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Abstract: Chronic kidney disease of non-traditional origin (CKDnt) in Central America, also known
as Mesoamerican Nephropathy (MeN), is of particular concern in agricultural populations. The
member states of the Central American Integration System (SICA) determined in 2013 that there
was an imperative need to address the situation in a comprehensive manner and defined policies
for the intervention of the disease. A situation that currently worries health authorities is that cases
are on the rise—without distinguishing or implementing effective actions to achieve a decrease in
disease prevalence. The incidence of heat and strenuous activities on renal health is undeniable;
however, labeling these variables as the only responsible causes for MeN has not catalyzed the
implementation of health measures to lead to a preventive approach to solve the epidemic or to
achieve a decrease in the number of new cases. This review addresses the role nephrotoxic metals
present in the environment, mainly in soils and water, may have as part of a scenario of exposure to
environmental toxins in which environmental, occupational, geographic and population variables
interact. An integral approach was used to encompass the multicausality that is attributed to MeN
and based on the multidisciplinary concept of the re-emerging discipline called medical geology.

Keywords: Mesoamerican nephropathy; chronic kidney disease of non-traditional; nephrotoxic
metals; medical geology; exposure scenario

1. Introduction

People affected by a type of nephropathy who do not present the risk factors or usual
comorbidities for chronic kidney disease (CKD) have been reported in very specific areas
of Mesoamerica (south of Mexico through Panama); comorbidities include diseases such as
diabetes and uncontrolled hypertension, among others [1,2]. The official statistics show
the existence of defined areas with similar characteristics in all countries of Mesoamerica;
non-traditional kidney disease was originally known as MeN [3], which today has reached
epidemic proportions, with a serious impact on Central American communities, and
overburdens health systems [4]. In addition, atypical cases of CKD have been observed
with similar characteristics in the north of Sri Lanka and Andhra Pradesh, India [5,6]. The
Pan American Health Organization (PAHO) in their book “Epidemia de Enfermedad Renal
Crónica en comunidades agrícolas de Centroamérica” [7] summarized the situation as
follows: “Over the last four decades, a growing number of young persons, in clusters of
socially vulnerable, farming communities of different Central American countries, have
shown a serious form of kidney failure of uncertain etiology, referred to as CKDnt” [3].
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A study by Wesseling et al. (2015) found that the mortality increase from CKD in Costa
Rica occurs mainly in the province of Guanacaste and was already present four decades
ago among men, that is, since the 1970s (this coincides with the beginning of the statistical
collection of data by the Health Ministry of Costa Rica) [8]. The prevalence of the disease is
higher in dry, hot areas of low elevation, with extensive agricultural production, especially
sugar cane; such cases are consistent with an occupational component [8,9]. At present,
however, these statements have been questioned by some authors in recent research [10,11].

Similarly, recent investigations have identified that this disease is not limited to af-
fecting or appearing in agricultural communities’ workers [12], as noted by Cerón et al.
(2021) [13], who report MeN in children and women who are not related to agricultural
activities or submitted to thermal stress conditions or repetitive dehydration. Other authors
have reported that MeN can have multifactorial etiology [11,14,15]. Even today, the scien-
tific community has not reached a solid consensus on the causal factors on the development
of this disease [14,15].

1.1. Known Etiology of MeN

The first investigations into MeN’s etiology propose an extensive list of possible trig-
gering factors, among which are occupational, toxic, genetic and metabolic factors [9]. Social
and population determinants associated with those affected and areas of high prevalence
have also been identified [2]. After over two decades of thorough research on MeN, to date
there is no strong evidence allowing for a “single” etiological consensus [16]; nonetheless,
the information generated over the last years on possible causes of MeN has narrowed
the initial list, and recent information supports the hypothesis that the disease is related
to direct nephrotoxic agents among which are included toxins such as heavy metals or
metalloids: arsenic, cadmium, mercury, lead and vanadium which may be present in envi-
ronmental matrices like air, water and soil; these may enter the human body where they
find affinity with certain molecules and target organs, causing chronic effects affecting the
kidney’s functionality [17,18]. The nephrotoxic effect of these metals may be potentiated
by a triggering factor such as thermal stress and repetitive dehydration [19,20], which are
favored by environmental conditions characteristic of high MeN prevalence areas and may
result in a multi-causal disease. High environmental temperature, strenuous work, hydra-
tion deficiencies and lack of clear policies for the early management of the disease cause
identification of the affected persons to be acknowledged belatedly by health authorities.

In general terms, medical geology is understood as the science dealing with the rela-
tionship between natural geological factors and their repercussion on people’s health [21].
The medical geology field of action is interdisciplinary and transdisciplinary, shared with
diverse specialties such as medicine, geology, chemistry, meteorology, epidemiology, envi-
ronmental biochemistry and toxicology, among others [22]. By analyzing MeN and focusing
on medical geology, we can explore the potential relationships between nephrotoxic heavy
metals and disease in a geological setting. This includes considering the origin, distribution,
mobility and contact with human populations, as well as their effects and mechanism of
action. The relationship between geological, environmental aspects and human health
is complex and spurs multiple perspectives [23]; medical geology, however, offers tools
enabling the comprehensive analysis of environmental toxins regarding the origin, mobility,
exposure, contact with human beings and their toxicologic action mechanism [24], all of
which may be related to a space defined as an “exposure scenario.” In this review, we
emphasize the documentary analysis of low-dose heavy metals as toxic agents associated
with MeN.

1.2. Geographical Characteristics

MeN occurs in a differentiated manner on the Pacific Coast of Mesoamerica, as noted
in Figure 1. The areas identified have common characteristics, such as geographic location
in low-elevation areas (≤500 masl) and towards the Pacific basin, presence of the disease
with greater prevalence in communities with warm climates, and most of the affected
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work being in open space scenarios, mainly agricultural activities. The zones with greater
incidence of MeN are found in very specific areas of low elevation above sea level, suggest-
ing the relevance of a multidisciplinary approach, not underestimating the influence of
environmental and geographical variables; therefore, it should be studied jointly by other
disciplines such as atmospheric dynamics and environmental medicine.
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Figure 1. Zones of high prevalence of MeN in Mesoamerica. Modified from (COMISCA, 2013 and
Rotter & Trabanino, 2018) [25,26].

2. Characteristics of the Disease

Confirmation of MeN cases takes into account patients with kidney function outside of
normal parameters (according to KDIGO categories) residing in Mesoamerica [6] and also
presenting the following clinical profile: “Patient 10 to 60 years-old with GFRe (Based on
CKD-EPI), of three months, (which may be retrospective, based on prospective or medical
history since the first determination), GFR under 60 mL/min/1.73 m2 with functional
or structural kidney damage (as is microalbuminuria or urinary sediment) in two deter-
minations with at least three months between them; generally without the presence of a
history of diagnostic of traditional chronic kidney disease (diabetes, arterial hypertension,
lupus, hereditary nephropathy, autoimmune disease, obstructive uropathy, hypertensive
cardiopathy, hypertensive chronic nephropathy, cardiopathy, congenital malformations,
polycystic kidney disease, sickle-cell disease, vasculitis and myeloma), or the presence of
acute kidney injury shown at the moment of diagnosis” [27].

MeN is considered, as well as other forms of CKD, as silent and asymptomatic in its
first stages, only manifesting with typical symptoms in the advanced state of the disease,
such as in stages G-4 and G-5 (as per KDIGO categories) [9]. However, it is common that
in the early stages of the disease, patients report paroxysmal muscular weakness related
to hypocalcemia events, associated with physical work or with hyponatremia, as well as
aseptic dysuria, associated with possible urate crystals passing to the urine [6]. The main
clinical characteristics of MeN are summarized in Table 1.



Geosciences 2023, 13, 360 4 of 12

Table 1. Main Clinical Characteristics of MeN.

Stage or Phase Characteristics

Early phase

(G-1, G-2 and G-3a) as per KDIGO

Biomarker serum cystatin C *

Variable low or absent proteinuria

Normal or slightly elevated blood pressure

Normal glucose levels

Presence of arthralgia or joint pain associated to physical activity

Presence of asthenia or general weakness associated to physical
activity with episodes of aseptic dysuria

Presence of fibrosis and variable degrees of glomerulosclerosis (only
in some cases)

Late phase

(G-3b, G-4 and G-5) as per KDIGO

Normal or elevated blood pressure and normal glucose levels

Urate crystals observable on the microscope

Progressive decrease of kidney size

Tubular atrophy

Presence of fibrosis and variable degrees of glomerulosclerosis

Presence of low molecular weight proteins (N-GAL, King-1)

Tubular and interstitial damage site

Microproteinuria (N-GAL, King-1)

Affected glomerular function
Source of data: (García-Trabanino et al., 2017; Arici, 2014; Wijkström et al., 2017) [9,28,29]. Early marker of renal
injury *.

The serum cystatin C has been well established as an early and accurate biomarker of
CKD that is particularly helpful in patients for whom creatinine is an inadequate marker or
for whom more cumbersome methods of glomerular filtration rate (GFR) measurement are
impractical [30].

To locate MeN in an exposure scenario, we begin by highlighting the situation in
Central America. This narrow strip of land belongs to a zone called the Pacific Ring of Fire,
which extends over 40,000 km (25,000 miles) and is horse-shoe shaped, with 452 volcanoes,
which constitute around 75% of the active and inactive volcanoes worldwide [31]. This area
likewise concentrates the population of the Pacific basin, representing one third of the total
surface where over 70% of the agricultural activity of Central America is concentrated [32].
Since our subject of study is associated with agricultural areas related to the Pacific coast,
the dynamic analysis to be established becomes relevant in these zones regarding toxic
metals contained in these soils with volcanic activity, although with relatively low contents
of heavy metals or within the permissible levels, which may enter the human body by
inhalation or by ingestion, adequately called accidental geophagy [33]. Concentrations of
heavy metals of volcanic origin have been isolated and quantified in soil and respirable
dust from areas of high CKD prevalence in Costa Rica [34,35]. The winds in these areas,
which often include wind farms, can reach high speeds [36].

The origin of heavy metals in soils derives from the earth’s crust’s composition being
expelled and exposed to the environment by natural processes like volcanic activity, erosion
and weathering of the rocks [37]. Once they are released to the environment, they are
persistent, and through biological processes they bioaccumulate and biomagnify. This
same situation takes place at the human metabolism level, where, once toxins enter the
body, their excretion is difficult with a tendency to bioaccumulation. In addition to being
naturally present in soils, these metals may be part of some agrochemicals’ formula, be used



Geosciences 2023, 13, 360 5 of 12

in agriculture and follow the route of metals of natural origin until reaching human con-
tact [38]. Risk factors for MeN which may influence the exposure scenario are summarized
in Figure 2.
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Due to the volcanic nature of the region, the soils in this area are known to be rich
in heavy metals such as arsenic, lead, cadmium, vanadium and mercury, which can have
harmful effects on the kidneys [39,40]. These toxins can be exposed to the environment
through natural or anthropogenic processes such as mining, agriculture or erosion.

The metals exposed in the soils can be mobilized by runoff of surface water or ground-
water, contaminating the soil, aquifers and even water sources for human consumption
on their way [37]. These toxins may be transported in water as an integral element of
suspended solids or dissolved; toxins in water have the greatest toxic capacity [41].

Land topography, wind speed and wind direction have an important role in the
transport and mobilization of nephrotoxic metals. This is particularly important if there
are settlements located in the movement’s direction. Particulate material of natural or
anthropogenic origin with heavy metals is easily transported over hundreds and thousands
kilometers from their point of origin [37]. For example, in Central America, areas of
high MeN prevalence have areas of high wind traffic associated with wind farms, which
facilitates the movement of particles through the air region [42]. The annual entry of
dust waves from the Sahara desert has been reported, known as “Sahara Dust”, causing
an increase of particulate material in suspension levels (PM) [43,44]. The presence of
cadmium, arsenic, vanadium and mercury has been reported in this dust [45]. A recent
study quantified 204 ± 2 mg/kg of lead in a sample of this dust collected in Costa Rica in
June of 2020 [35]. The presence of this environmental phenomenon represents an increased
risk for people already exposed to adverse local conditions; such dust movement for the
Central American area is favored by the displacement originating in the Intertropical
Convergence Zone, determining air movement with certain characteristics of humidity and
temperature [46].

3. Contact of Heavy Metals with Human Beings

Heavy metals are chemical elements with atomic mass >20 of metalloid or metallic
nature [47] and considered toxic for human beings and the environment [48]. Likewise,
nephrotoxic metals have the capacity of causing damage to kidney function. The most
common of these metals in soils are cadmium, chromium, arsenic, mercury, lead, copper
and zinc [47].
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The oral and respiratory pathways represent the most important routes for entry of
metals into human beings [49]; however, the oral pathway is most important because of
its quick and efficient absorption in the mucous membrane, where toxins may pass to the
bloodstream and from there to different body organs, including the kidneys [50].

Factors such as temperature and environmental humidity, the concentration of the
toxin, the chemical species, mobilization route (water or air), the route of entry to the
body and host susceptibility are variables influencing and determining the toxic contact
effects on people [51]. This contact, even at very low concentrations or exposure levels, is
considered a risk factor for causing functional or structural damages in organs such as the
kidney [16]. Bioaccumulation of these heavy metals leads to a diversity of toxic effects in a
variety of body tissues and organs. Metals such as arsenic, lead, cadmium and mercury are
systemic poisons which, among their toxicologic characteristics and nephrotoxic capacities,
can contribute to CKDnt [15,39,52].

The described damages of nephrotoxic metals to cells include the generation of free
radicals, such as reactive oxygen species (ROS), intervening into nucleic acids by inactivat-
ing DNA repair; lipid peroxidation at cell membranes’ level and proteins’ level; inactivation
of enzymes and conformational changes and neuronal damages as well. All this occurs even
at low ingestion doses [53]. These metals can interrupt cellular events, including growth,
proliferation, differentiation, repair processes of damages and apoptosis [17]. From the
study of the action mechanisms, a weakening of antioxidant cellular defenses, enzymatic
inactivation and oxidative stress are also revealed; some of them have selectivity to specific
macromolecules’ bonds. Cadmium and arsenic, for example, cause genomic instability
and defects in DNA repair [17]. Epigenome defects have been described after contact with
arsenic at low doses (even close to the maximum permissible) and associated with pre
and perinatal exposure [54]. A diagram of the interaction of cellular damages is shown in
Figure 3. Damage to the kidneys produced by heavy metals is varied and described below.
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3.1. Arsenic

The toxicity of arsenic depends not only of the concentration but also its chemical
species [55]. This metalloid can exist organically and inorganically and is considered
one of the most toxic elements; it is found associated with the soil, and its inorganic
form is more toxic than its organic form [56]. The inorganic form (iAs) predominates
in natural environments, such as soil and groundwater [57]; this increases the risk of
producing toxic effects, particularly at low doses for chronic exposure. A large percentage
of absorbed arsenic is filtrated in the kidneys. Therefore, this organ becomes an important
site for the bioaccumulation of this metal [58]. Arsenic may cause serious health problems;
among them, some are noteworthy for their severity and carcinogenic processes in diverse
organs, including bladder and kidney cancer [59]. One of the ways arsenic causes injury
is through the inhibition of mitochondrial enzymes leading to a deterioration of cellular
respiration [60]. It has been shown in toxicological studies with animal models that arsenic
induces a continuous inflammatory response in liver and kidney [61].

3.2. Lead

Lead is found naturally in matrices such as water, soil and air both in organic and
inorganic form [62]. Lead compounds have affinity for diverse soft and hard organs
including the kidneys [63]. The toxic dose determines the effects, which are usually
limited and reversible. However, chronic intoxications sustained for long periods with
accumulative processes because of prolonged exposure can finish as a serious condition
due to the development of renal fibrosis, resulting in an irreversible renal disease [62]. This
metal mainly affects the proximal tubules [64]. Within the toxicity mechanisms induced by
lead, oxygen reactive species generation has been noted (ROS), which is key in structural
disruption and the chromosomic sequence; it can also interrupt transcription processes by
replacing zinc in regulatory proteins [53].

3.3. Cadmium

The use of this metal in agricultural supplies may expose water for human consump-
tion and soils to toxic levels [58,65]. There is evidence showing the presence of unexpected
damage on people’s health due to minimum levels of cadmium exposure within the al-
lowed values [66]. In humans, this metal can produce kidney disease at relatively low
concentrations considered chronic, low dose intoxication [41].

3.4. Mercury

Mercury, like other heavy metals, is found naturally on the earth’s crust. It generally
enters the environment through rock weathering by natural processes and eventually
contaminates aquifers and soils, coming into contact with human beings [67]. Humans are
rarely exposed to high concentrations of mercury and acute effects are rare, except for those
caused by industrial accidents [68]. Kidneys and the brain are the main target organs for
mercury; in the kidney, mercury may be stored, producing renal damage [69].

3.5. Vanadium

Vanadium, like other heavy metals, is widely distributed in the environment [70] and
occurs naturally in variable concentrations in matrices such as soil and water [71]. When
of natural origin, it is mainly a product of volcanic activity and soil erosion [72]. In vitro
studies have shown that vanadium acts as a phosphate analog and, as such, interferes
with various ATPasas, phosphatases and phosphate transfer enzymes; at high concen-
trations, it has been shown that vanadium inhibits Na + K + ATPasa, Ca2 + ATPasa, H
+ K + ATPasa, K + ATPasa, Ca + MgATPasa, dyneinATPasa, actomyosinATPasa, alka-
line and acid phosphatases, glucose-6-phosphatase, ribonuclease, phosphodiesterase and
phosphotyrosilphosphatase [73].



Geosciences 2023, 13, 360 8 of 12

3.6. Silica

Exposure to silica concentrations has been related to an increased risk of developing
chronic kidney disease [74,75]. Noticeable in zones of high MeN prevalence are the vast
extensions of agricultural areas, especially sugar cane. In some countries of the area,
including Panama, Costa Rica, Nicaragua and El Salvador, prior to cutting sugar cane, the
plantations of sugar cane are burned, causing air movement with small particles known as
“fly-ashes”. These fly-ashes are parts of the cane’s foliage that have silica residues, which
are considered to increase the risk of developing kidney disease [76]. The ash is usually
transported by the wind over long distances, arriving at communities and homes and even
being ingested by people as they fall on water or foodstuffs. The occupational risks of
the sugar cane industry are high throughout the cultivation cycle; however, they increase
during harvesting due to the high intensity of work and the arrival of many temporary
workers prompted by internal and international migrations, as is the case of Nicaraguan
workers migrating to Costa Rica (the sugar cane plantations in the north zone) [77]. A
reduction in the renal function of sugarcane cutters during the harvesting stage has been
documented, as well as differences related to the type of work [78]. One of the major
problems in agricultural workers is the thermal stress to which they are exposed and which
is associated with insufficient hydration [79].

4. Chronic Effect of Nephrotoxic Metals at Low Doses

It is known that acute and chronic intoxication produced by heavy metals has the
capacity to produce renal damage. The seriousness of the damage and the type of injury
largely depend on the toxic species and the metal’s toxicokinetics [18].

Low concentrations of metals such as lead, mercury and cadmium cause a renal
disfunction known as de Fanconi syndrome, characterized by an increase of protein levels,
glucose and amino acids in urine, as well as a glomerular filtration rate reduction for a
defect on the proximal tubular function [18]. For example, health effects related to arsenic
in human beings are associated with the process of biotransformation, even at the lowest
doses allowed in water (10 µg/L); this occurs because of the action of metabolites resulting
in molecular damage induction accumulating over time. The effects derived from these
alterations include genomic instability associated with oxidative damage, alteration of gene
expression (including coding and non-coding RNA), localized epigenetic reprogramming
and histone post-transduction modifications [54]. These alterations directly affect the
molecular pathways involved in the beginning and progression of many conditions which
could take decades after the exposure. It is important to mention that arsenic metabolites
generated during their biotransformation can also cross the placental barrier resulting
in fetal exposure to this toxin at similar levels as the mother’s level. As such, the more
immediate effects to the molecular damage induced by arsenic can be observed as adverse
effects on fetal development and pregnancy [54].

5. Conclusions

The geographic location of the areas with high incidence of MeN in Central America
has a cause which is not easily explained. Within the regions with high and low prevalence
of MeN, there are similar environmental, geographic and occupational characteristics. This
means that some workers in warm and low altitude areas with extensive agriculture are
not affected by MeN even though they have the same burden of physical exertion and high
environmental temperature.

The nephrotoxic properties of arsenic, lead, mercury, cadmium, vanadium and silica,
as well as the additive effect among them, have been widely documented and have been
related to cases of chronic kidney disease of non-traditional causes; however, the analysis
of these toxicants in relation to MeN has not been exhaustive, provoking a search for a
direct relationship between toxicants and the presence of the disease.

We propose an analysis that considers: (a) analysis of the toxicants in soil and water:
including concentration, chemical species, levels of exposure and route of entry into the
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organism; (b) environmental and geographical factors, such as ambient temperature, rela-
tive humidity, meters above sea level and atmospheric movement of particles in a defined
geographical area; and (c) patient-related factors, such as family genetics, nutrition and
general health status. An integral analysis of these variables under the same exposure
scenario will allow us to evaluate the contribution of all these factors and to explain why
cases occur in a certain geographical area and not in others with similar characteristics.

Controlling MeN has many pending tasks, and one of the important aggravating
factors is that the lesions to the kidney are irreversible. In some patients in early stage 1 or
2 and with appropriate intervention, patients can maintain their renal function and have a
good prognosis for life; unfortunately, the later the diagnosis, the lower the life expectancy
for those affected. Most of the time the diagnosis is made at stage 4 or 5 when renal viability
is compromised and progression to advanced CKD is imminent.
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K.; Marchelek-Myśliwiec, M.; Kalisińska, E. The Concentration of Vanadium in Pathologically Altered Human Kidneys.
Biol. Trace Elem. Res. 2017, 180, 1–5. [CrossRef]

74. Ramadan, M.A.; Abdelgwad, M.; Fouad, M.M. Predictive Value of Novel Biomarkers for Chronic Kidney Disease among Workers
Occupationally Exposed to Silica. Toxicol. Ind. Health 2021, 37, 173–181. [CrossRef]

75. Vupputuri, S.; Parks, C.G.; Nylander-French, L.A.; Owen-Smith, A.; Hogan, S.L.; Sandler, D.P. Occupational Silica Exposure and
Chronic Kidney Disease. Ren. Fail. 2012, 34, 40–46. [CrossRef]

76. Pérez, J.J.B.; Rincón, C.R.; Rodríguez, L.C. Inhalación de sílice y sus efectos en la salud. Pneuma 2012, 8, 16–23.
77. Organización Iberoamericana de Seguridad Social. Informe de La Situación de Estrategia Iberoamerican de Seguridad y Salud

En El Trabajo. 2015–2020, 2015. Available online: https://oiss.org/estrategia-iberoamericana/publicaciones (accessed on
2 January 2023).

78. Laws, R.L.; Brooks, D.R.; Amador, J.J.; Weiner, D.E.; Kaufman, J.S.; Ramírez-Rubio, O.; Riefkohl, A.; Scammell, M.K.; López-Pilarte,
D.; Sánchez, J.M.; et al. Changes in Kidney Function among Nicaraguan Sugarcane Workers. Int. J. Occup. Environ. Health 2015,
21, 241–250. [CrossRef]

79. Wesseling, C.; Crowe, J.; Peraza, S.; Aragón, A.; Partanen, T. Trabajadores de la Caña de Azúcar; OISS: Houston, TX, USA, 2014.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3109/1547691X.2013.789940
https://doi.org/10.1021/es8021667
https://doi.org/10.1007/s12011-017-0986-2
https://doi.org/10.1177/0748233721990304
https://doi.org/10.3109/0886022X.2011.623496
https://oiss.org/estrategia-iberoamericana/publicaciones
https://doi.org/10.1179/2049396714Y.0000000102

	Introduction 
	Known Etiology of MeN 
	Geographical Characteristics 

	Characteristics of the Disease 
	Contact of Heavy Metals with Human Beings 
	Arsenic 
	Lead 
	Cadmium 
	Mercury 
	Vanadium 
	Silica 

	Chronic Effect of Nephrotoxic Metals at Low Doses 
	Conclusions 
	References

