution (Sartorius). Results were expressed as
mean =+ standard error (SE).

PAHs determination

Concentration of naphthalene (Nap), acenaphthylene (Acy),
acenaphthene (Acp), fluorene (Flr), phenanthrene (Phe),
anthracene (Ant), fluoranthene (Flt), pyrene (Pyr), benzo[a]
anthracene (B[a]A), chrysene (Chr), benzo[b]fluoranthene
(B[p]F), benzo[k]fluoranthene (B[k]F), benzo[a]pyrene
(B[a]P), dibenzo[a,h]anthracene (D[ah]A), indeno[1,2,3-
c,d]pyrene (Ind) and benzo[g,h,i]perylene (B[ghi]P) were
measured employing high pressure liquid chromatography
(Dionex Ultimate 3000, Thermo Scientific) with a C-18
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reverse-phase column (LiChrospher 100 RP-18, 5 pm).
These PAHs were selected as they have been classified
as priority pollutants by the United States Environmental
Protection Agency [15]. Particle-associated PAHs were
extracted following the Tames et al. [16] protocol and meas-
ured as described in Supplementary Material (SM1, SM2)
[17]. Recovery assays were also done for quality control
employing pure standard and blank filters.

Calibration curves were also measured with PAHs
standards (Sigma) with concentrations ranging from 0.05
to 25 ug L™' (R? for all compounds were over 0.9986;
p <0.005). Chromatograms were analyzed with Chromeleon
7.2.0.3765 (Dionex, Thermo Scientific). Particles-bounded
PAHs masses were referred to the total volume of filtered

air (pg m™).

Blood and tissue collection

Prior to blood and tissue collection, animals were anesthe-
tized and weighed for somatic index determination [13].
The abdominal and thoracic cavity was opened, and a 5 mL
blood sample was obtained by cardiac puncture for hemato-
logic and serologic measurements [18]. After that, the liver
was excised, washed with cold (4 °C) phosphate buffered
saline solution (PBS), dried with sorbent paper and weighed
to determine the somatic index. The right medial lobe was
excised and fragmented in three parts (7 mm X 7 mm). Each
fragment was washed with cold PBS and gently compressed
to remove excess blood. One fragment was weighed and
dried at 60 °C up to constant weight to determine hydra-
tion and elemental composition. The second fragment was
placed in 200 mL formaldehyde neutral buffer solution for
histological assessment [19]. The third fragment was cut in
smaller fragments (3 mm X 3 mm), washed with cold PBS
and placed in 1 mL cold Hank’s balanced saline solution
(HBSS) at 4 °C in the dark until its use for the comet assay.

Blood parameters

Red blood cells count (RBC), hemoglobin concentration,
hematocrit, mean corpuscular volume (MCV), mean hemo-
globin concentration (MHC), mean corpuscular hemo-
globin concentration (MCHC) and white blood cells count
(WBC) were measured employing an automated hematology
analyzer.

Serum of each blood sample was obtained as described by
Burtis and Bruns [18]. Glycemia (enzymatic glycemia AA,
Wiener lab.), triglycerides (TG Color® GPO/PAP AA, Wie-
ner lab.), total cholesterol (enzymatic Colestat AA, Wiener
lab.), high density lipoproteins (HDL Cholesterol Precipita-
tion, Wiener lab.), alanine aminotransferase (GPT(ALT) UV,
Wiener lab.) and aspartate aminotransferase (GOT(AST)

UV, Wiener lab.) were measured. Values were expressed as
mean + standard error.

Elemental composition

Particles and tissue elemental composition were measured
as previously reported by Busso et al. [13]. Levels of B, V,
Cr, Mn, Fe, Co, Ni, Zn, As, Sr, Mo, Cd, Ba, TIl, Pb, and Bi
were measured by mass spectroscopy inductively coupled
plasma (Agilent 7500cx) employing high, middle and low
concentration calibration curves (R?>0.9995).

Tissue analysis

Liver fragments conserved in formaldehyde neutral buffer
solution were processed with an automated tissue processor
(Leica TP1020) and two 2 um slides were obtained from
each fragment with a rotary microtome. The samples were
then mounted on slides, fixed, deparaffinized and stained.
Hematoxylin/eosin (HE) and periodic acid-Schiff (PAS)
stains were employed [19]. 15 fields from each slide were
examined blindly by two analysts at 100x, 400X and 1000x
(Olympus CX31). Leucocyte infiltration (400x), fibro-
sis (400x), anisokaryosis (1000x), anisocytosis (1000x),
hydropic degeneration (400x) and carbohydrates distribu-
tion (400x) were assessed employing a scale from O to 3
to rank the damage as previously described [20]. Hydropic
degeneration was defined as the percentage of hepatocytes
with hydropic inclusions per field. Carbohydrates distribu-
tion was evaluated in all the liver parenchyma. Thus, 15
hepatic lobules from the central region and 15 from periph-
eral parenchyma were analyzed. This variable was defined
as the percentage of the lobule not reactive to PAS stain
and categorized as 0, minimum or not observed (<5%); 1,
mild (>5%); 2, moderate (>30%), and 3, severe (>50%).
The presence of cholestasis, vascular congestion, or any
other pathologic sign was also registered [21]. Hepatic sinu-
soids (pixels) were measured in 15 field micrographs per
animal (1000x) with a computer image analysis software
(Bio7, Freeware). Results of each group were expressed as
mean =+ SE.

Comet assay

The comet assay was performed as previously reported by
Busso et al. [13] in order to assess DNA damage in liver
cells. Cell suspensions were obtained from the liver frag-
ment preserved in cold HBSS. 2 slides from each animal
were assessed employing an epifluorescence microscope
(Nikon) and 20 micrographs per slide (approximately 200
nuclei) were obtained and examined employing an image
analysis software (Comet Score, TriTek Corp.; Sumerduck,
USA). Percentage of nuclei without comets and percentage

@ Springer



142

Toxicol Res. (2020) 36:139-148

of different comets’ type were calculated. Also, slide mean
of tail moment value (TMV, %) was calculated. Results were
expressed as mean + SE.

Statistical analysis

Total inhaled mass (TIM) of PM, 5 (ug) and PAHs (ng) dur-
ing the total exposure period were calculated as previously
reported [20]. Enrichment factors (EF) were calculated
for inorganic elements to estimate their emission sources,
employing Sr as reference element (EF < 10, natural;
EF > 10, anthropic) [22]. Six diagnostic ratios commonly
employed in exploratory analyzes were also calculated to
asses PAHs emission sources (SM3) [23]. ANOVA with
LSD Fisher ad-hoc test was employed to assess statistical
differences between exposure periods. Student’s ¢ test was
used to analyze histological and serum parameters between
treatments. Differences with a p value <0.05 were consid-
ered statistically significant. Pearson coefficients were also
calculated to assess associations between tissue elemental
composition and histological and serum parameters. Statis-
tical analyses were done employing /BM SPSS 19.0 IBM
Corp.).

Results

Results from different exposure periods were analyzed
altogether since PM, s mean concentration did not show
significant differences (p=0.9447) and PM, 5 TIM values
were similar (283.2 +69.4 ug). Daily PM, 5 overall mean
was 25.5+2.3 ug m~> (SM4) with a maximum value of
411.1 pg m™~3 which could be related with forests fires that
took place near the city during these days [24]. Significant
negative associations were observed only between minimum
temperature and humidity with PM, s levels (*=—0.13,
p<0.0299 and r=—0.15, p=0.0098, respectively).

PM, 5 inorganic composition and EF are shown in
Table 1. Fe and Zn were the most abundant elements while
the other elements were two and three orders of magnitude
lower. The correlation analysis showed that V, Mn, Fe, Zn,
Cd, Ba, and Pb levels were positively associated with PM,
concentration (r>>0.35; p <0.0278). The EF suggest that
particles have both a natural and anthropic origin [22].

Particle-bounded PAHs, categorized by the number
of aromatic rings, and diagnostic ratios are presented in
Table 2. The 3-rings PAHs were the most abundant, while
the other compounds were one order of magnitude lower. All
PAHs were positively associated with particle concentration
but only semi-volatile PAHs (4-rings) showed a significant
value (r2 =0.14, p=0.0204). In addition, a negative correla-
tion was found between ambient temperature and total PAHs
(r2: —0.53, p<0.001), which confirms the key role of the
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Table 1 PM, 5 elemental composition (ng m~3) and values of enrich-
ment factors

Element Concentration (mean + SE) Enrichment factors
B 3.42+0.24 4.82
v 0.57+0.03 0.69
Cr 241+0.12 4.23
Mn 7.82+0.46 1.69
Fe 341.87+24.2 0.71
Ni 1.85+0.23 18.63
Cu 9.18+1.30 17.49
Zn 148.24 +10.52 115.52
As 0.72+0.06 7.35
Sr 1.66+0.15 1.00
Mo 0.36+0.02 14.10
Cd 0.08+0.01 11.28
Ba 7.16+0.55 0.94
Tl 0.18+0.02 25.37
Pb 3.71+0.28 33.10
Bi 0.01+0.003 3.52

Table 2 PM, s-bounded PAHs concentration (pg m~>) and diagnostic
ratios with sources

PAHs/diagnostic ratio Value/source?

2-ring 434+34

3-ring 1076 £ 69

4-ring 357+27

S5-ring 563 +£60

6-ring 523 +56

Total 2953 +219

Flt/(Flt+ Pyr) 0.58+0.01 Coal combustion
B[ghi]P/B[a]P 1.74 +£0.03 Diesel cars
B[b]F/B[k]F 1.64+0.02 Diesel cars
Ind/(Ind + B[ghi]P) 0.52+0.01 Diesel cars
Flt/Pyr 1.67+0.05 Vehicular

(Flt+ B[b]F + B[k]F)/B|ghi]P 3.1+0.17 Wood combustion

#Reference values are shown in Supplementary Material

ambient temperature on the amount of particles-bounded
PAHs [25].

To assess the toxic effects of PM, 5 on liver anatomy and
functionality, tissue inorganic composition (Table 3) and
blood and histologic parameters were measured in both con-
trol and treatment animals (Table 4). Tissue levels of Cr, Fe,
Zn, Ba, Tl, and Pb were 1.33-2.32 times higher in treated
than in control animals. Hemoglobin, MCV, WBC, platelets,
total cholesterol, triglycerides, and AST levels were signifi-
cantly higher in treated animals.

In addition, the treatment group presented mild dif-
fuse lymphoplasmacytic infiltrate patches at portal spaces
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Table 3 Liver elemental composition (ng element mg™! DW) of con-
trol and treatment animals and the ratio between them (treatment/con-
trol)

(Fig. 1) as well as vascular congestion of the lobule central
vein (SM5). On the other hand, animals exposed to PM, s
showed hepatic sinusoids dilation with some focal cholesta-

Element Control Treatment Ratio sis (Fig. 2) and degenerative changes such as hydropic inclu-
B 3804437 4442446 114 sions and loss of cthplasmic bqrders (Fig. 3). PAS staining
v 0.13-40.02 0.1+0.01 0.81 also revealed alterations in the intracellular carbohydrate’s
Cr 198 ; 01 297 ; 076 5 3% distrib}ltion as indicaFed by a (:01.0r decrease Fowards the cen-
Mn 5.45+033 6.03+0.39 111 tral'Ven‘l '(SM6). A slight reduction ojf hepatic carbohydrates
Fe 355.85+22.46 525.15+ 66.40 e ?wallablhty was also obserYed both 1.n the centr'al zone and
Ni 0.310.06 0.624026 1.99 in the' p<'3r1pher.y of thﬁe entire hepatzlc lobes, w1t.h a strong
7n 122,19+ 14.40 163.02422.59 133+ assoc.latlon tq 1nﬁ1trat%0n degree (r“=0.89), which allows
As 47841.19 277 £0.34 0.5 us to infer ap 1r.1crease in the ?arbohydrates demand [26]. .
Sr 0.55+0.10 0.4940.05 0.89 Several s1gn1ﬁ.cant cgrrelatlons were found between part%-
Mo 23540.18 2434020 103 c.les, blood, ?.Ild tlss.ue blomgrkers: .PMZ5 l.evels showed posi-
cd 0.2240.05 0.19+0.03 0.87 tllve c.orre.:latllons with hepatic cell m.ﬁltratlon, carbohy.drates
Ba 0.9440.10 1.9340.53 2 05* distribution in both center and periphery, hemqglobm and
- 0.16+0.01 0.23+0.02 Ldows tf)tal cl}olesterol p< 0.02(.)1);. totz.il PAHs a positive correla-
Pb 13440.26 2254042 L6T* t}on with car.bohy(%rates distribution (p < 0.0086). and nega-
Bi 0.1240.02 0.240.04 L62 tive correlation Wlth.HDL levels' p= 9.0008); infiltration
degree showed positive correlation with WBC and MCV
*p<0.05, *¥p<0.01 (p <0.0287); and carbohydrates distribution showed a posi-
tive correlation with WBC (p <0.0187).
Finally, an increase in the number of nuclei with comets
was observed in exposed animals (46.3 +2.2%) compared
Table 4, Hi.stolo.gical and blood Parameter Control Treatment p value
determinations in control and
treatment animals (mean + SE) RBC (cell pL™") 6.17+0.39 6.18+0.34
Hemoglobin (gr dL™") 13+£0.2 14.6+£0.2 Hokk
Hematocrit (%) 31.6+2.6 37.5+2.2
MCV (fL) 532413 613+3.2 *
MHC (pg) 227420 255+1.7
MCHC (gr dL7) 42.6+3.6 43.4+3.8
WBC (cell mm™) 6237 +439 7550 + 464 *
Glycemia (mg dL™1) 240.2+£29.3 241.7+22.7
Total cholesterol (mg dL™h 69.2+4.6 94.9+8.4 *
HDL (mg dL™") 32.1+4.1 35.5+3.1
HDL/total cholesterol ratio 0.46+0.04 0.37+0.03
Triglycerides (mg dL™") 95.8+21 164.7+25.8 *
AST (mU mL™") 115.1+11.1 164.1+19.5 *
ALT (mU mL™") 55.0+23.5 76.7+29.1
Somatic index (mg organ g~! animal) 36.9+2.58 35.6+1.76
Tissue hydration (%) 74.6 +1.09 74.0+1.52
Infiltration (score) 0.10+0.02 0.24+0.03 Hk
Fibrosis (score) Not observed 0.02+0.01
Anisokaryosis (score) Not observed Not observed
Anisocytosis (score) Not observed 0.01+0.01
Hydropic degeneration (score) 0.07+0.03 0.64+0.12 Hok
Carbohydrates distribution—center (score) 0.29+0.08 1.00+0.23 wk
Carbohydrates distribution—periphery (score) 0.20+0.05 0.90+0.21 Hok
Sinusoids diameter (pixels) 40.8+2.29 54.8+2.02 Hkok

£p<0.05, *p <0.01, ***p <0.001
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Fig.1 Lymphoplasmacytic
infiltrate in portal spaces at
400x (a) and 100x (b) (H/E)

Fig.2 Sinusoids dilation (H/E,
400x) in a control (a) and a
treatment (b) rat

Fig.3 Hydropic inclusions in
hepatocytes of treatment (a) and
control animals (b) (H/E, 400x)

to control animals (26.8 +1.5%) (p <0.001). This incre-
ment was mainly due to type 2 and type 3 comets (from 25
to 75% of DNA in the tail). TMV also showed significant
differences between treatments (41.2 +3.5 control group
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vs. 61.9+2.6 treatment group, p <0.001), indicating that
DNA fragments in exposed animals were more scattered,
therefore clastogenic effects of PM, 5 results in smaller DNA
fragments.
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Regarding genotoxic effects of several inorganic ele-
ments, levels of Cr correlated with the percentage of type
Icomets (p =0.0336), Zn with type 2 (p=0.0290), Tl with
type 3 (p=0.0025) and Pb with type 4 (»p =0.0256). No sig-
nificant correlation was found between particle-bounded
PAHs levels and number of nuclei with comets. However,
total PAHs TIM was associated with TMV (p =0.0400). Fur-
thermore, a strong association was found between TMV and
3-rings PAHs TIM (p =0.0349), which were also the most
abundant PAHs.

Discussion

In the present study, we assessed the effects of inhaled urban
PM, 5 particles on the liver from healthy animals through
the analysis of histological, biochemical and genotoxic
parameters.

Overall particles levels were slightly above the 24 h-WHO
guideline value (25 ug m~>) [1], which could be due to fre-
quent thermal inversion events taking place over the city
during wintertime [27]. This hypothesis is also supported
by a negative association between the minimum temperature
and PM, 5 levels. On the other hand, we found that PM,
sources were homogeneous, coming from both vehicle emis-
sions and forest fires [28-30].

Regarding urban PM, 5 exposure, our results suggest that
low levels of particles may induce several different hepatic
changes. The first kind of changes is related to tissue com-
position. Our results showed that exposed animals increased
their Cr, Fe, Zn, Ba, T, and Pb hepatic levels. This fact can
be due to a simple bioaccumulation process or to a metabolic
response. Previous authors already reported that particle-
bounded metals such as Cr and Pb can bioaccumulate in rat
livers [31, 32]. Furthermore, several other elements such as
Ba and T1 can be excreted through bile [33], thus increasing
their hepatic levels, even though their particles’ concentra-
tions are low. On the other hand, particles might modify the
organ normal function causing elemental accumulation. This
hypothesis is supported by Wallenborn et al. [34] findings
who demonstrated that instillation of exogenous "°Zn rises
endogenous hepatic Zn levels, suggesting that exposure
to exogenous elements may modify its normal metabolism.
In agreement, Sgrensen et al. [35] argued that exposure to
PM, ; induces a decrease of lung gas exchange surface and
an increment of hemoglobin levels. Both effects could be
positive regulators for Fe intestinal absorption and storage,
therefore increasing its hepatic levels [36].

Low levels of urban PM, 5 may induce histologic and
functional changes in the liver, as well. These alterations
could be due to particles direct action [7], particles compo-
nent’s metabolism [34, 37] or activation of response mecha-
nisms [38]. Previous studies already demonstrated that some

histologic or functional markers are related to cellular meta-
bolic damage, such as lipids and transaminases elevation
[39], while others such as MCYV increase, leukocyte infiltra-
tion, and sinusoidal dilation, under chronic conditions, vary
after these metabolic changes take place [10]. For instance,
we found a linear relationship between the erythrocyte’s
lipid content and the MCYV, thus its increase in liver diseases
may be related to changes in plasma lipids [40].

Many studies reported alterations in several of the men-
tioned hepatic tissue-damage markers after exposure to par-
ticulate matter [7, 9, 32, 38, 39, 41-43]. However, almost
none of them were performed employing urban PM, s,
whose chemical composition is usually a complex mixture
of organic and inorganic compounds. Despite this fact, our
results mostly agree with previous findings. Actually, the
only one relevant difference we found is in transaminases
levels, since literature reports a simultaneous increase in
AST and ALT levels. In our study, despite both enzymes
were increased, only AST levels were significantly different
in exposed animals. This result can be due to the fact that
AST is a ubiquitous enzyme with very low diagnostic value
for liver diseases in rats [44]; thus, its increase would be
related to unspecific tissue damage, such as the lungs. Then,
AST as a liver damage biomarker in rats under is not recom-
mended. The fact we did not find changes in both enzymes
allow as to conclude that actually exists cellular damage in
rat livers although lesions are very incipient.

Regarding functionality, our results suggest that PM, 5
exposure fosters non-alcoholic fatty liver disease since
total cholesterol and triglycerides were increased after
PM, 5 exposure. These results agree with previous find-
ings reported by Yeatts et al. [45] and Chuang et al. [46]
in human epidemiologic and experimental studies. Fur-
thermore, Ge et al. [8] reported an increase of glucose,
insulin, total cholesterol and triglycerides in mice with an
attenuated inflammatory response after exposure to con-
centrated PM, . Previous studies showed that the increase
of blood lipids levels is usually found together with an
insulin-resistance glycemia [8, 47]; however, we did not
register such event because in our experiments animals
were not food deprived, therefore glucose levels might
be a result of diet. Despite this fact, we found a slight
decrease in liver carbohydrates availability, which is also
reported in insulin resistance conditions [48]. These over-
all findings agree with the histopathological mechanisms
proposed by Zheng et al. [10], who reported impaired
hepatic glycogen storage, glucose intolerance, and insulin
resistance after exposure to PM, s. In fact, we found sev-
eral pathologic changes were found to be related to PM, 5
parameters in a dose-dependent form. For instance, hepatic
cell infiltration, alteration of carbohydrates distribution
in both center and periphery and total cholesterol levels
increased as PM, 5 levels in the air increased. On the other
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hand, carbohydrates distribution diminished, and HDL
levels increased when particle-bounded PAHs increased,
which can be attributed to the aryl hydrocarbon recep-
tor that may indirectly impair glucose hepatic metabolism
[49] and inhibit apolipoprotein A-I gene expression [50].

Finally, genotoxic damage in liver tissues were also
reported by other authors [7, 11]. Despite the different
exposure pathways as well as particles composition found
in these mentioned studies, our results indicate that particles
inhalation would induce DNA damage even at low particles
doses. Correlation analysis also suggests that clastogenic
damage could be the result of an additive process rather
than a single-dose process [51]. Additionally, many comet
assay outcomes were proportional to the concentration of
compounds with proven genotoxic nature [15, 52-54], indi-
cating that particle composition has a fundamental role in
genotoxic processes [7].

In brief, histologic, biochemical and genotoxic findings
suggest mild liver damage in exposed animals that impairs
carbohydrates metabolism regulation. In fact, exposure to
PM, s triggers some events in target organs that exacerbate
glucose consumption, as usually happens during systemic
inflammatory events [55]. Under chronic PM, 5 exposure,
liver inflammation may generate a pathological imbalance
of the serum glucose concentration [26]. Glucose demand
could be also exacerbated by leukocyte infiltration in differ-
ent tissues [56]. This is supported by the positive correlation
found between tissue carbohydrates depletion, WBC and
infiltration degree. Since particulate matter can deregulate
the insulin pathway [47], glucose consumption is altered;
therefore, the liver sends carbohydrates without being able
to reconstitute its reserves due to insulin dysregulation [10].
The constant glucose demand may induce its biosynthesis;
thus, lipids are moved to provide energy for the process [57],
in agreement with our findings. Furthermore, other events
may cause the process to be further exacerbated, such as
the alteration HDL quality, which decreases lipoproteins
anti-inflammatory and antioxidant capacity [45, 58, 59],
and the toxic effect derived from the metabolism of some
PM, s-bounded substances [33, 60].

Despite the restricted number of individuals employed
or the lack of molecular markers measurements, such as
insulin, we were able to demonstrate that exposure to low
levels of urban PM, 5 represents a threat to non-target organs
such as the liver. Indeed, particles not only altered the tis-
sue elemental composition but also induced incipient his-
tologic lesions accompanied by biochemical changes and
DNA damage. These events suggest a hepatic impairment
of carbohydrates metabolism and an incipient development
of a non-alcoholic steatohepatitis phenotype. Furthermore,
results suggest that PM, s toxicity is influenced not only by
their concentration but also by their composition and expo-
sure frequency.
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