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ABSTRACT

Many studies have focused on the toxic health effects of low blood lead concentra-
tions in populations chronically exposed to lead-polluted environments. However, few 
studies have examined oxidative stress in humans under such conditions. We studied a 
population chronically exposed to mining waste with low blood lead concentrations, 
high δ-ALAD activity, and high lipid peroxidation levels. A k-means analysis revealed 
low-high groups based on total antioxidant capacity (TAC), superoxide dismutase 
(SOD), and catalase (CAT) activities. Low TAC, SOD, and CAT were associated with 
higher blood lead concentrations, and low SOD was also associated with higher lipid 
peroxidation. The results suggest that oxidative stress may lead to oxidative damage 
in chronically lead-exposed populations, even at low blood lead concentrations. Thus, 
although pathophysiological changes may not be evident at small variations in blood 
lead concentrations, chronic exposure could cause oxidative/antioxidant changes at 
blood lead concentrations below 5 μg/dL.

Palabras clave:	 peroxidación lipídica, capacidad antioxidante total, catalasa, superóxido dismutasa, intoxicación 
humana por plomo.

RESUMEN

Muchos estudios se han enfocado a los efectos tóxicos a la salud de las bajas con-
centraciones de plomo en sangre en poblaciones crónicamente expuestas a ambientes 
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contaminados por este metal; sin embargo, pocos han examinado el estrés oxidativo en 
seres humanos en tales condiciones. Estudiamos una población crónicamente expuesta 
a residuos de minería que presenta bajas concentraciones de plomo en sangre, alta ac-
tividad de δ-ALAD y niveles altos de lipoperoxidación. Un análisis de agrupamiento 
de medias k reveló dos grupos basados en la capacidad antioxidante total (TAC, por 
su sigla en inglés), y las actividades de superóxido dismutasa (SOD) y catalasa (CAT). 
Estos grupos fueron identificados como de alta o baja actividad. Las TAC, SOD y CAT 
bajas se asociaron con mayores concentraciones de plomo en sangre. La SOD baja 
se asoció además con mayor lipoperoxidación. Los resultados sugieren que el estrés 
oxidativo puede conducir a daño oxidativo en poblaciones crónicamente expuestas a 
plomo, incluso cuando tienen bajas concentraciones de dicho metal en sangre. Esto 
indica que, si bien los cambios fisiopatológicos no son evidentes con pequeñas varia-
ciones de la concentración de plomo en sangre, la exposición crónica podría causar 
cambios en el sistema oxidativo/antioxidante a concentraciones por debajo de 5 μg/dL.

INTRODUCTION

Chronic lead exposure can produce intoxication 
even at low blood lead concentrations. Some studies 
found cardiovascular changes, oxidative alterations, 
and high cortisol concentrations in people with lead 
concentrations below 10 and 5 µg/dL (Lee et al. 
2006, Gump et al. 2008, 2011). Even behavioral and 
cognitive functions in children were related to low 
blood lead concentrations (Calderón-Salinas et al. 
1996, Mazumdar et al. 2011, Desrochers-Couture et 
al. 2018). Likewise, some studies reported changes 
in oxidative and antioxidant markers under similar 
conditions, though methodological difficulties in 
selecting populations and temporalities resulted in 
inconclusive findings (Roy and Kordas 2016, Vacchi-
Suzzi et al. 2018).

Low blood lead concentrations are relevant 
for populations not occupationally exposed, but 
chronically exposed to this metal in the environment 
(Flores-Ramírez et al. 2012, Carrel et al. 2017, Castro 
et al. 2019). Changes smaller than 0.5 μg/dL of blood 
lead concentrations in children triggered medical 
and governmental actions in Flint, Michigan, USA 
(Hanna-Attisha et al. 2016, Ruckart et al. 2019). In 
Canada, the effect of lead-contaminated drinking 
water on children with blood lead concentrations 
lower than 5 μg/dL also translated into public actions 
(Bushnik et al. 2010, Ngueta et al. 2014). The CDC 
(2024) suggested changing the reference values for 
blood lead concentration from 5 to 3.5 μg/dL in 2021, 
in agreement with different multicentric studies done 
in the USA, Europe, and Asia that found damage at 
these conditions (Council on Environmental Health 
2016, Nakayama et al. 2019).

Chronic exposure to lead causes alterations in 
different organs and systems due, among other 
causes, to oxidative damage processes such as 
high lipid peroxidation and impairing antioxidant 
responses like low activity of antioxidant enzymes 
such as SOD, CAT, and glutathione peroxidase 
(GPx), and changes in the antioxidant cofactor 
concentration (GSH) (Kim et al. 2015, Singh et al. 
2015, Dobrakowski et al. 2017). Previous works 
on laborers chronically exposed to high lead levels 
described similar effects (Aguilar-Dorado et al. 
2014, Rendón-Ramírez et al. 2014).

The present work aims to study a population 
that has long been exposed to lead from mining 
waste in soil and water in La Zacatecana, Zacate-
cas Mexico, to evaluate the adverse effects of 
chronic exposure to low concentrations of lead 
on the oxidant/antioxidant state, with emphasis 
on the reduction of antioxidant defenses, in the 
face of chronic oxidative aggression. This popula-
tion has been exposed to lead by the dispersion of 
mining waste from soil and water contaminated 
by on-site mining activity and the arrival of water 
from other mines (Iskander et al. 1994, Santos-
Santos et al. 2006). The lead values found in soil 
by Covarrubias et al. (2018) ranged from 29 to 
3070 mg/kg, and in some areas, the lead concen-
tration is seven times the reference value, which is 
400 mg/kg according to the Official Mexican 
Standard NOM-147-SEMARNAT/SSA1-2004 
(SEMARNAT-SSA 2007). García-Berumen (2015) 
also found lead concentrations in lagoon water from 
0.2 to 0.4 mg/L, below the reference value of 0.5 
mg/L indicated in NOM-001-SEMARNAT-2021 
(SEMARNAT 2022).
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We are unaware of other studies published in 
journals with international circulation that examine 
blood lead concentrations in this population, and 
local reports are inconsistent and unreliable. Inter-
estingly, our data did not match the patterns found 
in workers with high blood lead concentrations 
(Aguilar-Dorado et al. 2014, Rendón-Ramírez et al. 
2014, López-Vanegas et al. 2020). This discrepancy 
could lead to important insights into the effects of 
chronic lead exposure. A clustering produced by the 
k-means technique based on total antioxidant capac-
ity (TAC), superoxide dismutase (SOD), and catalase 
(CAT) values showed that groups with low TAC and 
low activities of SOD and CAT had significantly 
higher blood lead concentrations, though below 10 
μg/dL. The results show that oxidative damage did 
not directly correlate with blood lead concentration 
but was associated with alterations of antioxidant 
elements. Therefore, we propose that chronic lead 
exposure can generate oxidative damage by lower-
ing the total antioxidant capacity and the activity of 
antioxidant enzymes.

MATERIALS AND METHODS

Study population
The study was conducted in a total population of 

3294 inhabitants. The sample size was estimated to de-
tect an effect size distinguishing 1% of the population 
with lead poisoning, considered noncritical, from 5% 
as the threshold for acute exposure, with a significance 
level of 0.05 and 80% power. We used the pwr.p.test 
function of the pwr R package for a significance level 
of 0.05 and a power of 0.8; the effect size was calculat-
ed as h = 2arcsin (sqrt[0.05])-2arcsin(sqrt[0.01]).The 
calculation indicated 125 participants, but 150 initiated 
the study. This study is observational, transversal, and 
descriptive, providing a comprehensive overview of 
the population’s lead exposure and its effects on the 
oxidative/antioxidant status.

Participants were required to be born and reside 
at the study site. Children under nine and adults with 
complications or disabling chronic degenerative dis-
eases were excluded. Participants were advised not 
to consume medications and vitamin supplements 
15 days before the study, except for medications 
necessary for treating chronic diseases. Only 117 
people concluded the study, 77 females and 40 males. 
The age ranged from 9 to 17 years for children (n = 
47) and between 22 and 86 for adults (n = 70). All 
participants agreed to partake; the adults and guard-
ians of the children signed their informed consent to 

comply with the ethical principles of the Helsinki 
Declaration; they responded to an announcement 
posted in a clinic that provides social security. The 
work was approved by the State Council of Bioethics 
of Zacatecas and the  Ethics and Research Commit-
tee of the Hospital Regional de Alta Especialidad del 
Bajío, with records CNBMX-CEB-32-2011-100 and 
CONBIOETICA-11-CEI-004-20170731 CEI-31-15, 
respectively.

Blood sample
The blood samples were collected into Vacutainer 

tubes with heparin and transported to the laboratory 
at 4 ºC for the biochemical tests.

Clinical analysis
Blood glucose was measured on test strips and 

analyzed in the Roche Accu-Chek Glucose Meter; 
triacylglycerols (TG), total cholesterol (TC), HDL 
cholesterol (HDL-C), and LDL cholesterol (LDL-C) 
were quantified in the CZWNB Multifunction Meter 
using calibrator strips and new strips for each sample 
according to the manufacturer’s specifications. Re-
sults are expressed in mg/dL. Both devices have an 
accuracy greater than 95%, with a variation between 
5 and 7%.

Spirometry and oximetry
A certified specialist physician performed and 

analyzed the spirometry using a Spirolab IPX1 
MIR, interpreted the results, and diagnosed them as 
a percentage of forced vital capacity (FVC). A pulse 
oximeter measured the oxygen saturation, reported 
as a percentage.

Clinic history
A specialist physician took clinical histories with 

a focus on toxicologic history, emphasizing lead poi-
soning, in accordance with the working group’s expe-
rience with lead-exposed patients (Aguilar-Dorado et 
al. 2014, Hernández et al. 2019). Our anthropometric 
indicator was Body Mass Index (BMI) = weight/
height² and its classifications.

Blood lead concentration
The lead concentration in total blood was deter-

mined using the ESA 3010B voltametric instrument 
at the biochemistry department of CINVESTAV. The 
results, expressed in μg of lead per dL of total blood 
(μg/dL), were obtained after calibration with hi and 
low ESA certified standards with an accuracy of 87-
104% and a detection limit of 0.5 μg/dL (Aguilar-
Dorado et al. 2014).
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δ-aminolevulinic dehidratase acid activity 
(δ-ALAD)

The enzymatic activity was measured according to 
Redig et al. (1991). First, 100 μL of total blood was 
mixed with ALA 20 mM per 1 h at 37 ºC; later, the 
reaction was stopped with trichloroacetic acid (TCA) 
10%. Then, 750 μL of supernatant was obtained by 
centrifuging the mixture at 3000 rpm for 15 min. 
Finally, the supernatant containing porphobilinogen 
(PBG, a product of δ-ALAD activity) was mixed with 
750 μL of Erlich’s reactive (p-dimethyl aminobenzal-
dehyde [p-DMAB] 1% in ethanol: HCl 1:1) to generate 
a colored compound measured in a spectrophotometer 
UV/VIS DU 650 Beckman at 555 nm. The δ-ALAD 
activity appears as nmol PBG/h/mL of erythrocytes.

Lipid peroxidation
The thiobarbituric acid-reactive substances 

(TBARS) were measured spectrophotometrically 
(Jain et al. 1989). Erythrocytes were incubated with 
BHT and TCA 10% for 2 h at 4 ºC. Then, the sample 
was centrifuged at 3000 rpm for 15 min to obtain a 
supernatant. A mixture of the supernatant, EDTA 0.1 
M, and thiobarbituric acid (TBA) 1% was heated at 
95 ºC for 15 min. Later, a spectrophotometer mea-
sured the reaction absorbance at 600 and 532 nm 
(Beckman DU 650 UV/VIS). We show equivalents 
of malondialdehyde (nmol MDA/mL of erythrocytes) 
as values of lipid peroxidation.

SOD activity
The xanthine-xanthine oxidase system was used 

to assay the SOD activity by inhibiting the reduc-
tion of nitroblue tetrazolium (NBT). An aliquot of 
hemolysate erythrocytes was mixed with xanthine 
0.3 mM, EDTA 0.6 mM, NBT 150 μM, Na2CO3 400 
mM, and BSA 1 g/L. Later, the mixture was incubated 
with xanthine oxidase for 20 min, and the reaction 
was then stopped with CuCl2 0.8 mM. The formed 
superoxide reacts with NBT, and the absorbance of 
the formazan produced was measured spectropho-
tometrically at 560 nm. The results are reported as 
units of SOD per g of hemoglobin (UI/g Hb) (Sun 
et al. 1988).

CAT activity
The assay measures the decomposition of H2O2 

by catalase of a hemolysate of erythrocytes (Aebi 
1984). The sample is mixed with H2O2 30 mM; the 
absorbance decreases proportionally to the CAT ac-
tivity and is followed in a spectrophotometer at 240 
nm for 30 s. The report uses units of CAT activity 
per g of hemoglobin (UI/g Hb).

TAC
The total antioxidant status in plasma was de-

termined using the oxidation system of 2,2’-azino-
di(3-ethyilbenzthiazoline-6-sulfonic acid) (ABTS) 
by myoglobin with hydrogen peroxide (H2O2) in a 
96-well plate (Kambayashi et al. 2009). After 5 min 
of starting the reaction with H2O2, the formed colored 
reaction was measured at 600 nm in a microplate 
reader (ELISA Awareness Stat Fax 2100). The reported 
values for this assay are mM equivalents of Trolox.

Statistical analysis
Contrary to experimental conditions where there 

are at least two groups with different levels of ex-
posure to lead, we have only one population with 
long but mild exposure to the toxic, which causes 
low blood lead concentrations with minimal varia-
tion. We used simple machine-learning techniques 
to determine the effect of low blood lead levels. 
The antioxidant system is affected by lead directly 
because it inactivates some of its enzymes, and indi-
rectly by producing oxidative effects that modulate 
the response of the antioxidant system. We included 
all the registered elements of the antioxidant system, 
TAC, SOD, and CAT, in a cluster analysis of the k-
means type to see if it was possible to discriminate 
groups by similarity; that is, we wanted to determine 
if there was a numerical distinction of groups based 
solely on the values of the activity of CAT and SOD 
and the levels of TAC. Once the two groups were 
discriminated, we used principal components to 
estimate the involvement of these variables in dis-
tinguishing the groups. We then tested whether these 
groups had different blood lead concentrations. We 
also tested these groups for the corresponding levels 
of lipid peroxidation. By reducing the number of 
antioxidant elements in the analysis and eliminating 
the one with the highest weight at each step, we could 
test the difference in blood lead concentration and 
lipid peroxidation for the groups individually deter-
mined by TAC, SOD, and CAT. We used R software 
(R Core Team 2019) for k-means, principal com-
ponents analysis, hypothesis testing, and graphics 
analysis. Standard t-test with α = 0.05 compared 
blood lead concentration and lipid peroxidation for 
the selected groups described above.

RESULTS

The studied population had 60% adults and 66% 
women. The children were 13 ± 2 years, whereas the 
adults were 50 ± 16 (Table I).
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The mean concentrations of glucose and lipid 
blood resided within the normal limits (Table I); 
however, some people scored outside the normal lim-
its in the screening of glucose (8.5%), TG (21.4%), 
TC (11.1%), HDL-C (53.8%) and LDL-C (20.5%). 
Alterations of two or more lipid parameters affected 
24% of the population. Blood glucose concentra-
tion was no different in men and women. Children 

consistently had lower values than adults (Table I), 
though some children were outside of upper limits in 
TG (5.1%), TC (1.7%), HDL-C (26.5%), and LDL-C 
(2.6%); there were no significant differences between 
girls and boys.

The BMI in the population was 26 ± 8; women 
had 12.5% higher BMI than men, and adults were 
50% higher than children (p < 0.05). Overweight or 

TABLE I. CHARACTERISTICS OF THE STUDY POPULATION: WOMEN, MEN, CHILDREN, AND ADULTS.

Characteristics Study population
n = 117

Women
n = 77
(66%)

Men
n = 40
(34%)

Children
n = 47
(40%)

Adults
n = 70
(60%)

Age (years)
Range

35 ± 22
(9-86)

33 ± 19
(11-79)

40 ± 28
(9-86)

13 ± 2
(9-17)

50 ± 16*
(22-86)

Glucose in blood (mg/dL)
Range

83 ± 32
(50-315)

81 ± 30
(52-315)

87 ± 36
(50-213)

73 ± 9
(50-89)

90 ± 40*
(51-315)

TG (mg/dL)
Range

138 ± 78 
(50-500)

144 ± 82 
(50-500)

127 ± 70
(50-417)

111 ± 56
(50-359)

155 ± 85*
(60-500)

TC (mg/dL)
Range

161 ± 37
(100-268)

168 ± 37 
(100-268)

149 ± 34*
(103-265)

138 ± 28
(100-215)

176 ± 34*
(116-268)

HDL-C (mg/dL)
Range

45 ± 10
(27-80)

45 ± 10
(29-80)

43 ± 10
(27-71)

42 ± 8
(29-63)

46 ± 11*
(27-80)

LDL-C (mg/dL)
Range

90 ± 35
(41-200)

93 ± 34 
(45-200)

85 ± 38 
(41-200)

74 ± 26
(45-180)

101 ± 37*
(41-200)

BMI
Range

26 ± 8
(14-70)

27 ± 9 
(14-70)

24 ± 6*
(16-40)

20 ± 4
(14-34)

30 ± 8*
(19-70)

Classification by BMI  (n [%])
Underweight 
Normal weight 
Overweight 
Obesity 

12 (10)
48 (41)
28 (24)
29 (25)

8 (10)
26 (34)
19 (25)
24 (31)

4 (10)
22 (55)**

9 (32)
5 (13)** 

12 (26)
27 (57)
7 (15)
1 (2)

0 (0)**
21 (30)** 
21 (30)

28 (40)**

Oximetry (%) 95 ± 4 95 ± 3 94 ± 6 95 ± 5 94 ± 3

FVC (%)
Range

82 ± 8
(52-98)

82 ± 8
(52-97)

81 ± 8
(62-98)

83 ± 8
(65-98)

81 ± 8
(52-94)

Diagnosis by spirometry (n [%])
Normal 
Obstruction 
Restriction 

91 (78)
22 (19)
4 (3)

62 (81)
12 (16)
3 (4)

29 (73)
10 (25)
1 (3)

39 (83)
7 (15)
1 (2)

52 (74)
15 (21)
3 (4)

Smoking (n [%]) 6 (5) 3 (4) 3 (8) 1 (2) 5 (7)

Alcoholism (n [%]) 14 (12) 7 (9) 7 (18) 1 (2) 13 (19)**

Mean ± SD, frequency (%).
TG: triglycerides, TC: total cholesterol, HDL-C: HDL cholesterol, LDL-C: LDL cholesterol, BMI: body mass index, FVC: forced 
vital capacity.
*p < 0.05 between men vs. women, or adult vs. children, according to Student’s t-test, **p < 0.05 according to the X2 test.
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obesity was present in 49% of the total population, 
predominating in adults, with 70%; 12 children were 
underweight (Table I).

All participants’ oxygen saturation was within 
normal limits (Table I), with the mean FVC (%) near 
the lower normal limit. Data did not show significant 
differences between women and men or children and 
adults. Of the total population, 22% were diagnosed 
with obstruction or restriction by spirometry, but men 
(28%) and women (20%) were not statistically differ-
ent, nor were children (17%) and the adult population 
(25%) (Table I).

Smoking and alcoholism were present in 5 and 
12% of the total population, respectively, higher in 
adults (7% and 19%) than in children (2% and 2%) 
(p < 0.05). There were no differences between men 
and women for these addictions (Table I). 

The population showed a high incidence of 
chronic clinical diseases (86%), with no statistical 
difference between genders, but adults had a higher 
incidence than children (p < 0.05). There were more 
total incidences in adults (94%) than in children 
(74%), p < 0.05, but no difference was observed 
between women (87%) and men (85%) (Table II). 
The more frequent chronic clinical diseases or dam-
age in the population were dermatitis (65%) and 
motor incoordination (46%), followed by respiratory, 
gastrointestinal, ophthalmic, and urinary disorders, 
along with diabetes and dyslipidemia. However, per-
centages for men and women were only different for 
diabetes (23 and 9%, respectively). Chronic clinical 
diseases were more frequent in adults than in children 
(p < 0.05), except for ophthalmic diseases (Table II). 

Diseases or damage with a low incidence (< 5%) in 
the total population do not appear in Table II.

The means for blood lead concentration, lipid per-
oxidation, TAC, and the activities of SOD, CAT, and 
δ-ALAD in the total population seem to be within the 
range for non-lead exposed populations (Table III). 
SOD activity in adults (39 ± 21) was 20% lower than 
in children (49 ± 24) with p < 0.0, table III.

Blood lead concentrations in 94% of the total 
population were below 5 µg/dL, with a median of 
1.5 µg/dL (Fig. 1a). Only seven people exhibited 
values higher than 5 and lower than 11 µg/dL, which 
appeared as outliers in the graph. The δ-ALAD activ-
ity had a median of 700 nmol PBG/h/mL. Only 12% 
of the population had values lower than 500 nmol 
PBG/h/mL, which, in this work, were considered the 
normal limit of δ-ALAD activity (Fig. 1b). The me-
dian of lipoperoxidation was 1.04 nmol MDA/mL for 
the total population, indicating that more than 50% 
of the population (57%) has lipid oxidation above 1, 
which we take as the reference value for unexposed 
populations with basal oxidation (Fig. 1c).

The values of antioxidant enzymes SOD, CAT, 
and TAC were distributed into two groups by the k-
means statistical method. By projecting the groups 
in a principal component analysis (PCA) plane, we 
estimated each component’s weight in the splitting. 
We labeled the groups according to low and high 
levels for our determinants as weighted factors 
(WTAC, WSOD, and WCAT). The element with 
the highest weight was TAC, followed by SOD. 
Figure 2a shows that TAC separates the groups the 
most (86%). After eliminating TAC, the analysis for 

TABLE II. CHRONIC CLINICAL DISEASES OF STUDY POPULATION: WOMEN, MEN, CHILDREN, AND ADULTS.

Chronic clinical diseases Study
population
n = 117 (%)

Women
(66%)

n = 77 (%)

Men
(34%)

n = 40 (%)

Children
(40%)
n = 47

Adults
(60%)
n = 70

Total patients without incidence 16 (14) 10 (13) 6 (15) 12 (26) 4 (6)
Total patients with incidence 101 (86) 67 (87) 34 (85) 35 (74) 66 (94)*
Total of incidence 306 191 (62) 115 (38) 60 (20) 246 (80)
Dermatitis 76 (65) 47 (61) 29 (73) 23 (49) 53 (76)*
Motor incoordination 54 (46) 34 (44) 20 (50) 10 (21) 44 (63)*
Respiratory infections 46 (39) 28 (36) 18 (45) 12 (26) 34 (49)*
Gastrointestinal 31 (26) 21 (27) 10 (25) 6 (13) 25 (36)*
Ophthalmic infections 28 (24) 19 (25) 9 (23) 7 (15) 21 (30)
Hypertension 26 (22) 16 (21) 10 (25) 0 (0) 26 (37)*
Urinary infections 18 (15) 14 (18) 4 (10) 2 (4) 16 (23)*
Diabetes 16 (14) 7 (9) 9 (23)* 0 (0) 16 (23)*
Dyslipidemia 11 (9) 5 (6) 6 (15) 0 (0) 11 (16)*

Frequency (%).
*p < 0.05 between men vs. women or, adults vs. children according to the X2 test.
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SOD and CAT resulted in SOD contributing 99% 
of the splitting (Figure 2b). Ultimately, only CAT 
participated in the analysis, yielding two groups. The 
similarity of antioxidant indicators alone seems to 
contribute little to accounting for the relation between 
blood lead concentration and lipid peroxidation: the 
scatter plot of blood lead concentration against lipid 
peroxidation shows no correlation. Labeled values 

in figure 3 correspond to grouping determined by 
TAC, SOD, and CAT.

However, data aggregated according to the divi-
sion into groups WTAC, WSOD, and WCAT, clearly 
differentiated patients with higher blood lead concen-
tration. The comparison of blood lead concentration 
values corresponding to groups determined by TAC, 
SOD, and CAT resulted in a statistically significant 

TABLE III. PARAMETERS OF THE STUDY POPULATION: WOMEN, MEN, CHILDREN, AND ADULTS.

Study population
n = 117

Women
n = 77

Men
n = 40

Children
n = 47

Adults
n = 70

Blood lead concentration (μg/dL)
Range

2.1 ± 2.0
(0.5-10.8)

2.1 ± 2.1
(0.5-10.8)

2.2 ± 1.8
(0.5-7.7)

1.8 ± 1.7
(0.5-10.8)

2.4 ± 2.1
(0.5-10.7)

δ-ALAD activity (nmol PBG/h/mL)
Range

707 ± 218
(187-1336)

722 ± 223
(187-1336)

679 ± 208
(297-1300)

725 ± 208
(360-1300)

695 ± 225
(187-1336)

Lipid peroxidation (nmol MDA/mL)
Range

1.06 ± 0.22
(0.61-1.83)

1.07 ± 0.23
(0.61-1.83)

1.06 ± 0.19
(0.67-1.62)

1.05 ± 0.20
(0.61-1.62)

1.07 ± 0.23
(0.62-1.83)

TAC (mM equivalents of Trolox)
Range

346 ± 246
(30-813)

356 ± 251 
(30-813)

327 ± 237
(52-795)

353 ± 243
(52-813)

341 ± 250
(30-810)

SOD activity (UI/g Hb)
Range

43 ± 22
(5-115)

45 ± 23 
(11-115)

40 ± 20 
(5-92)

49 ± 24
(12-115)

39 ± 21*
(5-107)

CAT activity (UI/g Hb)
Range

0.45 ± 0.28
(0.15-1.42)

0.43 ± 0.25
(0.15-1.42)

0.48 ± 0.34
(0.18-1.35)

0.48 ± 0.30
(0.16-1.42)

0.43 ± 0.27
(0.15-1.35)

Mean ± SD.
δ-ALAD: δ-aminolevulinic dehidratase acid, TAC: total antioxidant capacity, SOD: superoxide dismutase, CAT: catalase.
*p < 0.05 between men vs. women or, adults vs. children according to Student’s t-test.
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difference with higher blood lead concentrations 
corresponding to lower enzyme activity or TAC 
values (Fig. 4).

Lipid peroxidation did not follow the same pat-
tern. Only the WSOD group yielded a difference in 
oxidative effect, though WCAT was close to produc-
ing similar results (Fig. 5).

DISCUSSION

Clinical conditions
We studied children and adults of both genders 

to better represent the population. Adults showed 
more metabolic alterations like overweight, obesity, 
hyperglycemia, and dyslipidemia than children (En-
gin 2017, WHO 2021). People have malnutrition and 

deficient physical activity, including some children 
with low weight. Also, the population showed a high 
incidence of pathological alterations, with a higher 
frequency in adults. Respiratory alterations (obstruc-
tion or restriction) are consistent with suburban 
populations near agricultural activity with high dust 
dispersion and poor hygienic-dietary conditions due 
to limited access to public services (Anticona and 
San-Sebastián 2014, Shahar et al. 2019). The frequent 
dermatological alterations may be due to unprotected 
outdoor activities (Schuch et al. 2017).

Molecular and clinical alterations in low blood 
lead concentrations

Motor incoordination and gastrointestinal diseases 
could be associated with chronic lead intoxication, as 
indicated in other studies on the effects of low or high 

WTAC Low
n = 71

WTAC High
n = 46

B
lo

od
 le

ad
 c

on
ce

nt
ra

tio
n 

(µ
g/

dL
)

12a

10

8

6

4

2

0
WSOD Low

n = 79
WSOD High

n = 38

B
lo

od
 le

ad
 c

on
ce

nt
ra

tio
n 

(µ
g/

dL
)

12b

10

8

6

4

2

0

WCAT Low
n = 93

WCAT High
n = 24

B
lo

od
 le

ad
 c

on
ce

nt
ra

tio
n 

(µ
g/

dL
)

12c

10

8

6

4

2

0

Fig. 4.	 Box plots of blood lead concentration by k-means 
clustering given by (a) WTAC, (b) WSOD, and 
(c) WCAT. The figures show quartiles. *p < 0.05 
according to the Wilcoxon test (p = 0.00156, p = 
0.00014, and p = 0.00214, respectively). TAC: 
total antioxidant capacity, SOD: superoxide dis-
mutase, CAT: catalase, WTAC: weight of factor 
TAC, WSOD: weight of factor SOD activity, 
WCAT: weight of factor CAT activity.
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blood lead concentrations, which also found altera-
tions in behavior, memory, hormonal, and cognitive 
functions (Calderón-Salinas et al. 1996, Mazumdar 
et al. 2011, Hernández et al. 2019). At the molecular 
level, some studies report low GSH concentrations 
associated with lead exposure, even at low blood 
lead concentrations (Ahamed et al. 2007, Singh et 
al. 2015, Vacchi-Suzzi et al. 2018).

Lead exposure of the population by environmental 
contamination

The soil and water in the area where the popula-
tion lives contain high concentrations of lead, ranging 
from 29 to 3070 mg/kg for soil and 0.2 to 0. 4 mg/L 
for water. Despite some bioremediation actions, lead 
is still present in the soil in different physical and 
chemical forms in the vicinity of the population, and 
people are exposed differently depending on their oc-
cupation, outdoor and indoor activities, and hygienic 
dietary habits, among other factors (Gulson et al. 
1994, Santos-Santos et al. 2006, González-Dávila 
et al. 2012, Covarrubias et al. 2018). Such condi-
tions made this population suitable for studying the 

effects of chronic environmental lead exposure on 
the oxidative status and the antioxidant response. The 
population had low blood lead concentrations, partly 
because people do not drink or use contaminated 
water, and partly because soil lead is not bioavail-
able due to its physical and chemical properties, as 
suggested by other studies. Environmental exposure 
is present for everyone, but only those involved in 
agricultural or construction activities have significant 
exposure. However, low bioavailability of lead in 
soil could affect the general population (Gulson et 
al. 1994, Santos-Santos et al. 2006, Covarrubias et 
al. 2018, Levin et al. 2020).

Although people are chronically exposed to lead, 
only seven participants had blood lead concentration 
above the reference value for non-occupationally ex-
posed populations (5 μg/dL), and 94% of the people 
were under this reference value (CDC 2024). The low 
blood lead concentration might also indicate a kinetic 
distribution that accumulates lead in bone, as some 
epidemiological studies on pregnant women and 
animal models report (Maldonado-Vega et al. 1996, 
2002, Olchowik et al. 2014, Flores et al. 2018, Rygiel 

Fig. 5.	 Boxplot of lipid peroxidation by k-means clus-
tering based on (a) WTAC, (b) WSOD, and (c) 
WCAT. The figures show quartiles. *p < 0.05 
according to the Wilcoxon test (p = 0.9666, p = 
0.0156, and p = 0.0888, respectively). TAC: total 
antioxidant capacity, SOD: superoxide dismutase, 
CAT: catalase, WTAC: weight of factor TAC, 
WSOD: weight of factor SOD activity, WCAT: 
weight of factor CAT activity.
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et al. 2020). In general, despite inhabiting a polluted 
area with a high lead concentration in soil and water 
for a long time, populations dwelling in areas with 
mining waste have low blood lead concentrations 
(Kim et al. 2008, Schoof et al. 2016, Soto-Ríos et 
al. 2017).

Only 12% of the population had low δ-ALAD 
activity, consistent with low blood lead concentra-
tion and a low inhibitory effect on this erythrocyte 
enzyme. With these low blood lead concentrations 
and their slight effect on enzymatic activity, it is 
impossible to see a correlation such as that found 
in populations with high blood lead concentrations 
(Ahamed et al. 2006, Rendón-Ramírez et al. 2014).

Oxidative damage and antioxidant response asso-
ciated with environmental lead exposure

The high lipid peroxidation responds to chronic 
exposure and low blood lead concentrations; how-
ever, it resembles that found in lead-exposed workers 
with high blood lead concentrations (Sugawara et 
al. 1991, Aguilar-Dorado et al. 2014, Hernández et 
al. 2019). This high oxidation could be due to other 
comorbidity factors, but the data analysis did not 
show any factor that explains high oxidation (Schuch 
et al. 2017).

Alterations in the antioxidant mechanisms are 
direct and indirect effects of lead intoxication in 
populations chronically exposed to environmental 
and occupational lead, as seems to be the case in 
this population studied with environmental exposure 
(Rendón-Ramírez et al. 2014, Jangid et al. 2016, 
Lopes et al. 2016, Shefa and Héroux 2017, Covarru-
bias et al. 2018). This effect is discernible in our 
case, where the groups with low WTAC, WSOD, and 
WCAT have the highest blood lead concentrations.

The analysis shows that low WSOD activity is 
associated with high values of lipid peroxidation. 
Therefore, in chronic conditions, even at low blood 
lead concentrations, there is an effect on the anti-
oxidant system elements that could yield oxidative 
damage, like that of workers with high lead exposure. 
Although there is no apparent damage in the studied 
population, there seems to be a chronic effect due 
to exposure to this environmental risk (Sugawara 
et al. 1991, Lopes et al. 2016). New research paths 
could explore subclinical lead intoxication levels to 
delve deeper into the physiopathology of intoxication 
processes in populations chronically exposed to lead, 
such as particular enzyme sensitivities or adaptive 
responses to chronic damage.

High lipid peroxidation indicates that TAC was 
insufficient to prevent oxidative damage, and SOD 

could be sensitive to this lipid peroxidation. The 
activity shortage of some of their enzymatic com-
ponents, such as CAT and SOD, could account for 
the diminished ability of the antioxidant response, 
despite TAC sustaining normal levels, probably com-
pensated by increments of other antioxidant elements 
such as uric acid, bilirubin, NADP, or GSH (Kirkman 
et al. 1999, Flora 2009). These antioxidant enzymes 
could be sensitive to chronic exposure even at low 
blood lead concentrations.

Damage from low lead exposure and low blood 
lead concentrations

Chronic exposure to lead may trigger conditions 
such as the kinetics distribution of lead, contribut-
ing to its accumulation in organs like bone, or its 
urinary elimination, which can yield low blood lead 
concentrations that may still cause systemic damage 
discernible by clinical and biochemical tests (Khalil 
et al. 2009). In this way, lead concentrations in blood 
would not reflect the concentrations of this metal 
in tissues after long-term exposure. Lead distribu-
tion and accumulation in bones have already been 
documented (Nilsson et al. 1991, Maldonado-Vega 
et al. 2002, Flores et al. 2018). Lead accumulation 
in tissues can generate pathophysiological effects 
on antioxidant enzymes and trigger chronic oxida-
tive stress and damage, which could explain chronic 
pathologies in the population and is consistent with 
low TAC, SOD, and CAT. Such phenomena could 
occur in populations living in environments within 
accepted lead concentrations or with a high lead 
concentration and low bioavailability (Gulson et al. 
1994, Levin et al. 2020).

CONCLUSIONS

The statistical analysis enabled us to detect 
changes in the antioxidant system associated with 
oxidative damage at low blood lead concentrations in 
this population, with precarious health status and long 
lead environmental exposure. Our study suggests 
chronic oxidative stress and impaired health status 
could derive from chronic lead exposure despite the 
low bioavailability of this metal. The effects of low 
blood lead concentration in the oxidative system 
suggest lowering the reference values of blood lead.

This population has oxidative stress. Additional 
studies could estimate the effects of other health 
problems, such as sun exposure, poor hygiene, and 
diet. The necessary population interventions, preven-
tion programs, and public policies for environmental 
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remediation are only possible based on solid data and 
careful review.
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