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Abstract

The purpose of this study was to investigate current blood lead (PbB) and zinc protoporphyrin
(ZPP) levels in adults presently living in environmentally Pb-contaminated Andean communities,
and to compare the findings with the PbB and ZPP levels of Pb-exposed adult cohorts from the
same study area tested between 1996 and 2007. Blood samples from 39 adults were measured for
PbB and ZPP concentrations. The current mean PbB level (22.7 pg/dl) was significantly lower
than the mean (37.9 pg/dl) of the initial 1996 cohort. PbB levels for the 1997, 1998, 2003, and
2006 cohorts were also significantly lower than the levels for the 1996 group. Elevated ZPP/heme
ratios of 103.3, 128.4 and 134.2 umol/mol were not significantly different for the 2006, 2007 and
2012 groups, indicating chronic Pb exposure. While ZPP levels of Andean Ecuadorian Pb-glazing
workers have remained elevated, PbB levels declined. Pb exposure of the workers need to be
continually monitored.
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INTRODUCTION

Occupational lead (Pb) exposure remains a global health issue in communities involved in
enterprises such as gold mining, Pb smelting, Pb-acid battery manufacturing and battery
recycling (Suplido and Choon 2000; Popovic et al. 2005; Rosin 2009; Dounias et al. 2010;
Gottesfeld and Pokhrel 2011; Raafatl et al. 2012; Were et al. 2012). This is especially a
problem in low-income countries where Pb exposure is unregulated, and monitoring of Pb
exposure levels is not conducted on a regular basis by public health authorities. In some
areas, both adults and children engage in occupational practices that expose them to Pb and
its attendant health hazards. While children are particularly susceptible to Pb poisoning and
its associated medical sequelae (Counter et al. 2009b; Buchanan et al. 2011), adults may also
develop serious health complications related to Pb exposure. In adults, prolonged or chronic
Pb intoxication may induce peripheral, central, and autonomic nervous system
abnormalities, as well as nephrological impairment and increased blood pressure (Murata et
al. 1993; Fenga et al. 2006; ATSDR 2007; Bleecker et al. 2007). Neurocognitive
impairments, such as diminished executive functioning, short-term memory deficits, manual
dexterity difficulties, and visual-spatial deficits have been associated with occupational Pb
exposure (Meyer-Baron and Seeber 2000; Schwartz et al. 2000). Some investigations
indicate that Pb-induced neurocognitive impairments are irreversible, and that past or
cumulative Pb exposure is associated with neurodegeneration (Dietrich et al. 2004; Stewart
et al. 2006). However, other studies suggest that after removal of the Pb source or initiation
of pharmacological intervention, Pb-induced neurocognitive deficits may be reversed (Baker
et al. 1985; Chuang et al. 2005; Counter et al. 2009a). In genotoxic studies of adult workers,
Pb exposure was also associated with DNA damage, including single and double strand
breaks and chromosomal aberrations (Danadevi et al. 2003; Olewinska et al. 2010; KaSuba
et al. 2012).

The toxicokinetics of Pb indicate that the metal enters the body through ingestion of Pb-
contaminated foods, dust, soil, and through Pb particulates in Pb-polluted air that permeate
the alveolar sacs of the lungs. Pb is absorbed by the soft tissues of the body, and may be
stored in the bones for years. Bone Pb stores mobilize during pregnancy, breast-feeding or
bone injuries, and may lead to the endogenous release of Pb into blood and other soft tissues
(ATSDR 2007). In Pb-exposed adults, a PbB level of = 25 pg/dl is currently considered
elevated by the U.S. Centers for Disease Control and Prevention (CDC, 2011).

In instances of chronic Pb exposure, protoporphyrin accumulates in the absence of iron (Fe)
in hemoglobin (Hb) and attracts zinc as a replacement, forming zinc protoporphyrin (ZPP).
Elevated levels of ZPP indicate Pb-induced inhibition of heme biosynthesis. Because
elevated ZPP levels lag increased PbB levels by weeks to months, the ZPP/heme ratio serves
as a biomarker for chronic Pb exposure. Moreover, the ZPP/heme ratio may indicate
prolonged Pb exposure for up to two years (Froom et al. 1998; Martin et al. 2004).

As part of an ongoing health initiative, our team has tracked over a period of years the PbB
levels in adults living in Andean villages of Ecuador where Pb glazing of ceramics is the
primary livelihood (Counter et al. 1998; 2001; Buchanan et al. 2011). Men, women and
children living in these Pb-glazing communities have presented with Pb intoxication and
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related health complications (Counter and Buchanan 2002; Counter et al. 2004; 2007). There
are no Ecuadorian government regulations of this cottage industry, and as a consequence,
there is no regular monitoring of the Pb exposure of the workers involved or their families,
who may be equally Pb exposed. Because of previously observed elevated PbB levels,
Counter et al. (1997; 2003) instituted a Pb-exposure education, prevention and treatment
program for the inhabitants of the study area. The purpose of this study was to investigate
current PbB and ZPP levels in adults presently living in environmentally Pb-contaminated
Andean communities, and to compare the findings with the PbB and ZPP levels of Pb-
exposed adult cohorts from the same study area tested between 1996 and 2007.

METHODS

Participants and Location

The participants in this field study reside at an altitude of approximately 2,850 m in Andean
communities in La Victoria, Pujili, Ecuador. Blood samples were obtained from 39 adults
living in the study area, and examined for Pb and ZPP concentrations. The participants
consisted of 25 females and 14 males, aged 17 to 77 years (mean age: 39.9; SD: 15.1,
median: 40) from a homogenous population of essentially the same low socioeconomic and
education status, with similar Pb-glazing occupational practices, and identical environmental
Pb-exposure pathways. The participants were enrolled in this study on the basis of their
availability for medical examination during the period of the medical team’s visit to the
study area. There was no bias in the selection of participants. No participants were refused
medical examination by the field research team. The PbB levels obtained for the 39
participants were compared with results obtained previously by the authors on 145
participants in the same study area who were assessed between 1996 and 2007. The PbB
levels of the 145 participants tested previously have been reported in earlier studies (Counter
et al. 2001; 2007). The source of Pb exposure in the study area is discarded automobile
storage batteries from which entire families, men women, and children extract Pb to use in
the glazing of ceramics, particularly roof tiles as part of a local Pb glazing backyard
industry. The primary routes of Pb exposure for the adults in the study area are ingestion of
Pb-contaminated food, dust and soil, and the inhalation of air-borne particulates from the
heavily Pb-contaminated smoke produced by the Pb glazing kilns. The Pb glazing process
and the environmental contamination of the study area are described in greater detail
elsewhere (Counter et al. 2000).

Informed consent was obtained from all adults prior to testing. This study was approved by
the Human Studies Committee (Comité de Bioética) of Universidad San Francisco de Quito.
The study was conducted under the auspicies of Universidad San Francisco de Quito
Colegio Ciencias de la Salud, Escuela de Medicina in Quito, Ecuador. The results of this
investigation were presented to the participants in the study, who were counseled regarding
their Pb exposure levels, and referred to local health officials for medical intervention as
needed.
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Pb Concentration in Blood

Samples of 2-4 ml of whole blood were drawn by venipuncture from 39 participants
following meticulous cleaning of the skin using swabs containing isopropanol. The samples
were collected from the antecubital vein and kept in 4-mlVacutainer collection tubes with
Li-heparin. All whole blood samples were stored in a refrigerated container. The blood
samples were later analyzed for Pb concentration by graphite furnace atomic absorption
spectroscopy with Zeeman background correction (Perkins EImer 5000, Zeeman HGA-500
spectrophotometer, Norwalk, Connecticut) at the Department of Laboratory Medicine,
Boston Children’s Hospital.

ZPP Concentration in Blood

ZPP/heme ratio was measured directly using a hematofluorometer (ProtoFluor-z, Helena
Laboratories, Inc., Beaumont, TX), which presents results in pmol/mol heme. Cells placed
on a slide were exposed to a beam of light from a Halogen lamp that projected a beam at 415
nm, the optimal absorption level for hemoglobin. Control samples (Kaulson Laboratories,
West Caldwell, NJ) were run at low, medium and high levels. ZPP whole blood (ZPP WB)
values were presented in ug/dl with an assumed hematocrit of 35%. The normal reference
ranges used were 30—70 umol ZPP/mol heme, and 15-36 pg ZPP/dl whole blood.

Statistical Analysis

The mean, standard deviation, range, and median were calculated for PbB concentration,
ZPP/heme ratio and ZPP whole blood level obtained on the participants in the study.
Because some of the PbB and ZPP data were significantly skewed (= than 2 standard errors
of skewness), non-parametric statistics were used in the data analysis. Differences between
groups were analyzed by the Mann-Whitney U test. The association between PbB level and
ZPP/heme ratio was analyzed by Spearman rho correlation analysis. All Z and p values
reported for the Mann Whitney U test and the Spearman correlation coefficient are tied
values. An alpha level of < 0.05 was accepted as an indication of statistical significance.

RESULTS

Pb and ZPP Concentrations

The PbB levels for the current participants (2012 cohort) were compared to previous PbB
data obtained by the authors over a period of years, beginning in 1996, to track the PbB
levels at specific intervals between 1996 and 2012 in order to examine more closely changes
in Pb exposure. The results are shown in the box plots of Figure 1, which compare the PbB
distributions for adults tested in the same study area in the years 1996, 1997, 1998, 2003,
2006, 2007 and 2012. The mean PbB level of 22.7 ug/dl (SD: 16.3; median: 19; range: 2—
57) for the 2012 cohort was significantly lower than the mean PbB level of 37.9 pg/dl (SD:
22.8; median: 35.3; range: 7.4-80.7) found in the 1996 group, indicating that the overall Pb
exposure in the adult population has diminished over time. However, the PbB levels for the
2012 study group was not significantly different from the 1997, 1998, 2003, 2006 or the
2007 cohorts. These findings indicated that after the initial reduction observed in the 1997
cohort, the PbB levels remained relatively stable.
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The mean PbB level of 18.2 pg/dl (median: 12.8) for the 1997 cohort was significantly lower
than the mean PbB level of 37.9 ug/dl (median: 35.3) for 1996 study group. Similarly, the
mean PbB level of 16.1 pg/dl (median: 12.5) for the 1998 group was significantly lower than
the mean PbB level for 1996 cohort. The mean PbB level of 16.1 pg/dl (median: 15.4) for
the 2003 cohort, and the mean PbB level of 25.8 ug/dl (median: 17) for the 2006 cohort were
both significantly lower than the PbB level for the 1996 cohort. The mean PbB level of 30.1
pg/dl (median: 32.5) for the 2007 group was not significantly different from the 1996 cohort.
The interpretation of the statistical analysis for the 2007 group needs to be made with
caution because of the small number of participants (N =10). The differences among the
1997, 1998, and 2003 groups were not statistically significant. Data in Figure 1 further show
an overall decline in PbB levels from 1996 to 2003. The subsequent rise in PbB level from
2003 to 2007 was statistically significant. Although the current (2012) mean PbB level of
22.7 pg/dl (median: 19) tended to be lower than the PbB level of the cohort tested in 2007
(mean: 30.1 pg/dl; median: 32.5), the difference was not statistically significant.

For further comparative analysis, the results were examined by the use of percentile data,
which are shown in Table 1. The % of participants who presented with PbB levels > 25
pg/dl (the U.S. CDC’s reference level for adults) for the years 1996, 1997, 1998, 2003,
2006, 2007 and 2012 are shown in Table 2. Data in Table 2 indicate that the % of
participants with elevated PbB levels > 25 pg/dl was highest in the 1996 and 2007 cohorts.

The difference in PbB levels between males and females for the aggregate cohorts tested
from 1996 to 2007 was compared with the PbB levels for males and females in the 2012
study group. The mean PbB level for the combined 1996-2007 cohorts of 30.5 ug/dl (SD:
22.7; median: 19.6; range: 2.1-79.9) for the males (N = 42) was not significantly different
from the mean PbB level of 22.9 ug/dl (SD: 18.6; median: 17; range: 2—-80.7) for the 103
females. Similarly, the mean PbB level of 29.3 ug/dl (SD: 18.4; median: 29.5; range: 2-57)
for the males tested in 2012 was not significantly different from the mean PbB level of 19
ug/dl (SD: 14; median: 15; range: 2-50) for the females examined in 2012.

The current ZPP levels (2012) were compared with ZPP levels obtained on cohorts of adults
tested in 2006 and in 2007. These ZPP results are displayed in the box plots of Figure 2A.
For comparative purposes, the PbB levels for the same period are shown in Figure 2B. The
mean ZPP/heme ratio for the 2012 cohort was 134.2 umol/mol (SD 106.3; median: 80;
range: 28— 377), and the mean ZPP WB level was 61.6 pg/dl (SD 47.6; median: 38; range:
18-171). These mean values were higher than the normal reference range for ZPP/heme
(30-70 pmol/mol), and for ZPP WB (15-36 pg/dl). The mean ZPP/heme ratio of 134.2
umol/mol observed in the 2012 study group was not significantly different from the mean of
128.4 pmol/mol (SD 112.5; median: 85; range: 41-470) measured in the study area in the
2006 cohort, nor significantly different from the mean of 103.3 pmol/mol (SD: 49.7;
median: 79; range: 53-188) found in the 2007 cohort. Similarly, the PbB levels shown in
Figure 2B for the 2006, 2007 and 2012 cohorts were not significantly different from each
other.

The mean ZPP/heme ratio for the males in the 2012 study group was 146.9 pmol/mol (SD:
109.9; median: 111; range: 41— 377), and the mean for the females was 127.2 umol/mol
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(SD: 105.8; median: 77; range: 28— 376). The difference in the ZPP/heme ratio between
males and females was not statistically significant. Spearman rho correlation analyses
showed significant associations between ZPP/heme ratio and PbB levels for the 2006 cohort,
the 2007 cohort, and the current 2012 group. When the 2006, 2007 and 2012 groups were
combined (N = 72), a significant correlation coefficient of .687 between ZPP/heme ratio and
PbB level was obtained.

The mean ZPP WB for the 2012 study group was 61.6 pg/dl (SD: 47.6; median: 38; range:
18 — 171), compared with a mean of 58 pg/dl (SD: 50.9; median: 39; range: 19-213) for the
2006 cohort, and a mean of 46.7 pg/dl (SD: 22.6; median: 35.5; range: 24— 85 ug/dl) for the
2007 cohort. The differences between the ZPP WB levels of the 2006, 2007 and the 2012
cohorts were not statistically significant. The mean ZPP WB for the males was 66.5 pg/dl
(SD: 49.9; median: 50; range: 19— 171), and for the females, 58.8 ug/dl (SD: 47.1; median:
36; range: 18— 170). The difference in ZPP WB between males and females was not
statistically significant. Further statistical analysis was not performed on the ZPP WB data
since the ZPP/heme ratio is essentially a reflection of the ZPP WB data, as indicated by a
near perfect correlation coefficient of .953 between ZPP/heme and ZPP WB.

Figure 3A, B shows a comparative sample of matched (same) individuals tested previously
(between 1996 and 2007) for PbB and ZPP/heme levels in the same Pb-contaminated
communities that comprised the study area, and who were re-examined in 2012. For PbB
comparisons (Figure 3A), 19 matched cases are presented, and for the ZPP/heme
comparisons (Figure 3B), 8 matched individual participants are presented. The individual
data points shown in Figure 3 illustrate that while the PbB and ZPP levels declined for some
participants in the current test period, other individual’s PbB and ZPP levels were generally
unchanged. One participant exhibited a marked increase in the current PbB level.

DISCUSSION

This study investigated the current levels of Pb exposure as indicated by PbB and ZPP levels
in Andean adults living in communities with a history of environmental Pb contamination
from a local Pb-glazing cottage industry, and compared the findings with previous PbB and
ZPP levels observed in inhabitants of the same study area. Previous investigations in the
study area by the authors showed high levels of Pb poisoning in both children and adults.
The results of this study showed that the overall PbB levels in adults decreased from a mean
PbB level of 37.9 pg/dl in a 1996 cohort to 22.7 pg/dl in 2012. The 22.7 ug/dl for the 2012
cohort is less than the 25pg/dl reference level for elevated PbB in adult workers in the U.S.,
and the 31ug/dl (1.5 umol/L) reference level used in Canada (Saskatchewan Ministry of
Labour Relations and Workplace Safety 2013). If the U.S. Occupational Safety and Health
Administration’s (OSHA) criterion of removing a worker from further Pb exposure when
the PbB level is equal to or greater than 50-60 pg/dl is used (Tak et al. 2008), then only
three of the participants in the 2012 cohort of the current study would require removal from
the work site. However, according to the CDC, the reference level of = 25 pg/dl for Pb-
exposed adults underestimates the adverse health effects of occupational Pb exposure,
because Pb toxicity may occur as low as 5 pg/dl. Further, the U.S. Healthy People 2020
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Public Health Initiative has as one of its objectives reducing the prevalence of adults with
PbB level > 10 ug/dl (CDC 2011).

The maximum PbB level observed in the adult participants living in the Pb-contaminated
study area in 1996 was approximately 81 pg/dl, compared to 57 pg/dl in the current cohort,
suggesting that there are fewer adults currently in the study area with severe Pb intoxication.
When the PbB data were tracked on a yearly basis, it was found that after an initial decline
from 1996 to 1997, the PbB levels remained relatively constant from 1997 to 2006. There
was, however, a noticeable increase in PbB levels in the 2007 cohort, but this may be a
function of the small number of participants in this cohort. The significant rise in PbB levels
from 2003 to 2007 may reflect an associated escalation in Pb-glazing activities in the study
area during this period, and thus greater occupational Pb exposure. The reduction in PbB
levels from 2007 to 2012, although not statistically significant, suggests a declining trend in
Pb-glazing activities in the study area. Moreover, fewer Pb acid storage battery casings were
observed in the study area during the current investigation, which is consistent with the
declining trend in Pb-glazing activities. The lower PbB levels observed in 2012 appear to be
associated with the introduction of new Pb-baking kiln technology in the study area, as well
as current observance of the principles of our previously introduced Pb-exposure education
and prevention program (Counter et al. 1997; 2003). The authors have previously
demonstrated empirically that the Pb-exposure education and prevention program has been
effective in reducing PbB levels in children in the study area (Counter et al, 2003). The
observation that PbB levels of men and women living in the study area were not
significantly different is not an unexpected finding, since historically both men and women
in these Andean communities actively engage in Pb-glazing activities that place them at
equal risk for Pb exposure.

ZPP levels, an indication of deleterious Pb effects on the erythrocytic enzyme
ferrochelatase, were obtained on cohorts of men and women in the study area in 2006, 2007
and 2012. The ZPP levels of the participants were markedly elevated for each year,
indicating chronic Pb exposure in adults residing and working in the study area. In 2006,
56.5% of the adults examined had ZPP/heme levels above the normal range; in 2007, 80%
of the participants were above the normal range; and in 2012, 56.4% of the adults had ZZP/
heme levels above the normal range. These results indicate that a majority of the adults
continue to show evidence of prolonged Pb exposure with adverse effects on the
hematological system, as evidenced by the elevated ZPP/heme levels over a period of
several years.

In conclusion, the current elevated PbB levels observed in Andean Ecuadorian adults living
in communities with high Pb-contamination from a Pb-glazing cottage industry continues to
pose a significant health risk. It should be noted that this study was conducted in the field,
with its attendant challenges and constraints, including logistics of field testing, observation
of local cultural customs, participants’ work schedules and availability, which in some years
accounted for the relatively small number of participants examined. Although these factors
may impose certain limitations on the interpretation of data, the findings of this study clearly
demonstrate the patterns of Pb exposure during the years of monitoring. This study did not
examine potential confounders, such as smoking, or alcohol consumption, since these habits
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were not found to be prevalent among the participants in the study areas, and because this
study focused on tracking or monitoring the changes in PbB and ZPP levels over a period of
years. There was no indication of confounding factors, including biomedical variables that
would impact the PbB and ZPP levels observed in this study. Further investigation in the
study area is necessary to determine the possible adverse neurological, neurocognitive and
other medical outcomes associated with the Pb exposure found in this population.

The participants in this study were informed of their Pb exposure and counseled regarding
the health implications of their PbB levels. The participants with elevated PbB levels were
referred to local health authorities for medical intervention where appropriate. In addition, a
community-wide meeting, which included Pb-glazing workers and their families, regional
health authorities, and representatives from the Ecuadorian Ministry of Health was held in
La Victoria Centro to further apprise the community of the hazards of Pb exposure, and re-
emphasize prevention of Pb poisoning. It is important that the PbB levels of the adult Pb-
glazing workers and their families be continually monitored and managed to reduce the
health risks of Pb exposure. Specific prevention and management procedures have been
proposed in earlier reports (Counter et al. 1997; 2000; Kosnett et al. 2007).
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Figure 1.
Box plots showing blood lead (PbB) levels over time for the years 1996 (N = 41), 1997 (N =

25), 1998 (N = 32), 2003 (N = 14), 2006 (N = 23), 2007 (N = 10) and 2012 (N = 39) for
cohorts of Andean Ecuadorian adults living in Pb-glazing communities. No PbB tests were
performed in the intervening years not listed in the figure. The boxes contain individual PbB
levels between the 25th and 75th percentiles. The horizontal lines inside the boxes represent
the 50th percentile. The small horizontal lines above the boxes represent the 90th percentile,
and the small horizontal lines below the boxes represent the 10th percentile. The individual
data points represent cases above the 90th percentile and below the 10th percentile. *The
interpretation of the box plot for the 2007 group should be made with caution because of the
small number of participants (N =10).
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Box plots comparing zinc protoporphyrin/heme ratios (ZPP) (A) and blood lead (PbB) levels
(B) observed over three years (2006, 2007 and 2012) in adults living in Pb-glazing
communities in the Andes Mountains of Ecuador. See Figure 1 legend for a description of
the box plots. *The interpretation of the box plot for the 2007 group should be made with
caution because of the small number of participants (N =10).
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Figure 3.
Comparison of previous (1996-2007) blood lead (PbB) levels (A) and zinc protoporphyrin/

heme (ZPP) ratios (B) with current (2012) PbB and ZPP/heme levels in matched (same)
individual Andean Ecuadorian adults living in Pb-glazing communities. For PbB
comparisons (A), 19 matched cases are presented, and for the ZPP/heme comparisons (B) 8
matched individual participants are presented.
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