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Inflammation biomarkers associated with arsenic exposure
by drinking water and respiratory outcomes in indigenous children
from three Yaqui villages in southern Sonora, México
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Abstract
Environmental arsenic exposure in adults and children has been associated with a reduction in the expression of club cell
secretory protein (CC16) and an increase in the expression of matrix metalloproteinase-9 (MMP-9), both biomarkers of lung
inflammation and negative respiratory outcomes. The objectives of this study were to determine if the levels of serum CC16 and
MMP-9 and subsequent respiratory infections in children are associated with the ingestion of arsenic by drinking water. This
cross-sectional study included 216 children from three Yaqui villages, Potam, Vicam, and Cocorit, with levels of arsenic in their
ground water of 70.01 ± 21.85, 23.3 ± 9.99, and 11.8 ± 4.42 μg/L respectively. Total arsenic in water and urine samples was
determined by inductively coupled plasma/optical emission spectrometry. Serum was analyzed for CC16 and MMP-9 using
ELISA. The children had an average urinary arsenic of 79.39 μg/L and 46.8 % had levels above of the national concern value of
50 μg/L. Increased arsenic concentrations in drinking water and average daily arsenic intake by water were associated with
decreased serum CC16 levels (β = − 0.12, 95% CI − 0.20, − 0.04 and β = − 0.10, 95% CI − 0.18, − 0.03), and increased serum
MMP-9 levels (β = 0.35, 95% CI 0.22, 0.48 and β = 0.29, 95% CI 0.18, 0.40) at significant levels (P < 0.05). However, no
association was found between levels of these serum biomarkers and urinary arsenic concentrations. In these children, reduced
serum CC16 levels were significantly associated with increased risk of respiratory infections (OR = 0.34, 95% CI 0.13, 0.90). In
conclusion, altered levels of serum CC16 andMMP-9 in the children may be due to the toxic effects of arsenic exposure through
drinking water.
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Introduction

Arsenic is a common element in the environment with many
industrial uses. It is, however, a known carcinogen and

number one on the priority list of hazardous substances issued
by the US Agency for Toxic Substances and Disease Registry
(ATSDR 2019). Arsenic exposure is linked to a variety of
cancers in humans, as well as skin lesions, diabetes,

Responsible Editor: Ludek Blaha

* Maria M. Meza-Montenegro
mezamontenegro@email.arizona.edu

1 Programa de Doctorado en Ciencias Especialidad en Biotecnología,
Instituto Tecnológico de Sonora, 5 de Febrero 818 Sur, 85000 Cd.
Obregón, Sonora, México

2 Mel & Enid Zuckerman College of Public Health, University of
Arizona, Tucson, AZ, USA

3 Department of Cellular and Molecular Medicine, University of
Arizona, Tucson, AZ, USA

4 Departamento de Geología, División de Ciencias Exactas y
Naturales, Universidad de Sonora, Rosales y Encinas,
83000 Hermosillo, Sonora, México

5 Centro de Investigación en Alimentación y Desarrollo, A.C.,
Carretera Gustavo Astiazarán 46, 83304 Hermosillo, Sonora, México

6 Departamento de Recursos Naturales, Instituto Tecnológico de
Sonora, 5 de Febrero 818 Sur, 85000 Cd. Obregón, Sonora, México

https://doi.org/10.1007/s11356-021-13070-x

/ Published online: 1 March 2021

Environmental Science and Pollution Research (2021) 28:34355–34366

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-021-13070-x&domain=pdf
http://orcid.org/0000-0002-1199-9310
mailto:mezamontenegro@email.arizona.edu


cardiovascular diseases, kidney and liver problems, and other
pathologies (Chiou et al. 1995; Ng et al. 2003). Arsenic has
been linked to both malignant and non-malignant respiratory
illnesses following ingestion. Chronic arsenic exposure by
drinking water increases the risk of developing lung cancer
(Ferreccio et al. 2000; Smith et al. 2006).

In humans, chronic arsenic exposure has been associated
with a high prevalence and a wide variety of respiratory
symptoms such as chronic cough and shortness of breath,
chest sounds, and blood in sputum as well as the develop-
ment of non-malignant respiratory diseases such as pneu-
monia, chronic obstructive pulmonary disease (Mazumder
2007; Ramsey 2015; George et al. 2015). Early arsenic ex-
posure can be implicated with abnormal DNA methylation
and posterior genetic expression related with lung function
impairment (Gonzalez-Cortes et al. 2017). Children from
La Comarca Lagunera in Mexico who were exposed to high
levels of arsenic from drinking water excreted high concen-
trations of arsenic in urine and showed restrictive spiromet-
ric patterns compared with children with low arsenic levels
in urine (Recio-Vega et al. 2015). Ahmed et al. (2017) found
a relation between prenatal arsenic exposure and impaired
lung function in children from Bangladesh. They also ob-
served a greater number of cases of airway inflammation in
boys when compared with girls. Other studies carried out on
early life arsenic exposure showed greater numbers of lung
diseases and mortality in young adults, who generally had
reduction in their lung capacity (Dauphiné et al. 2011;
Smith et al. 2006).

Drinking water is considered the most common and signif-
icant non-occupational arsenic exposure. Millions of people
are chronically exposed worldwide via this exposure media
(Farzan et al. 2013; Garcia-Rico et al. 2019;Meza et al. 2004).
The increased risk of developing lung cancer is similar wheth-
er the arsenic is ingested or inhaled (Smith et al. 2009). Some
studies have shown that the presence of this metalloid in in-
haled dust and ingested food plays an important role in in-
creased health risk (Garcia-Rico et al. 2019; Kurzius-
Spencer et al. 2016). Recently, Witten et al. (2019) reported
significant changes in the lung functions and lung structure of
a mouse model exposed to low levels of arsenic by inhalation.

In several regions of Mexico, including La Comarca
Lagunera located in Durango and Coahuila but also in the
states of Sonora, Michoacan and Hidalgo, levels of arsenic
in drinking water are higher than limits set by national and
international legislation (Mejía-González et al. 2014).
Excessive arsenic levels are found in the groundwater in some
regions in Mexico. Respiratory diseases are an important pub-
lic health problem in this country with 79,383 deaths attribut-
ed to respiratory illness in 2015 alone.

In southern Sonora, there are reports of low and moderate
arsenic levels in the ground water of 57 villages located in the
Yaqui and Mayo valleys. The Yaqui tribe is an ethnic

community that resides in southern Sonora and is organized
into eight villages. Studies done in some of these indigenous
villages showed levels of arsenic in drinking water between
2.7 and 98.7 μg As/L. Children from the communities with
higher arsenic levels in groundwater showed DNA damage.
An increase of both non-cancer and cancer risks from chronic
arsenic exposure was detected (Burgess et al. 2013, 2007;
Garcia-Rico et al. 2019; Maldonado Escalante et al. 2018;
Meza-Montenegro et al. 2012).

Biomarkers are thought to be measurable indicators that
can help determine the relationship between exposure to con-
taminants and the toxicity as well as the potential for the de-
velopment of diseases. Biomarkers can be used to determine
the risk in a population exposed to pollutants and the proba-
bility of members of that community developing chronic dis-
eases (Burgess et al. 2013; Farzan et al. 2017; States et al.
2011; Strimbu and Tavel 2010; Wang et al. 2018). It has been
shown that exposure to drinking water with arsenic concen-
trations in the range of 10–50 μg/L modifies the gene expres-
sion of some proteins reducing the ability to repair wounds of
the respiratory tracts. Thus, these proteins could be candidate
biomarkers for arsenic exposure (Olsen et al. 2008).

Club cell secretory protein (CC16) is an anti-inflammatory
biomarker secreted by club (formerly Clara) cells and is
expressed at high levels in the human respiratory epithelium
unique to the lung and small bronchi and bronchioles. CC16
plays an important protective role in the respiratory tract
against oxidative stress and inflammatory response (Ahmed
et al. 2017; Lakind et al. 2007). CC16 is also of major interest
as a peripheral lung marker for assessing the cellular integrity
or the permeability of the lung epithelium (Broeckaert et al.
2000). Changes in serum CC16 concentrations can be used as
biomarkers for pulmonary disease states and pulmonary
stress/inflammatory response, respectively (Lakind et al.
2007). There are some reports which show that CC16 levels
are significantly lower in patients with acute pulmonary injury
(Kropski et al. 2009).

Studies on arsenic exposure and CC16 in humans are
scarce. Parvez et al. (2008) studied adults in Bangladesh and
found a wide range of arsenic in their drinking water (0.1 to
761 μg/L) and reduction in the levels of serum CC16. Ahmed
et al. (2017) reported that among Bangladesh children, arsenic
exposure by drinking water altered their lung function and
caused airway inflammation evidenced by the increase of
spirometric indices when CC16 levels increased. Decreasing
serum CC16 levels were observed in these children when their
arsenic urinary levels increased. Though rarely studied, other
important arsenic exposure media in humans are soil and dust.
Beamer et al. (2016) reported that children from Arizona,
USA, showed a negative association between urine CC16
levels and increases of arsenic exposure via soil.

Metalloproteinases (MMP) are collagenases present in
the lungs at low concentrations which are produced by
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bronchial epithelial and alveolar cells. These have been
used as sensitive biomarkers of lung inflammation in
humans and have been associated with lung remodeling
causing alteration in the extracellular matrix because of
their capacity to cleave structural proteins such as collagens
and elastin (Atkinson and Senior 2003). In an in vitro model
(human bronchial epithelial cells), acute exposure to arsenic
in a wide range of concentrations (15–290 μg/L), an in-
crease in the activity and expression of MMP-9 was ob-
served, which altered the airway epithelial barrier impeding
the proper wound repair of bronchial cells (Olsen et al.
2008). MMP-9 also has been implicated in cancer progres-
sion, including breast cancer, invasion, and metastasis
(Provatopoulou et al. 2009).

There are few investigations in human populations which
relate the arsenic exposure with increased levels of MMP-9
(Josyula et al. 2006; Lantz et al. 2007). Two studies have
demonstrated increased levels of MMP-9 in sputum associat-
ed with increased arsenic exposure. Kurzius-Spencer et al.
(2016) carried out a study in adults from Arizona, USA, ex-
posed at low levels of arsenic via drinking water (< 10 μg/L).
Burgess et al. (2013) reported a positive association between
serum MMP-9 levels and arsenic concentrations in drinking
water among, adult residents of Sonora, Mexico. Only two
studies have focused on these factors among children in
Mexico: Children from Coahuila showed a positive associa-
tion between sputum MMP-9 levels and arsenic exposure in
drinking water and negative association with lung indices
(Olivas-Calderon et al. 2015). Children from Hermosillo,
Sonora, showed a positive association between serum MMP-
9 levels and arsenic concentrations in playground dust
(Garcia-Rico et al. 2019).

In Mexico, there are no reports which relate arsenic expo-
sure via drinking water to both serum CC16 and MMP-9
levels. This is the first study carried out in indigenous Yaqui
children exposed to low and moderate levels of arsenic which
report the association with these two lung inflammation bio-
markers. The objectives of this study were to determine if the
levels of serum CC16 and MMP-9 and subsequent respiratory
infections in children are associated with the ingestion of ar-
senic by drinking water.

Method

Study zone

The study was done in three Yaqui communities located in
southern Sonora,Mexico: Vicam, Potam, and Cocorit (Fig. 1).
Cocorit had the lowest arsenic levels and more advanced wa-
ter purification technology and thus better drinking water
quality than the other two communities.

Drinking water sampling

The drinking water sampling was done using the method pro-
posed by Meza et al. (2004). The water was allowed to flow
for approximately five minutes, then was collected and pre-
servedwith 1mL of pure nitric acid in polypropylene jars (500
mL) previously washed in extran (2%) and nitric acid (10%)
for 24 h and transported to the Instituto Tecnológico de
Sonora (ITSON) in coolers at 4 °C, remaining in frozen stor-
age at − 20 °C until the analysis was done.

Ethical considerations

The protocol, questionnaires, and consent forms used were
approved by the Bioethical Committee of Instituto
Tecnológico de Sonora identifying the nature of the project
and the subjects’ benefits and rights according to Helsinki
Declaration. A total of 216 children were recruited. The par-
ticipation of children in the study required the permission of
their parents or guardians. These consent forms were signed
by both the parents/guardians as well as the participants in the
study. The inclusion criteria were age between 6 and 12 years,
resident of the study zone for at least 5 years, consumption of
drinking water from the communities well, and willingness to
donate blood. Questionnaires were used to obtain anthropo-
metric characteristics, general health information, nutritional
habits, and a socioeconomic status. The anthropometrics mea-
sures were recorded. We obtained specific respiratory health
data (frequency to year and duration of cough, cold, throat and
ear infection, respiratory insufficiency and previous health
conditions like asthma, allergy, and pneumonia); this informa-
tion is included as supplementary material.

Urine sampling

Urine samples were collected in sterile vessels delivered to the
participants the previous day with instructions on how to ob-
tain the first urine of the morning. Aliquots of 4 mL were
obtained from the original samples and kept frozen in
Falcon tubes at − 20 °C until the analysis was done.

Blood sampling

Blood samples were collected by venipuncture using a syringe
and a serum separator tube. Samples were allowed to clot at
room temperature for 30 min before centrifugation for 15 min
at 3200×g. Serum was removed and separated into 0.5 mL
aliquots and stored at − 80 °C until analysis.

Determination of total arsenic

Urinary arsenic was measured as reported by Garcia-Rico
et al. (2019), using inductively coupled plasma/optical
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emission spectrometry (Thermo Scientific ICP/ OES) after
nitric acid sample digestion. Briefly, urine samples (4 mL)
were placed in a microwave digestion lineal vessel, and 4
mL of concentrated nitric acid (HNO3) and 2 mL of hydrogen
peroxide (H2O2) were added and digested (CEM Corp.,
Matthews, NC) for 35 min at 200 °C. After the microwave
digestion, the samples were adjusted to a final volume of 25
mL with HPLC-grade water. For quality control purposes,
blanks, duplicate samples, and a Standard Reference
Material SRM 3669, Arsenic Species in Frozen Human
Material Urine (NIST, Gaithersburg, MD) were also analyzed.
In the quality control analysis, arsenic recovery was 82–106%
and the coefficient of variation was 5.1%. The limit of quan-
tification (LOQ) for arsenic averaged 1.0 μg/L.

Determination of serum CC16 and MMP-9 levels

Analysis of serum CC16 and MMP-9 levels was done using
ELISA (R & D Systems, Minneapolis, MN, catalog numbers
DUGB00 and DMP900, respectively). The detection limits

were 0.313 ng/mL and 0.78 ng/mL, respectively, and were
read to 450 nm with a background correction of 540 to
570 nm (Broeckaert et al. 2000; Matrisian 1992). Due to tech-
nical issues, only serum CC16 levels were analyzed in 186
serum samples of the total (N = 216 samples).

Determination of ADD or ADI

Daily water ingestion of arsenic by consumption was calcu-
lated by the equation (USEPA 1989):

ADD or ADI ¼ AsW*IR*EF*ED=BW*AT ð1Þ

ADD or ADI = Average daily dose or average daily in-
take (mg Kg-1 day-1).
AsW= Arsenic concentration in groundwater (mg/L).
IR= Ingestion rate (L).
EF= Exposure frequency (days/year).
ED= Exposure duration (years).

Fig. 1 Location and spatial distribution of arsenic levels from the three study villages: Pótam, Vícam, and Cócorit in southern Sonora, Mexico
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BW= Body weight (Kg).
AT= Average time/life expectancy.

Determination of HQ

The non-cancer hazard quotient (HQ) for arsenic by drinking
water was determined using the equation (USEPA 1989):

HQ ¼ ADD=RfD: ð2Þ

Where:

ADD orADI=Average daily dose or average daily intake
(mg Kg-1 day-1).
RfD= Oral reference dose of arsenic (3.0 x 10-4 mg
Kg−1day−1)(USEPA, 2015).

Statistical analysis

To evaluate the associations between arsenic (urinary, water,
and estimated arsenic intake from water) and biomarkers
(CC16 and MMP-9) predicting negative health outcomes
(cold and throat infections), we used a variety of statistical
tools, including Pearson correlation coefficients, linear & lo-
gistic mixed effects regression (LMER), general linear models
(GLM), and logistic regression. We report the crude associa-
tions of CC16 and MMP9 with arsenic exposure using
Pearson correlation coefficients. Since community wells serve
as the primary source of drinking water for all members of the
community, and water arsenic levels were measured from
these wells (one per community), we estimated associations
of arsenic in water with health outcomes using general linear
models. Since estimated arsenic intake from water was de-
rived from this variable, we also used GLM to model associ-
ations for this variable. However, for urinary arsenic and for
CC16 and MMP-9, we used linear mixed effects regression.
Cold and throat infections were dichotomized, such that the
variable indicates 2 or more infections in the past year, and
logistic regressions were used for these outcomes. Continuous
variables were logged. All linear mixed effects models were
adjusted for age, sex, tobacco/smoking, and weight, with a
random effect for community. All GLMmodels were adjusted
for the same variables, but without the random effect for com-
munity. We used a P value cut off of 0.05 for all interpreta-
tions of significance.

Results and discussion

The spatial distribution of the arsenic levels in the well from
each village is shown in Fig. 1. The levels of arsenic were

significantly different among the three study villages (P <
0.0001). Potam showed the highest concentration of arsenic
with a mean value of 70.01 ± 21.85 μg/L, exceeding both
Mexican and international standards of 25 μg/L and 10 μg/L
respectively. Vicam and Cocorit were within the national stan-
dard with levels of 23.3 ± 9.99 and 11.8 ± 4.42 μg/L respec-
tively, but both exceeded the international limit (Table 1). In
our study area, a decrease pattern of arsenic levels from the
north to the south was observed (Fig. 1): i.e. Potam > Vicam >
Cocorit. Previous studies done using a higher number of
wells, including these villages, have reported the same spatial
distribution pattern which is primarily due to geogenic con-
tamination (Navarro-Espinoza et al. 2021; García-Rico et al.
2019). In addition, similar concentrations have been reported
in these villages in previous studies in the last 15 years (Meza
et al. 2004; Meza-Montenegro et al. 2008; Maldonado
Escalante et al. 2018; Garcia-Rico et al. 2019).

Table 1 shows the general characteristics and results of
urinary arsenic excretion, water consumption, arsenic intake,
rate of water intake (water consumption/day), average daily
intake (ADI), and hazard quotient (HQ) obtained for these
children. There were not statistically significant differences
by village in the measures of age, weight, and BMI in the
children, similar to results reported by Maldonado Escalante
et al. (2018). Regarding ADI and HQ, significant differences
among the three villages (P < 0.05) were found. Potam had the
highest arsenic exposure via drinking water and also showed
the highest ADI value = 3.31 × 10-3 mg Kg-1 day-1.
Differences between ADI and sex were not found, probably
due to similarities in age and water consumption (Table 1).
Children from these three villages had higher ADI values
(2.11 × 10-3 mg Kg-1 day-1) compared with a population from
Zacatecas, Mexico, also exposed to arsenic via drinking water
with an average of ADI = 5.4 × 10-4 mg Kg-1day-1 (Martinez-
Acuna et al. 2016). Increases in arsenic concentration and
exposure frequency raise the ADI values which increase prob-
abilities for diseases, including cancer (Phan et al. 2010;
Sharma et al. 2016). Regarding risk assessment, significantly
high variation in the values of health risk obtained for each
village was found. The HQs were 9.74, 3.54, and 2.16 for
Potam, Vicam, and Cocorit respectively (Table 1). This vari-
ation in risk assessment was noticed also in a population from
southern Taiwan exposed to arsenic by ground water and sea-
food consumption (Liang et al. 2016; Liang et al. 2013). This
variability could be explained basically by the differences in
arsenic levels in drinking water for each village, the volume of
water consumption, and weight for each participant which are
key variables in Eqs. 1 and 2, to calculate ADI and HQ re-
spectively (Table 1). In our study, the values of intake rate of
water and weight were obtained directly from the question-
naires applied to each child. Significant differences in these
variables by town were not observed. In this context, the most
important predictor of the differences in HQ is the level of
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arsenic in each well. Potam had the highest arsenic levels in
water and the highest values of HQ while Cocorit, with the
lowest value of HQ had the lowest level of arsenic in drinking
water. These results suggest a potential health risk for children
who live in Vicam and Cocorit, but children from Potam have
the highest risk of developing a chronic illness associated with
arsenic exposure.

The highest urinary arsenic excretion was for children from
Potam, the village with higher arsenic in their drinking water
with an average of urinary arsenic of 132.57 μg/L. The same
behavior was observed for Vicam and Cocorit with values of
47.04 and 37.30 μg/L respectively (Table 1); 46.8% of chil-
dren had arsenic levels in urine above the national concern
value of 50 μg/L. Some studies have reported similar results
observing an increase of urinary arsenic excretion when the
concentration of arsenic in drinking water increased as well
(Ahsan et al. 2000; Gardner et al. 2011; Meza-Montenegro
et al. 2008). Kippler et al. (2016), however, found that urinary
arsenic excretion does not necessarily diminish when the ar-
senic levels in drinking water are reduced, perhaps due to
other sources of arsenic exposure. For arsenic excreted in

urine, the children in this study showed a statistically signifi-
cant difference by gender (P < 0.05), males presented higher
levels than females with a mean concentration of 107.11 μg/L
and 61.33 μg/L respectively. These results are opposite to
previously reported studies where adult women had higher
urinary arsenic excretion capacity when compared with men,
probably due to the possible hormonal influence on the meth-
ylation ability of the metalloid in these women (Lindberg et al.
2008). Meza-Montenegro et al. (2008) did not observe signif-
icant differences in urinary arsenic excretion by sex, in chil-
dren from the Yaqui valley exposed to arsenic via drinking
water. In some studies, arsenic methylation efficiency has
been correlated with BMI in adult women; however, there
was no correlation between these two variables among the
children from this study (Gomez-Rubio et al. 2011).

Alteration in serum CC16 and MMP-9 levels in our chil-
dren shows the toxic effect of this metalloid when the arsenic
exposure increased via drinking water. Figure 2 shows the
results of serum CC16 and MMP-9 levels from the three vil-
lages. Children from Cocorit with the lowest arsenic exposure
presented the highest expression of CC16 (40.74 ng/mL),

Table 1 Anthropometric
measures, intake rate of water,
average daily intake, arsenic in
well water, urinary arsenic, and
hazard quotient (HQ)

Variable Cocorit

(n = 73)

Vicam

(n = 53)

Potam

(n = 90)

Overall

(n = 216)

Age (years) Mean 9.97 10.26 9.93 10.03

S.D 2.18 2.84 2.55 2.50

Median 10 11 9.5 10

Weight (Kg) Mean 38.33 41.31 39.07 39.37

S.D 15.91 4.44 13.42 15.10

Median 32 18.31 37 35.50

BMI Mean 18.61 19.26 18.47 18.71

S.D 4.30 4.44 4.16 4.27

Median 16.84 18.31 18.07 18.07

Intake rate of water (L/day) Mean 1.63 1.71 1.76 1.70

S.D 0.51 0.45 0.55 0.52

Median 1.75 1.50 2.00 1.75

ADD or ADI ( mg Kg-1 d-1) Mean 1.35 × 10-3 1.11 × 10-3 3.31 × 10-3* 2.11 × 10-3

S.D 1.16 × 10-3 4.33 × 10-4 1.30 × 10-3 1.50 × 10-3

Median 8.04 × 10-4 9.76 × 10-4 3.22 × 10-3 1.85 × 10-3

As in well water (μg L-1) Mean 11.8 23.3 70.01*

S.D 4.42 9.99 21.85

Median 13.21 22.32 76.04

Urinary As (μg L-1) Mean 37.30 47.04 132.57* 79.39

S.D 30.58 65.16 99.25 86.38

Median 33.43 27.05 102.53 44.92

HQ Mean 2.16* 3.54* 9.74* 5.66

S.D 1.04 1.37 3.84 4.38

Median 1.95 3.13 9.48 3.74

BMI body mass index, ADI average daily intake, ADD average daily dose

*Statistically significant difference by ANOVA test at P value < 0.05
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followed by Potam and Vicam, with values of 32.26 ng/mL
and 27.36 ng/mL respectively (Fig. 2). These results are con-
sistent with previous reports where reduced serum CC16
levels have been interpreted as a biomarker of club cell toxic-
ity in environments of chronic exposures (Beamer et al. 2016;
Burgess et al. 2013; Parvez et al. 2008). Serum CC16 levels in
children from our study were higher than values reported by
Zhai et al. (2018) with levels of 8.42 ng/mL in children of 11
years old and for adults of 22, 26, and 33 years old with
concentrations of 11.28, 9.54, and 10.61 ng/mL,
respectively. Beamer et al. (2019) also found lower serum
CC16 levels (range 7.9 to 11.5 ng/mL) for children and adults
in the age range of 6 to 32 years. However, in a recent study
carried out in healthy adults, and stable chronic obstructive
pulmonary disease adult patients, the serum CC16 levels were
111.3 ± 17.9 and 94.2 ± 20.9 ng/mL respectively, higher
levels than those obtained from our children (Rong et al.
2020).

The serum MMP-9 levels increased with increased arsenic
exposure. Potam, the village with the highest arsenic in drink-
ing water, showed a significant increase in expression of se-
rumMMP-9 (593.59 ng/mL), followed by Vicam and Cocorit
with values of 452.45 and 411.52 ng/mL respectively (Fig. 2).
This result is consistent with previous studies carried out in
populations exposed to arsenic by drinking water where a
similar pattern was observed. Higher MMP-9 levels were ob-
served when arsenic exposure by drinking water increased
(Islam et al. 2015; Olivas-Calderon et al. 2015; Kurzius-
Spencer et al. 2016; Burgess et al. 2013).

Serum CC16 levels showed significant negative correlation
with the average daily arsenic intake (ρ = − 0.2190, P =
0.0031) and arsenic in drinking water (ρ = − 0.2256, P =
0.0023) but not in urine (Table 2), the opposite of results
reported by Parvez et al. (2008) and Ahmed et al. (2017)
who found that serum CC16 levels in children had a negative
correlation with urinary arsenic, but not with arsenic in drink-
ing water. Table 2 shows that serum MMP-9 levels in the
children were positively correlated with the average daily ar-
senic intake (ρ = 0.2787, P = 0.0000), arsenic in drinking
water (ρ = 0.3214, P = 0.0000) and arsenic excreted in the
urine (ρ = 0.1355, P = 0.0467). Our results were similar to
those reported for adults by Burgess et al. (2013) who had a
significant positive correlation between serum MMP-9 levels
and arsenic intake and among serum MMP-9 levels and

arsenic concentrations in drinking water. Josyula et al.
(2006) found that sputum MMP-9 levels were related posi-
tively with urinary arsenic in adults similar to our results with
children. On the other hand, in the children, serum MMP-9
levels had a significant correlation with HQ (ρ = 0.2430, P =
0.0003), similar to results reported by Martinez-Acuna et al.
(2016) who reported HQ increases when the arsenic exposure
was higher.

Table 3 shows a linear association of arsenic exposure with
CC16 andMMP-9. This model showed a negative association
between CC16, urinary arsenic, and average daily arsenic in-
take. Our results are consistent with previous reports which
found that the concentration of CC16 decreases when arsenic
exposure increases via drinking water (Parvez et al. 2008).
Unexpectedly, we found that serum MMP-9 levels and
urinary arsenic excretion had a negative association. Farzan
et al. (2017) also found a negative association between arsenic
concentrations in toenails and plasma MMP-9 levels, but they
had a positive association between urinary arsenic and MMP-
9 levels similar to two previous studies (Burgess et al. 2013;
Kurzius-Spencer et al. 2016).

Table 4 shows the models explaining the association be-
tween arsenic exposure and respiratory infections as well as
the OR values with non-significant associations between uri-
nary arsenic and cold infection (OR = 1.25 95% CI 0.87,
1.80), arsenic in drinking water and cold infection (OR =
0.95 95% CI 0.87, 1.05), and average daily arsenic intake by
drinking water and cold infection (OR = 0.97 95% CI 0.69,
1.35). The same non-significant associations were shown for

Fig. 2 Serum MMP-9 and CC16
levels in the Yaqui children by
village (LSD show a significant
difference, P-value < 0.05

Table 2 Pearson correlation between CC16 and MMP-9 and As
exposure

Parameter Correlation P-
value

CC16 ADI by drinking water − 0.2190 0.0031

As in drinking water − 0.2256 0.0023

Total As in urine
HQ

− 0.0587
− 0.1176

0.4330
0.1158

MMP-9 ADI by drinking water 0.2787 0.0000

As in drinking water 0.3214 0.0000

Total As in urine 0.1355 0.0467

HQ 0.2430 0.0003

34361Environ Sci Pollut Res (2021) 28:34355–34366



urinary arsenic and throat infection (OR = 1.33 95% CI 0.92,
1.92), arsenic in drinking water and throat infection (OR =
0.97 95% CI 0.89, 1.07), and average daily arsenic intake by
drinking water and throat infection (OR = 0.90 95% CI 0.62,
1.32). Table 5 shows a statistically significant association be-
tween serum CC16 levels and cold infections (OR = 0.34
95% CI 0.13, 0.90), but not serum MMP-9 levels and cold
infections (Table 5). The association between CC16 and throat
infections was not significant (OR = 0.91 95% CI 0.40, 2.07).

There is compelling evidence that chronic exposure to high
levels of arsenic via drinking water increases the risk of de-
veloping respiratory disease and that the lungs are the major
target for arsenic toxicity (Lantz 2020; Ramsey 2015).
Rahman et al. (2011) found that arsenic exposure during preg-
nancy was linked with increased morbidity in infectious dis-
eases during infancy. Some studies have reported a higher
prevalence of chronic bronchitis and cough in residents from
Bangladesh exposed to high arsenic levels compared with
unexposed residents, and this rate increased when the concen-
trations of arsenic in water increased as well (Milton et al.
2001; Milton and Rahman 2002). Positive association be-
tween high arsenic exposure via drinking water and respirato-
ry symptoms such as dyspnea, asthma, eye irritation,

headache, sore throat, dry cough, and cough with phlegm as
well as others was found in adults from India (Das et al. 2014).
A positive and significant association between respiratory
symptoms and urinary arsenic in children was reported by
Farzan et al. (2017). In adults from Chile exposed to arsenic
by drinking water was observed that 38% of them experienced
shortness of breath while they were walking, but found no
associations between arsenic exposure and chronic cough,
phlegm, or chronic bronchitis (Dauphiné et al. 2011).

The mechanisms determining how arsenic causes these re-
spiratory diseases are not clear, but some studies have shown
that oral arsenic exposure alters gene expression and DNA
methylation patterns, causes inhibition of DNA repair, com-
promises the respiratory epithelial barrier integrity by increas-
ing systemic translocation of inhaled pathogens and small
molecules, exacerbates tissue inflammation, and induces re-
spiratory function impairment by oxidative stress, causing
changes in the immune response by altering developmental
signaling pathways (Henderson et al. 2017; Farzan et al.
2016; Olivas-Calderón et al. 2015; Burgess et al. 2013;
Andrew et al. 2008; Reynolds et al. 2007). Arsenic exposure
even at low levels has been found to be associated with alter-
ations in a variety of proteins implicated in lung remodeling
resulting in an increase in the potential for adverse effects in
the respiratory system (Lantz et al. 2007, 2009). Sherwood
et al. (2013) reported a model mouse with relevant alterations
in epithelial airway cells, re-ordering of proteins and loss of
barrier functions, when animals were exposed to arsenic.
Arsenic exposure has also been shown to increase mortality
in mice following influenza infection (Kozul et al. 2009).
Exposure to arsenic by drinking water at low levels (10–50
μg/L) modifies the gene expression of some proteins reducing
the ability to repair wounds of the respiratory tracts. Clara cells
have the ability to act as a mechanical barrier to prevent infec-
tion by certain common pathogens, but when the concentra-
tion of CC16 is decreasing, lung tissue and its components are
exposed and their functions are compromised, being more
susceptible to respiratory infections. This is the first study
which reports a negative and significant association between
CC16 levels and colds in a population exposed to arsenic. Our

Table 3 Linear associations of arsenic exposure with CC16 and MMP-
9

CC16 (N = 180) MMP-9 (N = 216)

Urinary arsenic − 0.03 (− 0.09, 0.03) − 0.03 (− 0.14, 0.08)

Arsenic in water − 0.12 (− 0.20, − 0.04) 0.35 (0.22, 0.48)

ADI by drinking water − 0.05 (− 0.20, 0.10) 0.29 (0.18, 0.40)

The effects for arsenic in water, and arsenic intake from water models,
were estimated in general linear models and adjusted for age, sex, tobac-
co/smoking, and weight. The effects for urinary arsenic models were
adjusted for these covariates and additionally included a random effect
for community. P value cut off of 0.05 for all interpretations of
significance

Table 4 Logistic models for associations of arsenic exposure with
respiratory infections

N = 216 Cold infections
OR (95%CI)

Throat infections
OR (95%CI)

Urinary arsenic 1.25 (0.87, 1.80) 1.33 (0.92, 1.92)

Arsenic in water 0.96 (0.87, 1.05) 0.97 (0.89, 1.07)

ADI by drinking water 0.97 (0.69, 1.35) 0.90 (0.62, 1.32)

The effects for arsenic in water, and arsenic intake from water models,
were estimated in general linear models and adjusted for age, sex, tobac-
co/smoking, and weight. The effects for urinary arsenic models were
adjusted for these covariates and additionally included a random effect
for community. P value cut off of 0.05 for all interpretations of
significance

Table 5 Logistic model for associations of CC16 and MMP-9 with
respiratory infections

Cold infections
OR (95%CI)

Throat infections
OR (95%CI)

CC16 (N = 180) 0.34 (0.13, 0.90) 0.91 (0.40, 2.07)

MMP9 (N = 216) 0.80 (0.55, 1.18) –

N sample size. TheMMP9/Throat Infection model failed to converge and
thus is not presented here. Models were adjusted for age, sex, tobacco/
smoking, and weight and included a random effect for community. P
value cut off of 0.05 for all interpretations of significance
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children had reduction of CC16 levels by moderate arsenic
exposure, as a consequence, may were more vulnerable to
developing colds (OR = 0.34, P < 0.05). MMP-9 is related
to the wound healing process, and as part of the lung inflam-
matory response, it is continually secreted in the airways. The
exact mechanism for the association between arsenic exposure
and increased MMP-9 is unknown. A likely scenario is that
MMP-9 modulates other enzymes and cytokines to fine-tune
both destruction and repair; other possibilities are activation of
activating protein-1 receptor sites in the promoter region of
MMP-9 or altered gene methylation (Burgess et al. 2013).
Atkinson and Senior (2003) and Ohbayashi and Shimokata
(2005) reported that MMP-9 increased its levels in some lung
diseases such as asthma, idiopathic pulmonary fibrosis, and
chronic obstructive pulmonary disease. Ueland et al. (2020)
found early increase in circulating MMP-9 in COVID-19 pa-
tients with respiratory failure. In our study, we found a posi-
tive association between increase of serumMMP-9 levels with
cold infections in children, but it was not significant (Table 5).

Conclusion

Arsenic concentrations in drinking water and average daily
arsenic intake by water were negatively associated with serum
CC16 levels, but were positively associated with serum
MMP-9 levels, and no association was found between urinary
arsenic concentrations with serum MMP-9 and CC16 levels.
SerumCC16 levels, but not MMP-9 levels, showed an inverse
association with colds. In children exposed to arsenic via
drinking water, alteration of levels of these biomarkers may
cause toxic effects.
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