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Abstract. Interior air pollution is a public health concern, it affects about 2.6 billion people around the world who still cook 

using solid fuels such as wood, crop wastes, among others. This exposition increases the risk of the development of non-

communicable diseases (NCDs). The indigenous population is very susceptible to being exposed to mixtures of pollutants from 

the wood smoke such as Polycyclic Aromatic Hydrocarbons (PAHs) due to traditional methods of cooking, heating and waste 

burning. Therefore, the objective of this work was to evaluate the exposure to PAHs through the application of 10 hydroxylated 

metabolites (OH-PAHs) in the urine of the indigenous population from the Huasteca Potosina, this by gas chromatography 

coupled to mass spectrometry and to assess renal health of the population at the time of the study, with a general test of urine 

and through the uremic toxin Indoxyl Sulfate (IS), this by high-performance liquid chromatography, and the and pulmonary health 

with spirometry. The results indicate the presence OH-PAHs in 89.47% of the urine samples, the most frequent metabolites were 

1-OH-PYRENE, 2-OH-NAPTHALENE. IS was present in 100% of the samples in mean concentrations of 193.4 ± 91.85 µg/L. For 

pulmonary health, the results indicate some subjects have regular and irregular respiratory patterns. These results indicate that 

the population is highly exposed to a mixture of pollutants in the air that might damage the lungs and kidneys and increase the 

risk of NCDs development. 

Keywords: Indoor Air Pollution; Polycyclic Aromatic Hydrocarbons; Respiratory Health; Kidney Health; Indigenous Population. 

Resumen. La contaminación del aire interior es un problema de salud pública, ya que afecta a unos 2.600 millones de per-

sonas en todo el mundo que siguen cocinando con combustibles sólidos como la madera, los residuos de las cosechas, 

etc. Esta exposición aumenta el factor de riesgo de desarrollo de enfermedades crónicas. La población indígena es muy 

susceptible a estar expuesta a mezclas de contaminantes del humo de leña como los Hidrocarburos Aromáticos Policíclicos 

(HAPs) debido a los métodos tradicionales de cocción. El objetivo de este trabajo fue evaluar la exposición a HAPs por medio 

de 10 metabolitos hidroxilados en orina de la población indígena de la Huasteca Potosina, mediante cromatografía de gases 

acoplada a espectrometría de masas; por otro lado, la salud renal y pulmonar fueron evaluadas con una prueba general de 

orina y la toxina urémica Indoxil sulfato, esta fue evaluada por medio cromatografía líquida de alto rendimiento, y la función 

pulmonar con una espirometría. Los resultados indican la presencia de metabolitos hidroxilados en el 89,47% de las muestras 

de orina, los más frecuentes fueron el 1-OH-PIRENO, el 1, 2-OH-NAFTALENO. El Indoxil sulfato se presentó en el 100% de 

las muestras y la media era de 193,4 ± 91,85 µg/L. En cuanto a la salud pulmonar, los resultados indican que algunos sujetos 

presentan patrones respiratorios regulares e irregulares. Estos resultados indican que la población se encuentra expuesta de 

manera crónica a una mezcla de contaminantes en el aire que podría producir el desarrollo de daño en los pulmones y los 

riñones y aumentar el riesgo al desarrollo de enfermedades crónicas. 

Palabras clave: Contaminación del Aire Interior; Hidrocarburos Aromáticos Policíclicos; Salud Respiratoria; Salud Renal; 

Población Indígena.
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Introduction
The air pollution is one of the major issues for 
the Climate Change due to pollutants such as 
Carbon (CO), Methane (CH4), water vapor (H2O), 
among others, that have the potential to increase 
the global Temperature (Pan-American Health Or-
ganization PAHO) 2016; United Nations Frame-
work Convention on Climate Change (UNFCCC) 
2018). Nevertheless, this is not the only problem, 
the different components in the air such as Par-
ticulate Matter 10 and 2.5 (PM 10, PM 2.5), have 
the potential to generate adverse effects on the 
health of humans and other organisms. The World 
Health Organization (WHO) estimates nine out of 
ten people breathe polluted air (Singh et al. 2018; 
WHO 2018). The result is that each year between 
6.5 and 7 million people around the world die due 
to air pollution exterior and indoor air pollution, 
this is estimated to increase by 20% in coming 
years (Singh et al. 2018; Flores-Ramirez et al. 
2021b). Chronic exposure to pollutants in the air 
increases the risk of the development of non-
communicable diseases (NCDs) such as Chronic 
Obstructive Pulmonary Disease (COPD), lung can-
cer, and cardiovascular diseases. Now is reported 
a relationship between exposure to environmental 
pollutants in the air with the development and 
increased incidence of various diseases such as 
renal, lungs and cardiovascular diseases (Flores-
Ramirez et al. 2021b), and different clinical and 
epidemiological studies have demonstrated that 
the acute and chronic exposure to air pollution 
can increase the mortality of cardiovascular and 
respiratory diseases (Fiordelisi et al. 2017). The 
24% of diseases around the world and 23% of 
mortality global is a consequence of environmental 
factors such as air, water or food pollution; this 
is proof of the role that the environment plays in 
people's health. (WHO, 2006; Prüss-Üstün et al. 
2016; Alamo-Hernández et al. 2019). For example, 
many deaths concerning COPD appear in low and 
middle-income countries, and the principal risk 
factors are smoking, occupational environments, 
ozone, passive smoking and household air pol-
lution from solid fuels (Rodríguez-Aguilar et al., 
2020). Nonetheless, not everyone is in the same 
conditions, there are populations more susceptible 
to the effects of pollution environments, socio and 
economic conditions, one of these populations 
are the indigenous people. Only in the region of 
Latin America and the Caribbean is estimated 
the indigenous population was around 42 million 
people in 2015 (Berumen-Rodríguez et al. 2021; 
Flores-Ramirez 2021a). Those populations are 
often vulnerable to different environmental, social 

and economic situations that affect their health; 
for example, these communities are frequently 
ubicated in places away from cities, which results 
in fewer opportunities, the education levels are 
less in comparation with cities, this cause that 
many youngers have to work as soon as they 
finish high school or even before, most of these 
jobs are precarious and many times these com-
munities have social margination. On the other 
hand, their environments are often polluted by 
mycotoxigenic fungi, pathogens, heavy metals 
in soil or water, or pollutants due to traditional 
methods of cooking that can cause adverse health 
effects; furthermore, in these communities access 
to health centers is limited, and even in the best 
cases, they only receive basic cares. The mixture 
of these factors cause a risk for the health, devel-
opment and for their life quality (Suleyman et al. 
2018;  Díaz de León-Martínez et al. 2020a; Díaz 
de León-Martínez et al. 2020b; Flores-Ramirez 
et al. 2021a). 
One of the main issues related to NCDs as men-
tioned before is exposure to polluted air. Cooking 
by using solid fuels like wood is reported to cause 
chronic exposure to PM 10 and PM 2.5, carbon 
monoxide, nitrogen and sulfur oxides, but also 
organic pollutants such as benzene, phenols, form-
aldehyde, and polycyclic aromatic hydrocarbons 
(PAHs) (Pruneda-Álvarez et al. 2012; Cincinelli y 
Matellini 2017; Flores-Ramirez et al. 2021b). The 
latter, are multiple aromatic rings bounded, those 
containing up to four rings are called “light” and 
four or more rings are called “heavy” which are 
more stable and toxic than light ones (Chen et al. 
2019; Díaz de León-Martínez et al. 2021a). PAHs are 
bound in different structural configurations. They 
can be transferred long distances in Particulate 
Matter are considered global pollutants because 
they have the potential to produce carcinogenic 
and teratogenic effects (Sarigiannis et al. 2015;  
Alegbeleye et al. 2017; Chen et al. 2019). They are 
liberated into the environment from natural and 
anthropogenic sources such as traffic, domestic 
heating, oil refining, industrial processes, incomplete 
combustion of solid fuels (Kim et al. 2013;  Tavera 
et al. 2018; Ciao et al. 2020; Ferhat et al. 2020). 
PAHs present different pathways of exposure, 
inhalation of smoke, ingestion of contaminated 
food, and dermical absorption (Agency for Toxic 
Substances and Diseases Registry (ATSDR)  2016; 
Díaz de León-Martínez et al. 2021b). Due to their 
toxic effects and their persistence in the environ-
ment PAHs have been classified by the US EPA 
and European Commission as priority pollutants. 
Even though, there are around 100 mixtures of 



Acta Toxicol. Argent. (2022) 30 (3): 143-155

- 145 -- 145 -

PAHs these agencies have prioritized 16 of them, 
which are reported to cause mutagenicity, carci-
nogenicity and teratogenicity effects (Drwal et al. 
2018; Zhu et al. 2019). Because PAHs are highly 
lipophilic, they have the potential to cross the cel-
lular membrane easily and accumulate in fat or 
other tissue. They are metabolized by cytochrome 
p450 enzymes and epoxide hydrolase, after, these 
reactions cause epoxides, dihydrodiol phenols and 
quinones which are conjugated with glucuronide 
and sulfate, furthermore, these products will be 
eliminated by urine. However, on the other hand, 
they can produce a toxic effect due to PAHs me-
tabolites making covalent attachment with the DNA 
that result in mutagenesis and therefore, cancer 
(Cao et al. 2019; Rodríguez-Aguilar et al. 2019). 
There are known effects of exposure to PAHs in 
the lungs, cardiovascular diseases, neurotoxicity, 
however, recent research has associated a signifi-
cant burden of renal damage associated with the 
exposure to these pollutants (Pérez-Maldonado 
et al. 2018; Ciao et al. 2020; Flores-Ramirez et 
al. 2021b). The International Agency for Research 
on Cancer (IARC 2010) listed one of them, the 
Benzo (a) pyrene in group 1, as a carcinogen to 
humans. The biomonitoring of these pollutants 
is frequently carried out in working environments 
due to occupational exposure, nevertheless, the 
indigenous populations are also susceptible to suf-
fering from the exposure to these pollutants and 
hence their toxicity. For indigenous people, the 
main exposure route is through smoke inhalation 
for wood burning to cook garbage burning and the 
consumption of polluted foods (Flores-Ramirez et 
al. 2021b). Only in Mexico, about 27 million people 
depend on biomass burning especially wood to 
cook and heat their homes, using traditional open 
fires which causes chronic exposure; moreover, 
most of these people are concentrated in rural 
indigenous communities (Riojas-Rodríguez et al. 
2011). For the biomonitoring of PAHs, the quan-
tification of hydroxylated metabolites is usually 
applied, 1-OH-Pyrene (1-OH-PYR) excreted in 
urine is frequently used as the best biological indi-
cator of exposure to PAHs, nevertheless, the use 
of more excreted products has gained relevance 
in recent years, because using more metabolites 
permits a better estimation of exposure. 
Indoxyl sulfate (IS) is a small molecule (213 g/mol). 
It is a uremic toxin that is bound to at least 90% 
of plasma proteins (Leong and Sirich 2016; Tan 
et al. 2017). There are clinical studies that sup-
port that IS could contribute to the diagnosis of 
Chronic Kidney Disease (CKD), in this disease, 
there are uremic products, which tend to accumu-

late in the blood due to loss of kidneys function to 
correctly eliminate these toxins. For this reason, 
uremic toxins like IS are proposed as biomarkers 
of kidney damage (Barreto et al. 2009; Villaseñor 
and  Martínez y Martínez 2013). Several authors 
reported in different clinical studies, that IS may 
contribute to abnormalities in cardiovascular dis-
eases, this uremic toxin is capable to stimulate 
oxidative stress and also multiple NADPH oxidase 
signalling pathways; for this reason, IS could help 
in the diagnostics of renal damage and even a 
relation with cardiovascular diseases (Gao and 
Liu, 2017; Szu-Chun et al. 2017; Tan et al. 2017; 
Xiong and  Leong 2019). CKD still affects many 
people around the world, in México, only in 2019 
this disease caused 72, 539 deaths (8.43% of 
the total deaths that year in Mexico) one of the 
leading causes of mortality due to NCDs in the 
country according to data of the Global Burden 
Disease (IHME 2019). 
For pulmonary assessment, spirometry is a tech-
nique that by using a spirometer predicts how is 
the respiratory capacity of a person. This test gives 
different values after a person is tested, these 
values can be interpreted, so in this form to know 
if the patient has normal or abnormal respiratory 
health, so, the spirometry helps to estimate the 
risk of lung cancer, COPD, cognitive impairment, 
cardiovascular or other causes of obstruction in 
the respiratory tract (Coates et al. 2013; García-
Río et al. 2013). 
It is important to propose new strategies to as-
sess the diagnosis and monitoring of renal and 
pulmonary disease, which must be accurate and 
easily implemented in remote locations such as 
rural communities, where access to health ser-
vices is limited and environmental pollution is high, 
therefore, the main objective of this work was the 
evaluation of exposure to polycyclic aromatic hy-
drocarbons through 10 hydroxylated metabolites 
of PAHs (1-hydroxynaphtalene (1-OH-NAP) and 2 
hydroxynaphtalene (2-OH-NAP); 2-, 3-, and 9- hy-
droxyfluorene (2-OH-FLU, 3-OH-FLU, 9-OH-FLU); 
1-, 2-, 3-, and 4-, hydroxyphenanthrene (1-OH-
PHE, 2-OH-PHE, 3-OH-PHE, 4-OH-PHE) and 1-hy-
droxypyrene (1-OH-PYR), also, the evaluation of the 
renal health through the biomarker Indoxyl Sulfate 
and the respiratory health through spirometry. 

Material and methods 
2.1 Population and study design. 
This study was conducted in the community of 
Tocoy, located in San Antonio, at the Huasteca 
Potosina, San Luis Potosí, México (21° 38’ 19” N 
and 98° 52’ 15” W). The average climate is warm 
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and humid, with an annual temperature of around 
24°C. There are 1061 habitants approximately of 
indigenous Tenek origin; this community has been 
described with high levels of marginalization (Díaz 
de León-Martínez et al. 2020a)
A transversal study was conducted in November 
2019, the ethical protocol was approved by the 
ethics committee of the Faculty of Medicine of 
the Autonomous University of San Luis Potosi 
(CEI-2018-002). An open invitation was extend-
ed to the population with the following inclusion 
criteria: i) older than 30 years old; ii) residence of 
over 3 years at the site (community); iii) signatures 
of informed consent; iv) No kidneys disease at 
the time of the study; v) No recent urinary infec-
tions; vi) No medication before sample collection. 
Meanwhile, the exclusion criteria were: i) insuf-
ficient sample and ii) Not having signed the in-
formed consent form. The participants received 
and answered a questionnaire about topics such 
as socio-demographic characteristics, general 
health, family history of chronic diseases and di-
etary habits, to identify risk habits of exposure and 
other risks habits or situations that might apply 
in the exposition of PAHs (e.g. smokers at home, 
use of firewood and hours per year in front of this, 
burning garbage, among others). 

2.2 Determination of hydroxylated metabolites 
in urine. 
The urine samples were collected from the first 
micturition in the morning in sterile polypropylene-50 
mL glasses after the samples were transported at 
4°C and stored at 80°C until analysis. The deter-
mination of hydroxylated metabolites in urine was 
conducted based on the method established by 
the Centers for Disease Control and Prevention 
(CDC) with slight modifications. Ten metabolites 
were determined: 1-, 2-OH-NAP; 2-, 3-, 9-OH-
FLU, 1-, 2-, 3- y 4-OH-PHE y 1-OH-PYR. First, 5 
mL of each of the samples of urine were filtered 
through a PVDF membrane. Subsequently, enzy-
matic hydrolysis of 2 mL of sample was performed. 
For this, 20 µL of the enzyme ß-glucuronidase/
arylsulfatase was added (Merck, Millipore, EE. 
UU) 2 mL of 1 M acetate buffer at pH 5.5 and the 
samples were incubated at 37°C for 17 h under 
constant conditions. After this incubation a liquid-
liquid extraction was performed in duplicate with 
an 80:20 (V:V) solution of pentane and toluene 
evaporated with a gentle stream of nitrogen gas 
(N) at 45°C until the desired volume of 10 µL was 
reached, after that, 10 µL of N, O-Bis (trimethylsi-
lyl) trifluoroacetamide (BSTFA) (derivatizing agent) 
(Merck Millipore, Massachusetts, USA) and 2.5 µL 

of internal standard 13C6 1-OH-PYR (Cambridge 
Isotopes Laboratories) at 25 ng/ml by calibrating the 
solution to 100 µL with toluene. Finally, the solution 
was subjected to a derivatization process at 60°C 
for 30 min. Samples and calibration curves were 
analyzed by gas chromatography (GC) (Agilent 
6890) coupled to a mass detector (MS) (Agilent 
5975) in electron impact ionization (EI) mode. The 
injection port was operated in splitless mode, with 
a temperature of 270°C using helium as a carrier 
gas at a pressure of 36 psi at a constant flow rate 
of 0.9 ml/min. The chromatographic separation 
was performed using a 30 m X 0.25 mm X 0.25 
µm HP 5 MS column (Agilent®). The oven setting 
conditions were as follows: 95°C (1 min), 195°C 
(15°C/min) 206°C (2°C/ min) until minute 13.2, 
followed by an increase to 320°C (40°C/min) and 
hold until minute 24 with a total run time of 24 min. 
The parameters under which the detector was 
operated are described below: emission of 35 µA 
and energy, 69.9 V. SCAN mode (50-500 m/z) was 
used to identify the compound and the identifi-
cation and quantification ions were selected for 
SIM mode. The identification fragment ions were 
for 1-OH-NAP and 2-OH-NAP 201 and 216 m/z; 
for 2-OH-FLU and 9-OH-FLU 253 and 254 m/z 
respectively for 3-OH-FLU 253, 254 and 255 m/z; 
for 1-OH-PHE, 2-OH-PHE, 3-OH-PHE and 4-OH-
PHE 251 and 266 m/z and 1-OH-PYR 290 and 291 
m/z and the internal standard 13C6 1-OH-PYR 
281 and 296 m/z. The results were obtained and 
processed with Chemstation software (Agilent®).

2.3 Determination of Indoxyl Sulfate (IS) 
in plasma. 
The determination of IS was performed with slight 
modifications to the methodology described by 
Barreto et al. (2009) and Xiong and Kwang (2019). 
The plasma samples were stored at -80°C until 
their subsequent analysis; briefly, the samples 
were thawed for approximately 15-20 min. 100 µL 
of the sample were then taken and deposited in 
2.5 mL, then 150 µL of distilled water were added 
and 900 µL of ice-cold acetonitrile were added to 
extract the IS; after that, the samples were shaken 
vigorously for 30 seconds and then centrifuged 
at 10,000 rpm for 5 min at a temperature of 5°C. 
From the supernatant, a 2 mL aliquot was ex-
tracted and finally, the samples were filtered for 
further processing in the liquid chromatography. 
The parameters evaluated for the validation of 
the method were: Correlation coefficient (0.99); 
the slope was of (0.079); the limit of detection 
was 0.01 ppm and the limit of quantification was 
0.05 ppm respectively. For reproducibility, it was 
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obtained from 5.1 to 17.9 with repeatability from 
0.36 to 25.6, with which it was possible to obtain 
a confidence interval of 95%.
 
2.4. Lung function test
For the pulmonary function assessment, spirometry 
was performed before and after administration of 
200 mg of salbutamol, following the guidelines of 
the ATS/ERS standards. A spirometer (EasyOne®  
plus) was used. Spirometry was performed by 
a professional certified by the National Institute 
for Occupational Safety and Health (NIOSH) who 
complied with ATS/ERS standards. The predicted 
normal values were those of the Mexican-American 
population of the NHANES III study and the predic-
tions of the equations described by Perez-Padilla 
in the platinum project (Latin American Project 
for the Investigation of Pulmonary Obstruction) 
were also used. Measurements included were: 
Forced expiratory volume in one second (FEV1); 
Forced Vital Capacity (FVC); and the ratio of the 
two volumes (FEV1/FVC). The alterations in these 
spirometric parameters indicate restrictive and 
obstructive patterns according to the Global Initia-
tive for Chronic Obstructive Lung Disease (GOLD) 
2019, the results were classified as normal breath-
ing patterns, mild restriction, moderate restriction 
and severe restriction. 

3.0 Results 
3.1 Characteristics of the study of population 
There were 19 participants, of whom 16 were 
women (84.21%) and 3 were men (15.79%). Table 
1 “Population characteristics” shows the general 
anthropometric characteristics and risk activities 
of the population studied in this research. The 
anthropometric characteristics of the study par-
ticipants are presented below. The average age 
was 52.09 ± 7.18 years; the average weight was 
60.81 ± 10.34 Kg. The average height was 1.49 
± 0.053 m. The average body fat percentage was 
38.69 ± 7.98%. The Body Mass Index (BMI) was 
27.03 ± 3.694 (CDC, 2015); 12 people (63.15%) 
presented overweight, 3 people (15.79%) were 
in a state of obesity, and only 4 (21.05%) were 
within normal weight values. All study participants 
reported spending more than 8 hours in front of 
the stove for cooking and food consumption ac-
tivities. None of the women reported being preg-
nant or breastfeeding. Regarding comorbidities, 
3 people reported high blood pressure, 5 had 
type 2 diabetes mellitus. 100% of the participants 
reported using firewood during childhood and in 
the present, so there is chronic exposure, as well 
as burning garbage. 

3.2 Evaluation of hydroxylated metabolites in 
urine samples 
The data of the results were analyzed by descrip-
tive statistics using the "GraphPad Prism" pro-
gram. The retention times (TR) obtained for each 
of the OH-PAHs were TR ± 0.2 min. The TR= 7.6 
min for 1-OH-NAP; TR=7.9 for 2-OH-NAP; TR= 
12.3 min for 9-OH-FLU; TR=12.5 min for 3-OH-
FLU; TR=12.9 min for 2-OH-FLU; TR=14.8 min 
for 4-OH-PHE; TR= 16. 5 for 3-OH-PHE; TR= 
16.7min for 1-OH-PHE; 17.6 min for 2-OH-PHE; 
and TR= 23.2 min for 1-OH-PYR and 13C6 1-OH-
PYR (Díaz de León-Martínez et al. 2021a).
A descriptive statistical analysis was performed 
where all the hydroxylated metabolites of each 
sample were summed for better analysis. The 
mean concentration of Total Hydroxylated Me-
tabolites (∑-OH-HAPs) in urine was 6.44 ± 9.79 
µmol/ mol of creatinine. Hydroxylated metabolites 
were found in 89.47% of the samples analyzed. 
Of the PAHs analyzed in the study population, the 
most frequently found hydroxylated metabolite 
was 1-OH-PYR which was present in 84.21% of 
the samples, followed by 1-OH-NAP and 2-OH-
NAP which were present in 68.42% and 63.15% 
of the samples, respectively. Regarding the other 
metabolites, 4-OH-PHE was found in 31.57% of 
the samples, 3-OH-FLU was present in only 2 
samples, while 3-OH-PHE and 1-OH-PHE were 
found in only one sample each; 2-OH FLU,2-OH-

Table 1. Population Characteristics.

Parameters	 Mean ± Standard Deviation 

Subjects	 N= 19

Gender	

    Women	 16

    Men 	 3

Age (years) 	 52 ± 7.

Anthropometric measurements	

Weight (Kg) 	 60.81 ± 10.34

Height (m)	 1.49 ± 0.053

IMC (Kg/ m²)	 27.03 ± 3.694

   Normal weight 	 21.05%

   Overweight	 63.15%

   Obesity	 15.79%

Risk Activities	

   % Cooking with solid fuels 	 100%

   % Garbage burning	 100%

   % Active smokers 	 0%

   % Passive smokers	 0%
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PHE was not detected in any of the samples ana-
lyzed. The references values were taken from the 
guideline of Jongeneelen, 2001 which has three 
levels, nevertheless, these references values are 
just for the excretion for 1-OH-PYR in urine. Table 
2 “Results of PAHs in the population” shows the 
metabolites detected in the samples collected, as 
well as the percentages and levels obtained. The 
first reference value is the excretion or 1-OH-PYR 
for 0.24 µmol/ mol of creatinine for non-smokers 
and 0.74 µmol/ mol of creatinine for smokers; in 
the second level, with excretion of 1.4 µmol/ mol of 
creatinine, in this level genotoxic effects starts to 

appears in workers; for the third level there is two 
population: coke oven workers with 2.3 µmol/ mol 
of creatinine and 4.9 µmol/ mol of creatinine for 
the primary aluminium industry. The mean of 0.33 
µmol/ mol of creatinine, exceeds the first reference 
value, however, the mean does not exceed the 
second level of Guideline PAHs. The highest value 
of 1-OH-PYR did not exceed the second reference 
value either, because the value was 1.11 µmol/ 
mol of creatinine. On the other hand, 1-OH-NAP 
was present in 68.42% of samples with a mean 
of 2.52 µmol/ mol of creatinine, the 2-OH-NAP 
was present in 63.15% of samples, with a mean 
of 2.16 µmol/ mol of creatinine 

Table 2. Results of OH-PAHs in the population. 

Metabolite

1 OH-NAP

2-OH-NAP

9-OH-FLU

3-OH-FLU

2-OH-FLU

4-OH-PHE

3-OH-PHE

1-OH-PHE

2-OH-PHE

1-OH-PYR

∑-OH-HAPs

# of samples 

in which the 

metabolite was 

detected

13

12

1

2

ND

6

1

1

ND

16

17

% of samples 

with the 

metabolite 

analyzed

68.42%

63.15

5.26%

10.52%

ND

31.57%

5.26%

5.26%

ND

84.21%

89.47%

Mean metabolite 

in total population 

(µmol/mol 

creatinine)

2.52

2.16

0.22

0.08

ND

0.20

0.03

0.02

ND

0.33

6.44

Minimium

Value

0.81

0.80

2.46

0.67

ND

0.29

0.63

0.46

ND

0.031

0.29

Minimium

Value

7.56

5.38

2.46

0.92

ND

0.91

0.63

0.46

ND

1.11

7.56

ND= Non Detectable

3.3. Renal and Respiratory health 
For the renal health assessment, the mean con-
centrations for IS were 193.4 ± 91.85 µg/L. There 
are no reference values for this biomarker, so it 
is not possible to determine exactly the severity 
of renal damage, so the results of other studies 
are compared. The 3 men who participated in the 
study obtained concentrations below the mean. 
The women obtained concentrations above this 
value, except for one woman, who had 65.55 µg/L. 
The respiratory evaluation was performed utiliz-
ing a spirometer EasyOne® Plus. The alteration 
in spirometric values can indicate restrictive and 
obstructive respiratory patterns. Of the 19 par-
ticipants in the study, 9 obtained non-assessable 
spirometry, 5 showed normal respiratory patterns, 

2 were mildly obstructive and 2 were moderately 
obstructive, 0 were severely restrictive and 1 was 
below the lower limit, none of them showed ob-
structive patterns.

4. Discussion
The results of this study indicated the study popu-
lation is highly exposed to a mixture of different 
PAHs because 89.47% of the population presented 
detectable levels of one or more hydroxylated me-
tabolites. The metabolite that was in more percent-
age of the population was 1-OH-PYR 84.21%, then 
1-OH-NAP 68.42%; 2-OH-NAP 63.15%; 4-OH-
PHE 31.57%; 3-OH-FLU 10.52%; 9-OH-FLU; 3, 
1-OH-PHE 5.26%; on the other hand, 2-OH-FLU 
and 2-OH-PHE were not detectable to be pres-
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ent in any of the samples. However, the means 
were different as 1-OH-NAP obtained a mean in 
the total population of 2.52 µmol/mol creatinine, 
2-OH-NAP with a mean of 2.16 µmol/mol creatinine; 
1-OH-PYR 0.33 µmol/mol creatinine; 4-OH-PHE 
0.20 µmol/mol creatinine; 9-OH-FLU µmol/mol 
creatinine; 3-OH-FLU 0.08 µmol/mol creatinine; 
3-OH-PHE 0.03 µmol/mol creatinine and 1-OH-
PHE 0.02 µmol/mol creatinine. The results were 
compared with the reference levels proposed by 
(Jongeneelen 2001). The mean 1-OH-PYR of 0.33 
µmol/mol creatinine and the maximum value of 
1.11 µmol/mol creatinine exceed Jongeneelen's 
first reference level of 0.24 µmol/mol creatinine; 
however, they did not exceed the second level of 
1.4 µmol/mol creatinine which is when biological 
effects are observed. However, the presence of 
different hydroxylated metabolites depends on 
the presence of PAHs in the smoke to which the 
person is exposed (Díaz de León-Martínez et al. 
2021b). The results show that the population is 
not only exposed to this pollutant because the 
samples also presented detectable levels of 1-OH-
NAP with a mean of 2.52 µmol/mol of creatinine; 
2-OH-NAP with a mean of 2.16 µmol/mol of cre-
atinine; 9- and 3-OH-FLU with means of 0.12 and 
0.08 µmol/mol of creatinine respectively; 4-, 3-, 
1-OH-PHE with means of 0.20, 0.03 and 0.02 
µmol/mol of creatinine respectively, so the use 
of a battery of hydroxylated metabolites allows a 
better estimation of exposure to more pollutants 
since if only 1-OH-PYR were used as a marker 
of exposure, the other metabolites would not be 
taken into account, which as the results show. The 
presence of these metabolites is demonstrated by 
the results and allows a better estimation of the 
pollutants that in these communities are mainly 
due to the burning of solid fuels such as wood 
and therefore can cause various adverse health 
effects, since different epidemiological studies 
have shown that exposure to PAHs can increase 
the risk of developing cardiovascular diseases, 
diabetes, inflammation in the respiratory tract and 
decreased pulmonary function and respiratory 
parameters (Perez-Padilla et al. 2010; Rodríguez-
Aguilar et al. 2019). Two of them, which were pres-
ent in a high percentage in the population studied, 
were 1- and 2-OH-NAP, which are metabolites of 
naphthalene, this compound is also found in ex-
posure to solid fuels such as wood combustion. 
In 2000, the IARC and the US EPA re-classified 
this compound as having the capacity to produce 
cancer in humans (Preus et al. 2003). In this con-
text, the NIOSH proposes an exposure limit of 
10 ppm for no more than 8 hours because of the 

effects that this compound generates problems 
in acute exposures such as headaches, loss of 
appetite and nausea. However, exposure to this 
compound has also been reported to cause corneal 
damage, optic neuritis and even kidney damage, 
while ingestion of large amounts of naphthalene 
can cause severe hemolytic anemia. While the 
target organs affected are the eyes, skin, blood, 
liver, kidneys and central nervous system. On 
the other hand, the lethal dose reported in hu-
mans is 50 mg/kg so the main protective mea-
sures are focused on protecting these tissues to 
avoid inhalation or ingestion of these compounds 
in some type of personal protective equipment 
in the working population (NIOSH 2011; NIOSH 
2019) However, this happens in controlled and 
well-regulated occupational environments. In the 
context of the Tocoy community, or as in precari-
ous jobs, the population does not have the nec-
essary protective measures, so exposure to this 
compound is unavoidable in these environments, 
which can cause adverse health effects. In addi-
tion, the actual exposure is not known because 
indoor air quality monitoring has not been car-
ried out. Experimental studies in animal models 
have reported that exposure to this compound 
increases the incidence of cancer-related mainly 
to the respiratory tract. For this reason, the IARC 
has classified this compound as possibly carci-
nogenic to humans (Group 2B) (Yost et al. 2021). 
It is necessary to implement reference levels, as 
well as to better understand the consequences of 
chronic exposure to naphthalenes, and thus bet-
ter estimate the actual exposure risk to which this 
population is exposed to provide a more complete 
picture of the health status of indigenous peoples 
and their quality of life. In a study conducted by 
Riojas-Rodríguez et al. (2011) where the authors 
also found that in the 10 hydroxylated metabolites 
that were evaluated in this study, such concen-
trations decreased when implementing the use 
of Patsari stoves, which by design, decrease the 
exposure of these pollutants, so the implemen-
tation of strategies such as these, can reduce 
exposure to PAHs and other pollutants in the air, 
contributing to the improvement of health and 
quality of life of these populations. 
Respect the IS, toxin this accumulates throughout 
the progression of CKD, it may indicate disease 
progression. Unfortunately, there are still no ref-
erence values for this biomarker, so the results 
of this work are compared with other studies in 
clinical settings. A study by Wang et al. (2019) 
where IS levels were evaluated in different groups 
to investigate their relationship with mortality in the 
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first 90 days of an acute kidney infection, revealed 
that biomarker levels were higher in patients with 
CKD (3070  ± 301µg/L) than those with hospital-
acquired infections (2704 ± 750 µg/L); however, 
these levels in persons with infections were also 
higher than in healthy persons (1730 ± 110 µg/L), 
which can be interpreted that, at higher IS con-
centrations, renal damage could be greater. In this 
study, the mean IS in the population was found 
to be 193.4 ± 91.85 µg/L which does not exceed 
the values of healthy subjects reported in these 
studies. In another study conducted by Cheng-
Jui et al. (2011) where they measured the levels 
of Indoxyl Sulfate and cresyl sulfate in patients 
with different stages of CKD, the authors found 
that these two uremic toxins increased gradually 
as renal function declined; among the IS values 
reported were, Stage 3: 3200 ± 3000 µg/L; Stage 
4: 5400 ± 3600 µg/L; Stage 5: 19,900 ± 10,500 
µg/L; Stage 5 with patients on hemodialysis: 42500 
± 15600 µg/L. As can be observed, toxin values 
increased as the disease progressed, as did cresyl 
sulfate. This is of concern as the accumulation of 
various uremic toxins can lead to adverse effects 
such as mortality from cardiovascular causes and 
infection events. Since the concentrations in this 
study are much lower than those compared in the 
two studies, it could be mentioned that the renal 
damage in this population is not yet as great as in 
those studies compared, however, since there are 
no reference values, it is not possible to indicate 
with certainty that the study population do not 
present or will present some type of renal damage 
in the future. No correlation was found between 
IS levels and PAH exposure, however, it does not 
imply that kidney damage is absent or that the 
compounds are not related to it. The presence of 
this uremic toxin means that there is renal dam-
age, which worsens as time goes by because 
its elimination decreases, causing an increase in 
the risk of suffering some cardiovascular disease, 
which ends up worsening the state of health of 
people and increasing the probability of mortality 
more than 50% of deaths in those patients treat-
ed with hemodialysis are due to cardiovascular 
diseases, while the prevalence of cardiovascular 
complications is approximately 80% in patients on 
hemodialysis. As it can be seen, there is a close 
relationship between these two systems, which 
could be due to the accumulation of toxins in the 
body such as IS that cause some complications in 
the cardiovascular system (Gao and Liu 2017). It 
has been reported that exposure to these pollut-
ants may be related to renal damage, an example 
is a study conducted by Flores-Ramirez et al. 

(2021b) also in Tocoy, which revealed a correlation 
between the hydroxylated metabolites 1-OH-NAP, 
2-OH-NAP, 9-OH-NAP, 9-OH-FLU and 4-OH-PHE 
with 4 biomarkers of early kidney damage that 
were evaluated in the study, which provides an 
overview of the damage that the inhabitants of 
the Tocoy area may be suffering. It is important 
to mention that it is not enough to evaluate only 
one PAH at the site, because as mentioned above, 
there is exposure to different compounds, so it is 
necessary to perform a broader and more varied 
analysis that consider a wider range of pollutants. 
Regarding respiratory health, of the men in the 
study, 3 obtained non-assessable spirometry. Of 
the women, 6 presented non-assessable spirom-
etry and 5 presented normal respiratory patterns, 
which means that they did not present any type 
of respiratory difficulty at the time of the study, 
2 with low restrictions; 2 with middle restrictions 
and 0 with severe restriction, and 1 below of the 
limit. On the other hand, it does not mean that at 
some point in the future they will develop some 
type of respiratory difficulty due to exposure to 
wood smoke. Four female participants presented 
mild or moderate restrictive patterns, this can be 
caused by several situations, an important one 
could be the continuous exposure to PAHs pres-
ent in wood smoke at the time of cooking and 
in the future the continuous exposure to these 
pollutants can aggravate the scenario, causing 
severe restrictions or even developing respira-
tory diseases. An important fact to mention is 
that 100% of this population cooks their food 
and have a heating system that is based on the 
combustion of solids such as firewood.
Among the limitations reported for the analysis 
of the study data, due to the nature of the pilot 
study (reduced n), it was not possible to establish 
a correlation between biomarkers of exposure to 
PAHs, spirometry results and the presence of IS, it 
is recognized that a greater number of participants 
is needed to establish direct causality. Neverthe-
less, this study corroborates the application of 
various biomarkers for the accurate assessment 
of PAH exposure and biomarkers of effect such 
as IS, which can describe renal damage, as well 
as respiratory assessment. 
The scenario of the population of Tocoy is difficult, 
on one hand, people are exposed to different types 
of threats ranging from physical pollutants from 
biomass smoke such as PM 10 and 2.5, and soot, 
which, along with these, come to some chemi-
cal pollutants such as PAHs and other air pollut-
ants present in indoor air, some pesticides from 
the use of these in agriculture, as well as some 
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mycotoxins. These have different sources such 
as food contaminated by these mycotoxigenic 
fungi, without taking into account other possible 
pathogenic agents that can be harbored in food, 
air, water and soil, which end up causing chronic 
exposure through the three existing routes of ex-
posure such as inhalation of particles and atmo-
spheric pollutants, consumption of contaminated 
food, water that is often unhealthy and could be 
contaminated by microorganisms capable of caus-
ing diarrheal infections, inhalation and ingestion 
of dust particles that can bring with them differ-
ent threats. Indigenous communities face various 
problems, from scarcity of resources to polluted 
environments, which undermine the development 
of these peoples, forcing them to migrate in search 
of better opportunities, language barriers, as well 
as poor access to the internet and education. 
Although there are health centers that have free 
diagnostic services, these are mainly located in 
urban centers, far from remote communities such 
as Tocoy, which means that people must pay for 
transportation, food and lodging expenses that 
many cannot afford, causing people to consciously 
or unconsciously ignore the risks to which they 
are exposed, normalizing situations that are af-
fecting their health and quality of life.

5. Conclusion 
The results of this study have shown that exists 
a chronic exposure to PAHs, among other pol-
lutants present in the air due to traditional meth-
ods of cooking. Since the population of Tocoy 
is constantly exposed to indoor air pollution, it 
is necessary to monitor air quality to know the 
exact concentration to which these residents are 
exposed. Regarding IS levels, there are no ref-
erence values for this biomarker in this type of 
population, more studies are needed to establish 
cut off points and use it as a more practical, ac-
cessible and accurate method for the evaluation 
of renal damage and its progression. Besides, for 
the evaluation of respiratory function, further stud-
ies are needed, since the toxic potential of biofuel 
smoke is known to cause exposure to different 
pollutants such as PAHs and PM 10 and 2.5, which 
are known to affect mainly the respiratory tract. It 
is necessary to address these issues since the life 
quality of the population is being affected, which 
could cause probable illnesses in the future, or 
aggravate some that are already present in the 
population. There is a risk that people's health 
could be affected due to constant exposure. The 
community of Tocoy is abandoned, far from cities 
that have health centers, and the socio-economic 

situation of the inhabitants is not the best either, 
as they are highly marginalized and have precari-
ous socioeconomic conditions, in addition to the 
accumulated risks caused by mixtures of con-
taminants such as metals, aflatoxins, pesticides, 
pesticides and other pollutants, aflatoxins, pesti-
cides or persistent organic compounds, pandemics 
such as COVID-19 and the prevalence of different 
non-communicable diseases that tend to affect 
the health of the ecosystem and the inhabitants 
(Díaz de León-Martínez et al. 2021a). Therefore, 
it is necessary to propose new monitoring strate-
gies that help in the early detection of diseases, 
as well as environmental health diagnostics and 
studies aimed at environmental problems such 
as air monitoring, water quality studies, among 
others. The present work serves as a pilot study 
to support the next studies to be carried out in this 
community or in communities that have similar 
conditions to those of Tocoy, which use traditional 
cooking and heating methods. The present study 
has background information on the evaluation of 
respiratory and renal health as well as exposure 
to different PAHs and provides a general overview 
of the situation faced by the community that may 
be affecting its development. This will allow us 
to know broadly what the challenges are, and 
subsequently propose comprehensive interven-
tions that will benefit the environment and also 
the health of people, as well as propose programs 
and policies in these areas that contribute to ac-
cess to a healthy environment and decent health, 
thus ensuring access to these human rights and 
contributing to achieving sustainable develop-
ment goals, thus improving the quality of life of 
the community with a sustainable approach and 
a healthy environment.

Acknowledgements

COPOCYT. Fideicomiso 23871 Multas Electorales Convocato-

ria 2021-01, Desarrollo y evaluación de un Sistema de tamizaje 

basado en la metabolómica exhalatoria para la clasificación y 

predicción de COVID largo mediante métodos de aprendizaje 

automatizado. Addressing the cumulative risk from emerging 

biological, chemical and social threats that will exacerbate the 

second outbreak of COVID-19 of CEEPAC/UASLP 2020.

References
[ATSDR] Agency for Toxic Substances and Disease 
Registry. 2016. ToxFAQsTM- Polycyclic Aromatic 
Hydrocarbons (PAHs). ¿What are the Polycyclic 
Aromatic Hydrocarbons. [Internet]; [cited on feb-
ruary 2022]. Available on: https://www.atsdr.cdc.
gov/es/toxfaqs/es_tfacts69.html



Acta Toxicol. Argent. (2022) 30 (3): 143-155

- 152 -

Alamo-Hernández U, Espinosa-García A, Rangel-
Flores H, Farías P, Hernández-Bonilla D, Cortez, 
Díaz-Barriga F, Flores N, Rodríguez-Dozal S, 
Riojas-Rodríguez H. 2019. Environmental Health 
Promotion of a Contaminated Site in Mexico. 
EcoHealth. 16:317–329. https://doi.org/10.1007/
s10393-019-01407-5

Alegbeleye O, Oluwatoyin B, Jackson V. 2017. Poly-
cyclic Aromatic Hydrocarbons: A Critical Review 
of Environmental Occurrence and Bioremediation. 
Environmental Management. 60:758–783. https://
doi.org/10.1007/s00267-017-0896-2

Barreto F, Barreto D, Liabeuf S, Meert N, Glorieux 
G, Temmar M, Choukron G, Vanholder R, Massy 
Z. 2009. Serum Indoxyl Sulfate Is Associated with 
Vascular Disease and Mortality in Chronic Kidney 
Disease Patients. Clinical Journal of the American 
Society of Nephrology. 4:1551–1558. https://doi.
org/10.2215/CJN.03980609 

Berumen-Rodríguez A, Díaz de León-Martínez L, 
Zamora-Mendoza B, Orta-Arellanos H, Saldaña 
Villanueva K, Barrera-López V, Gómez-Gómez A, 
Pérez-Vázquez F, Díaz-Barriga F, Flores-Ramírez 
R. 2021. Evaluation of Respiratory Function and 
Biomarkers of Exposure to Mixture of Pollutants 
in Brick-Kilns Workers from a Marginalized Ur-
ban Area in Mexico. Environmental Science and 
Pollution Research. 28:23087-23098. https://doi.
org/10.1007/s11356-021-12413-y 

Cao L, Wang D, Wen Y, He H, Chen A, Hu D, Tan 
A, Shi T, Zhu K, Ma J, Zhou Y,  Chen W. 2019. 
Effects of environmental and lifestyle exposures 
on urinary levels of polycyclic aromatic hydrocar-
bon metabolites: A cross-sectional study of urban 
adults in China. Chemosphere. 240:1-9. https://
doi.org/10.1016/j.chemosphere.2019.124898

Chen H, Ma S, Yu Y, Liu R, Li G, Huang H, An T. 
2019. Seasonal profiles of atmospheric PAHs in 
an e-waste dismantling area and their associ-
ated health risk considering bioaccessible PAHs 
in the human lung. Science of the Total Environ-
ment. 683: 371–379. https://doi.org/10.1016/j.
scitotenv.2019.04.385

Cheng-Jui L, Han-Hsiang C, Chi-Feng P, Chih-
Kuang C, Tue-Jen W, Fang-Ju S, Chih-Jen W. 
2011. p-Cresylsulfate and Indoxyl Sulfate Level at 
Different Stages of Chronic Kidney Disease. Jour-
nal of Clinical Laboratory Analysis. 25: 191–197. 
https://doi.org/10.1002/jcla.20456

Ciao L, Zhou Y, Tan A, Shi T, Zhu C, Xiao L, Zhang 
Z, Yang S, Mu G, Wang X, et al. 2020. Oxidative 
damage mediates the association between poly-
cyclic aromatic hydrocarbon exposure and lung 
function. Environmental Health. 19:1–10. https://
doi.org//10.1186/s12940-020-00621-x

Cincinelli A, Matellini T. 2017. Indoor Air Quality 
and Health. International Journal of Environmental 
Research and Public Health. 14:1-5. https://doi.
org/10.3390/ijerph14111286

Coates A, Graham B, McFadden R, McParland C, 
Dilshad M, Provencher S, Road J. 2013. Spirometry 
in primary care. Canadian Respiratory Journal. 
20(1):13–21. https://doi.org/10.1155/2013/615281

[UNFCCC] United Nations Framework Convention 
on Climate Change. 2018. Primera conferencia 
mundial sobre contaminación del aire y salud. 
News UN Climate; [cited on february 16 of 2022] 
Available on: https://unfccc.int/es/news/primera-
conferencia-mundial-sobre-contaminacion-del-
aire-y-salud

Díaz de León-Martínez L, Flores-Ramirez R, Ro-
driguez-Aguilar M, Berumen-Rodríguez A, Pérez-
Vázquez F, Díaz-Barriga F. 2021a. Analysis of urinary 
metabolites of polycyclic aromatic hydrocarbons 
in precarious workers of highly exposed occupa-
tional scenarios in Mexico. Environmental Science 
and Pollution Research. 28:23087–23098. https://
doi.org/10.1007/s11356-021-12413-y

Díaz de León-Martínez L, Ortega-Romero M, Bar-
bier O, Pérez-Herrera N, May-Euan F, Perera-Ríos 
J, Rodríguez-Aguilar M, Flores-Ramirez R. 2021b. 
Evaluation of hydroxylated metabolites of poly-
cyclic aromatic hydrocarbons and biomarkers of 
early kidney damage in indigenous children from 
Ticul, Yucatán, México. Environmental Science 
and Pollution Research. 28:52001–52013. https://
doi.org/10.1007/s11356-021-14460-x

Díaz de León-Martínez L, Ortega-Romero M, 
Grimaldo-Galeana M, Barbier O, Vargas-Berrones 
K, García-Arreola E, Rodríguez-Aguilar M, Flores-
Ramirez R. 2020a. Assessment of kidney health 
and exposure to mixture pollutants in the Mexican 
indigenous population. Environmental Science 
and Pollution Research. 27:34557–34566. https://
doi.org/10.1007/s11356-020-09619-x

Díaz de León-Martínez L, Sierra-de la Vega L, 
Palacios-Ramírez A, Rodriguez-Aguilar M, Flores-



Acta Toxicol. Argent. (2022) 30 (3): 143-155

- 153 -

Ramirez R. 2020b. Critical review of social, envi-
ronmental and health risk factors in the Mexican 
indigenous population and their capacity to respond 
to the COVID-19. Science of the Total Environment. 
733. https://doi.org/10.1016/j.scitotenv.2020.139357

Drwal E, Rak A, Grgoraszczuk R. 2018. Review: 
polycyclic aromatic hydrocarbons (PAHs) - action 
on placental function and health risks in future life 
of newborns. Toxicology. 411:133-142. https://
doi.org/10.1016/j.tox.2018.10.003

Ferhat M, Esen F, Tasdemir Y. 2020. Biomonitoring 
and Source Identification of Polycyclic Aromatic 
Hydrocarbons (PAHs) Using Pine Tree Compo-
nents from Three Different Sites in Bursa, Turkey. 
Archives of Environmental Contamination and 
Toxicology. 78:646–657. https://doi.org/10.1007/
s00244-020-00722-1

Fiordelisi A, Piscitelli P, Trimarco B, Coscioni E, 
Iaccariano G, Sorriento D. 2017. The mechanisms 
of air pollution and particulate matter in cardio-
vascular diseases. Heart Fail Rev. 22(3):337-347. 
https://doi.org/DOI 10.1007/s10741-017-9606-7

 Flores-Ramirez R, Berumen-Rodríguez A, Mar-
tínez-Castillo A, Alcántara-Quintana  E, Díaz-Bar-
riga F, Díaz de León-Martínez L. 2021a. A review 
of Environmental risks and vulnerability factors 
of indigenous populations from Latin America 
and the Caribbean in the face of the COVID-19. 
Global Public Health. 16(7):975–999. https://doi.
org/10.1080/17441692.2021.1923777

Flores-Ramirez R, Ortega-Romero M, Chrisophe-
Barbier O, Mélendez-Marmolejo J, Rodríguez-
Aguilar M, Lee-Rangel H, Díaz de León-Martínez 
L, 2021b. Exposure to polycyclic aromatic hy-
drocarbon mixtures and early kidney damage in 
Mexican indigenous population. Environmental 
Science and Pollution Research. 28:23060–23072. 
https://doi.org/10.1007/s11356-021-12388-w

Gao H, Liu S. 2017. Roles of uremic toxin in-
doxyl sulfate in the progression of cardiovascular 
disease. Life Sciences. 185:23–29. https://doi.
org/10.1016/j.lfs.2017.07.027

García-Río F, Calle M, Burgos F, Casan P, del 
Campo F, Galdiz J, Giner, J, González-Mangado 
N, Ortega F, Puente L. 2013. Espirometría. Archi-
vos de Bronconeumología. 49(9):388–401. https://
doi.org/10.1016/j.arbres.2013.04.001

[GLOBAL] Global Initiative for Chronic Obstruc-
tive Lung Disease. 2019. Global Strategy for the 
diagnosis, management, and prevention of chronic 
obstructive pulmonary disease. report. 

[IHME] Institute for Health Metrics and Evaluation. 
2019. Global Burden Disease Compare. Global. 
Both Sexes, All Ages, 2019, Deaths; [updated on 
December 2019]; cited on february 2021. Available 
on: https://vizhub.healthdata.org/gbd-compare/

[IARC] International Agency for Research on Cancer. 
2010. Some Non-heterocyclic Polycyclic Aromatic 
Hydrocarbons and Some Related Exposures.

Jongeneelen F. 2001. Benchmark Guideline for 
Urinary 1-Hydroxypyrene as Biomarker of Occu-
pational Exposure to Polycyclic Aromatic Hydro-
carbons. Ann. Occupational Hygiene. 45 (1):3–13.

Kim K.-H, Jahan A, Kabir E, Brown C. 2013. A 
review of airborne polycyclic aromatic hydrocar-
bons (PAHs) and their human health effects. En-
vironment International.60:71–80. https://doi.org/
http://dx.doi.org/10.1016/j.envint.2013.07.019

Leong S, Sirich T. 2016. Review: Indoxyl Sulfate—
Review of Toxicity and Therapeutic Strategies. Tox-
ins. 8:1–13. https://doi.org/10.3390/toxins8120358
[NIOSH] National Institute for Occupational Safety 
And Health. 2011. Napthalene. [updated on 2011; 
cited on february 2021. Available on: https://www.
cdc.gov/niosh/pel88/91-20.html

[NIOSH] National Institute for Occupational Safety 
And Health. 2019 Naphthalene:cited on february 
2021. Available on: https://www.cdc.gov/niosh/
npg/npgd0439.html

[PAHO] Panamerican Health Organization, [WHO] 
World Health Organization.[update on 2016]. 
Calidad del aire. Datos Clave. [Cited on febru-
ary 2021]. Available on: https://www.paho.org/
es/temas/calidad-aire#:~:text=La exposición a 
altos niveles,vulnerable%2C niños%2C adultos 
mayores y

Pérez-Maldonado IN, Ochoa-Martínez ÁC, López-
Ramírez ML, Varela-Silva JA. 2018. Urinary levels 
of 1 hydroxypyrene and health risk assessment in 
children living in Mexican communities with a high 
risk of contamination by polycyclic aromatic hydro-
carbons (PAHs). International Journal of Environmen-
tal Health Research.29(3):348-357. https://doi.org/
https://doi.org/10.1080/09603123.2018.1549727



Acta Toxicol. Argent. (2022) 30 (3): 143-155

- 154 -- 154 -

Perez-Padilla P, Schilmann A, Riojas-Rodríguez 
H. 2010. Respiratory health effects of indoor air 
pollution. The International Journal of Tuberculosis 
and Lung Disease. 14(9):1079–1086.

Preus R, Angerer J, Drexler H. 2003. Naphtha-
lene-an environmental and occupational toxicant. 
International Archives of Occupational and En-
vironmental Health Volume. 76:556–576. https://
doi.org/10.1007/s00420-003-0458-1
Pruneda-Álvarez L, Pérez-Vázquez F, Salgado-
Bustamante M, Martínez-Salinas R, Martínez-
Pelallo N, Pérez-Maldonado N. 2012. Exposure 
to indoor air pollutants (polycyclic aromatic hy-
drocarbons, toluene, benzene) in Mexican indig-
enous women. Indoor Air. 22:140–147. https://doi.
org/10.1111/j.1600-0668.2011.00750.x

Prüss-Üstün A, Wolf J, Corvalán C, Neville T, Bos 
R, Neira M. 2016. Diseases due to unhealthy en-
vironments: an updated estimate of the global 
burden of disease attributable to environmental 
determinants of health. Journal of Public Health. 
39:464–475. https://doi.org/10.1093/pubmed/
fdw085

Riojas-Rodríguez H, Schilmann A, Marron-Mares 
A, Masera O, Li Z, Romanoff L, Sjödin A, Rojas-
Bracho A, Needham L, Romieu I. 2011. Impact 
of the Improved Patsari Biomass Stove on Uri-
nary Polycyclic Aromatic Hydrocarbon Biomark-
ers and Carbon Monoxide Exposures in Rural 
Mexican Women. Environmental Health Perspec-
tives. 119:1301–1307. https://doi.org/10.1289/
ehp.1002927

Rodríguez-Aguilar M, Díaz de León-Martínez L, 
García-Luna S, Gómez-Gómez, A, González-Palo-
mo A, Pérez-Vázquez F, Díaz-Barriga F, Trujillo J, 
Flores-Ramirez R. 2019. Respiratory health as-
sessment and exposure to polycyclic aromatic 
hydrocarbons in Mexican indigenous popula-
tion. Environmental Research and Pollution Re-
search. 26:25825–25833. https://doi.org/10.1007/
s11356-019-05687-w

Rodríguez-Aguilar M, Díaz de León-Martínez 
L, Gorocica-Rosete P, Pérez Padilla R, Thirión-
Romero I, Ornelas-Rebolledo O, Flores-Ramirez R. 
2020. Identification of breath-prints for the COPD 
detection associated with smoking and house-
hold air pollution by electronic nose. Respiratory 
Medicine. 163:105901. https://doi.org/10.1016/j.
rmed.2020.105901

Sarigiannis D, Karakitsios S, Zikopoulos D, Niko-
laki S, Kermenidou M. 2015. Lung cancer risk 
from PAHs emitted from biomas scombustion. 
Environmental Research. 137:147–156. https://
doi.org/10.1016/j.envres.2014.12.009

Singh A, Kamal R, Tiwari R, Kumar Gaur V, Bihari 
V, Satyanarayana V, Patel D, Azeez P, Srivastava V, 
Ansari A, et al. 2018. Association between PAHs 
biomarkers and kidney injury biomarkers among 
kitchen workers with microalbuminuria: A cross-
sectional pilot study. Clinica Chimica Acta. 487:349-
356. https://doi.org/10.1016/j.cca.2018.10.021

Suleyman G, Alangaden G, Bardossy A. 2018. 
The Role of Environmental Contamination in the 
Transmission of Nosocomial Pathogens and 
Healthcare-Associated Infections. Current In-
fectious Disease Report. 20:1–11. https://doi.
org/10.1007/s11908-018-0620-2

Szu-Chun H, Ko-Lin K, Chih-Cheng W, Der-Chemg 
T. 2017. Indoxyl Sulfate: A Novel Cardiovascular 
Risk Factor in Chronic Disease. Journal of the 
American Hearth Associaciton. 1–8. https://doi.
org/10.1161/JAHA.116.005022.

Tan X, Cao X, Zou J, Shen B, Zhang X, Liu Z, Lv 
W, Teng J, Ding X. 2017. Indoxyl sulfate, a valu-
able biomarker in chronic disease and dialysis. 
Hemodialysis International. 21(2):161–167. https://
doi.org/10.1111/hdi.12483

Tavera I, Tames F, Silva J, Ramos S, Homem V, 
Ratola N, Carreras H. 2018. Biomonitoring levels 
and trends of PAHs and synthetic musks associ-
ated with land use in urban environments. Science 
of the Total Environment. 618:93–100. https://doi.
org/10.1016/j.scitotenv.2017.10.295

Villaseñor C, Martínez y Martínez R. 2013. En-
fermedad Renal Crónica. In C. Alonso Rivera & 
A. Renteria Cárde. 7th ed.Salud y Enfermedad 
del Niño y del Adolescente. México. El Manual 
Moderno. p. 1069–1072. 

Wang W, Hao G, Pan Y, Ma S, Yang T, Shi P, Zhu Q, 
Xie Y, Ma S, Zhang Q, et al.  2019. Serum indoxyl 
sulfate is associated with mortality in hospital-
acquired acute kidney injury: a prospective co-
hort study. BMC Nephrology.  20 (57):1471-2369.  
https://doi.org/10.1186/s12882-019-1238-9

[WHO] World Health Organization. 2018. Nueve 
de cada diez personas de todo el mundo respiran 



Acta Toxicol. Argent. (2022) 30 (3): 143-155

- 155 -

aire contaminado; [cited on february 2021]. Avail-
able on: https://www.who.int/es/news/item/02-
05-2018-9-out-of-10-people-worldwide-breathe-
polluted-air-but-more-countries-are-taking-action

[WHO] World Health Organization, Prüss-Üstün 
A, Corvalán C, 2006. Ambientes Saludables y 
Prevención de enfermedades. [Internet]; [cited on 
february 2021]. Available on : https://www.who.
int/quantifying_ehimpacts/publications/prevdis-
execsumsp.pdf

Xiong S, Leong K. 2019. Rapid and robust HPLC 
Analysis of Indoxyl Sulfate Using Quasar C18 
Column.

Yost E, Galizia A, Kapraun D, Persad A, Vulmiri S, 
Angrish M, Lee J, Druwe I. 2021. Health Effects 
of Naphthalene Exposure: A systematic Eviden 
Map and Analysis of Potential Considerations for 
Dose-Response Evaluation. Environmental Health 
Perspectives. 129(7):076002.1-076002.30. https://
doi.org/10.1289/EHP7381.

Zhu Y, Tao S, Sun J, Wang X, Li X, Tsang D, Zhu L, 
Shen G, Huang H, Cai C, et al. 2019. Multimedia 
modeling of the PAH concentration and distribu-
tion in the Yangtze River Delta and human health 
risk assessment. Science of the Total Environ-
ment. 647:962–972. https://doi.org/10.1016/j.
scitotenv.2018.08.075


