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ABSTRACT

In a recent issue of Clinical Kidney Journal (CKJ), Gutierrez-Pe~na et al. reported a high incidence and prevalence of advanced
chronic kidney disease (CKD) in Aguascalientes, Mexico. This contradicts Global Burden of Disease estimates, which should
be updated. A key component of this high burden of CKD relates to young people ages 20–40 years in whom the cause of
CKD was unknown [CKD of unknown aetiology (CKDu)]. The incidence of kidney replacement therapy in this age group in
Aguascalientes is among the highest in the world, second only to Taiwan. However, high-altitude Aguascalientes, with a
year-round average temperature of 19�C, does not fit the geography of other CKDu hotspots. Furthermore, kidney biopsies
in young people showed a high prevalence of focal segmental glomerulosclerosis. Potential causes of CKDu in
Aguascalientes include the genetic background (no evidence, although podocytopathy genes should be explored) and
environmental factors. The highest prevalence of CKD was found in Calvillo, known for guava farming. Thus guava itself,
known to contain bioactive, potentially nephrotoxic molecules and pesticides, should be explored. Additionally, there are
reports of water sources in Aguascalientes contaminated with heavy metals and/or pesticides. These include fluoride
(increased levels found in Calvillo drinking water) as well as naturally occurring arsenic, among others. Fluoride may
accumulate in bone and cause kidney disease years later, and maternal exposure to excess fluoride may cause kidney
disease in offspring. We propose a research agenda to clarify the cause of CKDu in Aguascalientes that should involve
international funders. The need for urgent action to identify and stem the cause of the high incidence of CKD extends to
other CKD hotspots in Mexico, including Tierra Blanca in Veracruz and Poncitlan in Jalisco.
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CKD HOTSPOTS AND CKDu

In 2014, a Clinical Kidney Journal (CKJ) manuscript first defined
chronic kidney disease (CKD) hotspots as countries, regions,
communities or ethnicities with an incidence of CKD higher

than average [1]. Since then, the term has been popularized,
as it may provide information leading to identification of causa-
tive agents that explain the high incidence of CKD in certain
communities. Earlier, a novel form of CKD of uncertain
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aetiology (CKDu) was described in several subtropical regions
and first named as such in Sri Lanka, although in Central
America it was known as Mesoamerican nephropathy [2, 3].
Although Mesoamerican nephropathy was initially described in
sugarcane workers and thought to be an occupational disease,
children residing in regions of Nicaragua at high risk for
Mesoamerican nephropathy may experience subclinical kidney
injury prior to occupational exposures [4]. Indeed, a systematic
review and meta-analysis not only showed an association with
male gender, water intake and lowland altitude, potentially
reflecting higher temperatures and agricultural work as drivers,
but was also associated with a family history of CKD, potentially
implying a genetic background or common intrafamilial expo-
sure [5, 6] (Figure 1). Moreover, a high water intake may repre-
sent a risk if such water is contaminated. However, there were
no significant associations with pesticide exposure, non-
steroidal anti-inflammatory drugs intake, heat stress or alcohol
consumption.

EPIDEMIOLOGY OF CKD IN MEXICO

Mexico is among the countries with the highest incidence and
prevalence of CKD. According to the Global Burden of Disease
(GBD) database 2019, the incidence of CKD is 457/100 000 and
the prevalence is 13 017/100 000. The states with the highest
prevalence and incidence in 2019 were Mexico City, Veracruz,
Morelos and Tamaulipas [7] (Table 1). The annual increase in
mortality rate due to CKD reported by the GBD from 1990 to
2019 was 4.85%/year [7]. Diabetes and hypertension, two of the
main diagnosed causes of CKD, are highly prevalent in Mexico.
According to data from the 2018 National Health and Nutrition
Survey, 10.3% of the population �20 years of age reported a di-
agnosis of diabetes and 18.4% of hypertension [8].

Mexico has no centralized national registry for kidney
disease. Epidemiological data on patients with CKD receiving
medical attention in health systems showed a male:female
ratio of 1.2:1.0, with a mean age of 60 years [11]. Jalisco kidney
replacement therapy (KRT) data are the most widely known
internationally and have long been part of the US Renal Data
System (USRDS) international comparisons [12]. The KEEP
Mexico study from Mexico City and Jalisco found 7% of
patients in CKD category G1, 8 and 16% in G2, 6 and 9% in G3
and 1% in G4–5, respectively [13]. Primary causes were diabe-
tes mellitus (DM; 53%), hypertension (34%), glomerular dis-
ease (7%), polycystic kidney disease (2%), inborn disease (2%)
and others (2%) [11]. Strikingly, CKDu apparently accounted
for <2% of patients with CKD. KRT by dialysis mainly involves
peritoneal dialysis (PD; 59%, of which 27% corresponds to am-
bulatory PD and 32% of continuos ambulatory PD) and

haemodialysis (41%) [14]. The states with the highest rates of
transplant were Mexico City, Jalisco, Aguascalientes, San Luis
Potosi and Coahuila.

CKDu IN MEXICO

CKDu has been reported in Mexico. In the period 2008–2018, 30
of 57 (53%) patients with end-stage kidney disease (ESKD) re-
ferred for renal transplant to the Instituto Nacional de
Cardiologia met the criteria for CKDu [15]. Biopsies in five of six
patients showed findings compatible with Mesoamerican ne-
phropathy. Tierra Blanca in Veracruz and Poncitlan in Jalisco
have been identified as CKDu hotspots (Figure 2A). A cross-sec-
tional study with 7717 participants ages 20–60 years from com-
munities in Tierra Blanca reported a prevalence of 25% of
probable CKD, and 44% of them could be considered CKDu
cases. The CKDu hotspot status of Poncitlan is supported by
population screenings for CKD that have been performed in the
State of Jalisco since 2007. The CKD prevalence in Poncitlan was
20.1, versus 10.4% in the rest of the state, with KRT prevalence
being 2-fold higher than the rest of the state [16]. ESKD cases
from Tierra Blanca represent 25% of the state’s waiting list for
kidney transplantation, although the municipality represents
only 1.3% of the state’s population.

AGUASCALIENTES: LIKELY THE HOTTEST CKD
HOTSPOT IN MEXICO

In a recent issue of CKJ, Gutierrez-Pe~na et al. [18] reported on the
Aguascalientes State Registry of CKD and Renal Biopsy, provid-
ing data on KRT incidence (2019) and prevalence (April 2020)
and kidney biopsy diagnoses. The registry included all patients
with KRT in private and public institutions from Aguascalientes
State Health Services. Aguascalientes is a small state located at
high altitudes in central Mexico, with a dry climate character-
ized by stable yearlong temperatures (average 19�C) (Figure 2).
Data from the Aguascalientes State Registry of CKD were re-
cently incorporated into USRDS international comparisons and
2018 Aguascalientes data are part of the USRDS 2020 report [19].
Aguascalientes has emerged as one of the hottest CKD hotspots
in Mexico and among the hottest in the world for 20- to 40-year-
olds (Figure 3A).

The 2020 prevalence and 2019 incidence of KRT in
Aguascalientes were 1997 per million population (pmp) and 336
pmp, respectively. More strikingly, the average age was 46 years,
with peaks at ages 20–40 and 50–70 years. In contrast, KEEP
Mexico data from Mexico City and Jalisco showed CKDu was the
main cause of KRT, followed by diabetes. CKDu was by far the
most common cause (73% of cases) of KRT in patients 20–
40 years of age. Patients were classified as CKDu if there was no
history of DM, glomerulopathy, long-standing hypertension or
any other identifiable cause such urinary tract or polycystic kid-
ney disease. Kidney biopsy results supported the high preva-
lence of a form of CKDu characterized by focal segmental
glomerulosclerosis (FSGS) associated to other features of vascu-
lar and tubulointerstitial non-specific CKD. These biopsies were
mainly obtained from persons ages 21–30 years.

These results are significant since they point to unidentified
pockets of CKD within Mexico and emphasize the need for
country-wide statistics. Indeed, the GBD ranked Aguascalientes
27th out of 32 Mexican states in terms CKD prevalence. Based
on data from Gutierrez-Pe~na et al. [18], these estimates may be
way off the mark. As an alternative explanation, there might be

FIGURE 1: Conceptual framework for CKDu pathogenesis. Based on available ev-

idence regarding the concentration of CKD cases within certain geographic loca-

tions and families, as well on the association with certain environments and

occupations, a conceptual framework implying a genetic susceptibility back-

ground in association or interacting with environmental exposures is a reason-

able starting point to unravel the pathogenesis of CKDu.
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Table 1. CKD prevalence, incidence and age standardized mortality rate according to the GBD study (1.2) and kidney transplant status
(CENATRA study) in Mexico by state

State
CKD prevalence/

100 000 [7]
CKD incidence/

100 000 [7]

Age-standardized CKD
mortality rate (95% UI) [8]

Kidney
transplants

(n in 2019) [9]

Total
population

2020 [10]
Donation
rate (pmp)

Males Females

Aguascalientes 12 195 426 30.4 (28.3–32.4) 29.7 (28.0–31.7) 110 1 425 607 77.46
Baja California 12 187 428 32.1 (30.2–34.2) 29.2 (27.5–31.1) 62 3 769 020 16.4
South Baja California 11 649 401 26.3 (24.5–28.4) 22.7 (21.1–24.4) 16 798 447 20.25
Campeche 12 266 419 20.4 (19.0–21.8) 25.8 (23.8–27.6) 0 928 363 0
Chiapas 10 434 354 22.0 (20.6–23.6) 25.5 (23.8–27.2) 6 3 146 771 1.93
Chihuahua 12 389 433 31.8 (29.8–33.7) 28.4 (26.7–30.3) 30 731 391 41.09
Coahuila 13 080 476 36.6 (34.3–38.8) 32.9 (31.0–35.0) 136 5 543 828 24.54
Colima 13 226 468 32.6 (30.7–35.2) 30.7 (28.7–32.8) 0 3 741 869 0
Durango 12 453 421 28.7 (26.9–30.7) 27.6 (25.7–29.4) 0 1 832 650 0
Estado De Mexico 12,667 460 32.4 (30.5–34.6) 33.1 (31.2–35.1) 95 16 992 418 5.59
Mexico City 16 000 575 34.2 (32.2–36.3) 26.4 (24.9–28.0) 831 9 209 944 90.32
Guanajuato 12 928 452 38.9 (36.5–41.6) 36.8 (34.5–39.1) 210 6 166 934 34.09
Guerrero 11 771 440 20.7 (19.3–22.1) 18.2 (16.9–19.6) 1 3 540 685 0.28
Hidalgo 13 271 460 26.1 (24.5–28.0) 27.3 (25.6–28.8) 32 3 082 841 10.38
Jalisco 13 075 454 33.1 (31.3–35.0) 33.2 (31.3–35.1) 624 8 348 151 74.82
Michoacan 12 879 431 26.1 (24.5–27.8) 26.2 (24.7–27.9) 46 4 748 846 9.70
Morelos 13 736 488 28.7 (27.0–30.3) 27.9 (26.1–29.8) 22 1 971 520 11.16
Nayarit 12 940 435 24.5 (23.0–26.3) 22.9 (21.3–24.6) 1 1 235 456 0.81
Nuevo Leon 13 350 481 29.7 (28.0–31.6) 29.2 (27.5–30.9) 146 5 784 442 25.25
Oaxaca 13 095 445 29.4 (27.5–31.4) 34.2 (32.1–36.2) 4 4 132 148 0.96
Puebla 12 614 443 36.1 (34.0–38.5) 37.9 (35.8–40.1) 139 6 583 278 21.12
Queretaro 12 241 426 30.8 (28.9–33.1) 31.6 (29.4–33.6) 47 2 368 467 19.91
Quintana Roo 10 367 353 19.3 (17.8–20.8) 20.6 (19.0–22.2) 0 1 857 985 0
San Luis Potosi 12 849 428 22.5 (21.2–24.0) 23.8 (22.2–25.2) 122 2 822255 43.26
Sinaloa 13 353 459 20.7 (19.4–22.0) 19.4 (18.1–20.7) 13 3 026 943 4.30
Sonora 12 660 438 27.9 (26.0–29.8) 28.2 (26.4–30.0) 51 2 944 840 17.34
Tabasco 12 842 458 26.2 (24.5–28.0) 28.3 (26.4–30.1) 18 2 402 598 7.50
Tamaulipas 13 702 486 28.3 (26.6–30.1) 25.9 (24.4–27.5) 11 3 527 735 3.12
Tlaxcala 13 031 461 38.0 (35.5–40.5) 40.1 (37.5–42.7) 5 1 342 977 3.73
Veracruz 14 637 515 25.2 (23.7–26.8) 23.9 (22.4–25.4) 122 8 062 579 15.13
Yucatan 12 792 430 22.7 (21.3–24.3) 24.8 (23.2–26.2) 49 2 320 898 21.12
Zacatecas 12 935 430 23.7 (22.2–25.4) 23.4 (22.0–25.0) 10 1 662 138 6.02

Aguascalientes is the location with the highest incidence and prevalence of CKD.

UI: uncertainty interval.

FIGURE 2: Location and geography of Aguascalientes. (A) Location of Aguascalientes within Mexico as well as of the CKD hotspots in Jalisco, Veracruz and Mexico City

[17]. (B) Geography of Aguascalientes. The two main river systems (San Pedro and Calvillo Rivers) drawing water from the same mountain range. The locations of

Calvillo and Tunel de Potrerillo/Boca Tunel are shown. https://www.freeworldmaps.net/.
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suboptimal provision or registration of KRT in other Mexican
states. The annual 2020 USRDS report displays Aguascalientes
data for 2018 with more granularity than the data from Jalisco,
the traditional source of Mexican information for USRDS inter-
national comparisons [19]. One of the most worrisome aspects
of the report is the very high incidence of KRT in Aguascalientes
among younger people (20–40 years of age), second only
to Taiwan, the country with the highest incidence of KRT in
the world (Figure 3A). Moreover, the most recent Aguascalientes
data, reported by Gutierrez-Pe~na et al. [18], may position
Aguascalientes above Jalisco in terms of KRT prevalence
(Figure 3B).

The second issue raised is about the cause of such high
KRT incidence and prevalence. Lessons learned in this regard
may help other CKD hotspots. One of the most remarkable
findings was the high prevalence of renal biopsy registry
diagnoses of FSGS, potentially pointing to secondary or genetic
causes of FSGS. However, FSGS is a non-specific lesion, indica-
tive of progressive podocyte loss, a feature of any progressive

CKD. The geographical distribution of KRT cases within
Aguascalientes may also contribute to pinpoint the cause,
as there was a high incidence in certain populations, such as
Calvillo (Figure 2B).

WHY IS AGUASCALIENTES DIFFERENT FROM
MESOAMERICAN NEPHROPATHY AND SRI
LANKA CKDu?

Aguascalientes is a highland, and thus differs from Sri Lanka
and classical sites for Mesoamerican nephropathy, which are
lowlands and have higher average temperatures (Table 2).
Additionally, kidney biopsy reports emphasized the presence
of FSGS rather than a predominantly tubulointerstitial
and vascular disease. However, the histological descriptions
from Aguascalientes, Mesoamerican nephropathy and Sri
Lanka CKDu may all be consistent with non-specific CKD
findings of glomerular sclerosis, tubular atrophy, interstitial

FIGURE 3: Epidemiology of CKD in Aguascalientes, international perspective. (A) KRT incidence pmp in 20- to 44-year-olds. (B) KRT prevalence pmp in Jalisco and

Aguascalientes. Up to 2018, source was USRDS [12]; for 2019, source was Gutierrez-Pe~na et al. [18].

Table 2. Features of Aguascalientes nephropathy, Mesoamerican nephropathy and Sri Lanka CKDu

Feature Aguascalientes nephropathy Mesoamerican nephropathy Sri Lanka CKDu

Age at ESKD (
years), range

20–44 3–5th decade [20] Wide age range [20]

Sex Males Males Male > female for CKD G3/G4 [20]
Climate Dry, average yearlong

temperature 19�C
Humid, average temperature

26�C
Dry [20], average temperature in

coast 28�C
Altitude Highland (Aguascalientes

1888 m; Calvillo 1632 m)
Lowland Lowland

Occupation – Agricultural Chena farming [20]
Family clustering – Yes –
Childhood evidence

of disease
– Yes –

Hypertension – Rare –
Proteinuria – Minor or non [20] Minimal [20]
Sediment – Sterile pyuria [20] Without clusters [20]
Urinary biomarkers – NGAL [21–23], KIM-1 [4] NGAL and KIM-1 [24]
Histology FSGS, interstitial fibrosis, tubular

atrophy, arteriolar changes
predominantly median
hyperplasia

Extensive glomerulosclerosis/
signs of chronic glomerular
ischaemia, chronic tubuloin-
terstitial nephropathy, mild
vascular lesions [3, 25]

Glomerular sclerosis/glomerular
collapse, interstitial fibrosis and
tubular atrophy, interstitial
mononuclear cell infiltration,
fibrous intimal thickening and
arteriolar hyalinosis [26]

NGAL: neutrophil gelatinase-associated lipocalin; KIM-1: kidney injury molecule-1.
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inflammation and vascular injury that may be found in
any form of advanced CKD. Thus, in our view, this may not
represent a major difference. Centralized analysis of biopsies
from these diverse regions by a single pathologist may be
desirable.

WHAT MIGHT CAUSE AGUASCALIENTES
NEPHROPATHY?

The yet unsolved mystery of one of the hottest CKD hotspots
in Mexico should be addressed from different approaches. What
clues on potential genetic and/or environmental drivers of CKD
in Aguascalientes are currently available?

The age clue

KRT due to Aguascalientes CKDu peaks between the ages of 20
and 40 years. The occurrence of KRT at such a young age may be
consistent with genetic predisposition and/or occupational
exposures. However, it cannot be discarded that the very same
cause was contributing to kidney disease in older patients diag-
nosed with diabetic kidney disease (a diagnosis usually made in
the absence of a kidney biopsy) or with hypertensive nephropa-
thy. The diagnosis of hypertensive nephropathy is one of exclu-
sion, as is usually made in hypertensive individuals with CKDu
[27]. Indeed, in US African Americans, so-called hypertensive
nephropathy is now widely acknowledged to represent a ge-
netic predisposition to CKD due to APOL1 alleles, which most re-
cently have been linked to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) -associated kidney disease [28]. In
this regard, Gutierrez-Pe~na et al. [18] report a low prevalence of
African ancestry in the region.

The FSGS clue

The most frequent kidney biopsy pattern in Aguascalientes was
FSGS, which differs from CKDu descriptions from El Salvador,
Nicaragua and Sri Lanka (with mainly interstitial involvement).
FSGS is classified as a podocytopathy, which may be primary
(usually associated to nephrotic syndrome) secondary to several
conditions, including loss of kidney mass (hyperfiltration) from
any cause, or genetic, the latter two not associated with ne-
phrotic syndrome [29, 30]. Nephrotic syndrome was present in
just one-fourth of patients between 21 and 40 years old, placing
the focus on the other causes. Patients with hyperfiltration-
mediated podocytopathies frequently have FSGS and glomeru-
lomegaly, the latter a finding seen in 62% of patients in this age
range in Aguascalientes [18]. In addition to acquired kidney dis-
ease, low birth nephron endowment is a cause of reduced kid-
ney mass. Low birthweight and prematurity are frequent causes
of low nephron number that are not frequently recorded for
adult patients [31].

Regarding genetic causes, type IV collagen (COL4A) gene var-
iants linked to Alport syndrome have recently emerged as the
most common (44–56%) cause of genetic FSGS in adults [32].
Variants in other podocyte-expressed genes found in adults
with FSGS include ACTN4, TRPC6, INF2, ANLN and NPHS2 [33, 34].
However, there are no data regarding familial history and little
is known about the timeline of the high prevalence of CKDu in
Aguascalientes over the past decades. Purely genetic causes
would not explain a recent surge in CKD cases, unless there was
an environment–genetic interaction and the environment
changed.

The genetics clue

Beyond the suggestion that FSGS cases may have a genetic com-
ponent, there are historical records that suggest a high level of
inbreeding in Jalisco and Aguascalientes up to the 19th century
(83% of all marriages in the 16th century and 75% in the 18th
century), including church documents allowing consanguine-
ous marriages, although inbreeding decreased dramatically in
the 19th and 20th centuries [35, 36]. This may have facilitated a
local prevalence of genetic variants that is higher than expected
that either predispose to kidney disease by themselves or pre-
dispose to kidney disease under certain environmental condi-
tions. Clustering of cases in small villages that have seen a
milder influx of out-of-state persons in recent decades may be a
clue in this regard. Gutierrez-Pe~na et al. [18] report a pilot study
that did not find evidence of inbreeding in patients with
Aguascalientes CKDu. We are not aware of information on
genes predisposing to CKD in the Aguascalientes context.
However, we did find an interesting piece of information that
merits exploration. A Google search for genetic variants and
Aguascalientes identified a methodological manuscript on ge-
netic variants of ATP6V0A2 [36]. The study was triggered by
prior reports of two patients in two Aguascalientes locations
who were born to consanguineous parents [37]. ATP6V0A2 enco-
des for the lysosomal Hþ-transporting ATPase V0 subunit A2.
Pathogenic mutations in this gene have been associated with
autosomal recessive cutis laxa disease type II-A (Online
Mendelian Inheritance in Man 219200). While the selection cri-
teria for the studied individuals were not detailed and the num-
ber was small (n¼ 10), the manuscript states that the incidence
of the truncating genetic variant c.187C>T (p.Arg63Ter) was
30%, somehow implying that the sample was random.
Participants were from Túnel de Potrerillo (population 154),
Boca del Túnel (population 100) and Túneles (Rincón de Romos,
Aguascalientes) (Figure 2B). According to the gnomAD version
2.1.1 database, this genetic variant was only found in Latino/
admixed populations (1 in 11 500) or African/African American
populations (1 in 16 200), but not in Europeans or in Asians [38].
Thus, potentially this genetic variant may be common in
Aguascalientes. Interestingly, ATP6V0A2 messenger RNA
(mRNA) is expressed mainly in podocytes and distal tubules
according to single-cell transcriptomics studies, as well as in
macrophages [39] (Figure 4A). The Protein Atlas confirmed these
data at the protein level (Figure 4B). Regarding kidney disease,
single-cell transcriptomics identified ATP6V0A2 mRNA as po-
tentially downregulated in diabetic kidneys in podocytes and
increased in infiltrating leucocytes, although the adjusted P-val-
ues were not significant [40]. Moreover, in the Nephroseq data-
base of kidney transcriptomics studies, higher expression of
ATP6V0A2 mRNA in kidney, glomeruli or tubulointerstitium was
associated with decreased estimated glomerular filtration rate
(eGFR) and proteinuria, i.e. ATP6V0A2 mRNA levels were corre-
lated with the severity of kidney injury in diverse human ne-
phropathies, including FSGS (Table 3). This or other genetic
variants not yet associated to kidney disease in the literature
may be more prevalent in Aguascalientes than in other regions
and underlie the high incidence and prevalence of KTR.

The environmental clue

Environmental factors have been linked to CKDu. Although
these have been mainly associated with tubulointerstitial dis-
ease, at this stage we cannot yet exclude that the FSGS lesions
observed in Aguascalientes are secondary to decreased kidney
mass from other causes.

Aguascalientes hotspot | 2289



The municipality with the highest prevalence of KRT is
Calvillo, which could be a good starting point. Calvillo is one of
the richest counties in Aguascalientes and the largest guava
producer in Mexico. Psidium gujava, the guava tree, is considered
a medicinal plant and contains several compounds with de-
scribed medicinal properties, i.e. it contains potentially bioac-
tive molecules [48]. Guava is a widely consumed fruit and its
leaves are used to make tea and traditional remedies such as
antidiarrhoeals. However, some of the isolated bioactive com-
pounds are cytotoxic [49]. Increased serum urea in male rats
and nephrocalcinosis and chronic pyelonephritis in female rats
were described in low-quality nephrotoxicity studies [50].
Increased creatinine was also described in mice and rats ingest-
ing guava leaves [51, 52]. Furthermore, guava could be a poten-
tial source of heavy metals if the soil and irrigation water are
contaminated, as recently reported in South Africa, where the
total target hazard quotient values for heavy metals in guava
were within unsafe limits for children 53]. Moreover, the issue
of overuse or misuse of pesticides for guava farming (Fulidol,
Slaughter, Furadan, malathion and parathion among others)
leading to ground and water contamination or unsafe direct ex-
posure has been raised as potentially contributing to CKDu in
Calvillo [54]. Overexposure to malathion [55, 56] and cypermeth-
rin [57, 58], used as pesticides on guava farms in Calvillo, has
also been reported as potentially associated with impaired kid-
ney function and nephrotic syndrome [56]. The guava

hypothesis, while far-fetched, cannot be discarded outright.
There is precedent for unexpected toxicities of edible fruits.
Litchi (Litchi chinensis Sonn.) is a tropical and subtropical fruit be-
longing to the genus Litchi in the soapberry family, Sapindaceae.
Several episodes of litchi toxicity leading to the deaths of chil-
dren have been reported and the toxicity was variously attrib-
uted to pesticides or to a toxin, methylene cyclopropyl-glycine,
found in unripe litchi fruit, that depletes glucose reserves in the
body, making it more toxic for undernourished children, in
whom it may trigger encephalitis-related deaths [59–61]. If such
an acute severe event was not identified until the end of 20th
century, more insidious kidney toxicity may be even more diffi-
cult to detect.

Contamination of water used for drinking or crop irrigation
is another potential concern. Aguascalientes sits just north
of Jalisco and both the Calvillo and San Pedro rivers flow into
Jalisco. In Calvillo, Gutierrez-Pe~na et al. [18] report a high propor-
tion (44%) of wells with fluoride levels above the Mexican
standard of <1.5 mg/L; although lead, arsenic, aluminium,
barium, cadmium, copper, total chromium, iron, manganese,
mercury and zinc were within safe limits. Specifically, according
to the Department of Sanitary Regulation of the State
of Aguascalientes, levels of fluoride were 1.86 6 1.8 mg/L in
Calvillo wells. This raises the issue of potential fluoride toxicity
to the kidneys. In mice, intake of water with fluoride levels of
1.5 mg/L synergized with water containing the World Health

FIGURE 4: Kidney expression of ATP6V0A2. (A) Single-cell transcriptomics of human kidney tissue identified kidney ATP6V0A2 mRNA expression mainly in podocytes

and distal tubules. Sources: [39] and [41]. (B) ATP6V0A2 immunostaining in the kidney. Note the high expression in the glomerular capillary walls, potentially corre-

sponding to podocytes (arrows) and distal tubules (arrowheads) as well as interstitium (double arrow). Image credit: Human Protein Atlas. Image available from version

20.1 at https://www.proteinatlas.org/ENSG00000185344-ATP6V0A2/tissue/kidney#img [42] (accessed 20 June 2021).

Table 3. Analytical correlates of kidney ATP6V0A2 mRNA expression in human kidney disease according to the Nephroseq database of kidney
transcriptomics studies [43]

Sample Kidney disease or condition R-value P-value References

eGFR
Tubulointerstitium IgA nephropathy �0.540 0.007 [44]
Tubulointerstitium Lupus nephritis �0.793 0.033 [45]
Glomeruli Lupus nephritis �0.706 0.034 [45]
Kidney Transplant kidney �0.521 0.038 [46]

Proteinuria
Tubulointerstitium FSGS 0.672 0.012 [45]
Glomeruli Collapsing FSGS 0.963 0.037 [47]
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Organization (WHO) maximum recommended levels for cad-
mium and hardness to cause kidney injury characterized by in-
terstitial fibrosis, mononuclear cell interstitial infiltration,
tubular atrophy and, interestingly, FSGS [62]. Thus the fluoride
content in drinking water in Calvillo may theoretically syner-
gize with other components of water or with a genetic predispo-
sition to cause kidney injury. In India, high serum and/or urine
fluoride levels were found in 20% of children with nephrotic
syndrome [63]. Indeed, foot process effacement, indicative of
podocyte injury, was observed in mice exposed to fluoride [64].
Fluoride is the nephrotoxic component in methoxyflurane [65]
and high bone fluoride (and lead) were found in Sri Lanka
CKDu, although it was unclear to what extent they were caused
or a consequence of CKD [66]. However, urinary and serum
fluoride were also increased, suggesting increased exposure
and potential contribution to nephrotoxicity [67]. Thus fluoride
is an obvious candidate nephrotoxic agent to be studied in
Aguascalientes CKDu.

Despite current evidence of a safe water supply for other
heavy metals in Calvillo, past exposure cannot be discarded as
contributing to CKDu. Several occurrences of contaminated wa-
ter have been described in Aguascalientes. Calvillo sits on the
Calvillo riverbank, which runs parallel to the San Pedro River,
the main body of water in the state. Both rivers draw water
from the same mountain range. Marked deterioration in water
quality was found in the San Pedro River as it passed by
Aguascalientes in 2011 [68]. In northern Aguascalientes, 42 com-
munities were exposed to high concentrations of arsenic in
drinking water. In Tepezala and Asientos, high lead concentra-
tions in blood were observed (>10 mg/dL). The infant populations
exposed to metals in drinking water showed a statistically sig-
nificant correlation between exposure to cadmium or lead and
urinary protein; however, the cadmium and lead concentrations
in the water supplies were only slightly higher than the levels
recommended by the WHO. Heavy contamination of the San
Pedro River was linked to the discharge of domestic and indus-
trial effluents with high concentrations of organic matter,
nutrients (total phosphorus and total nitrogen), organic

xenobiotics and faecal matter. Sediments were high in organic
xenobiotics (anilines and detergents), copper and zinc of an-
thropogenic origin, as well as contamination of natural origin
by arsenic. Natural arsenic contamination is likely linked to the
volcanic activity and thermal waters that originated the name
of Aguascalientes [69]. Groundwater contained high concentra-
tions of fluorides, arsenic, mercury, chromium, iron, manga-
nese and lead. According to the US Environmental Protection
Agency criteria, all the sediment samples in one study were pol-
luted by arsenic, 50% by lead and zinc, 25% by copper and �13%
by manganese and chromium. Three sediment samples pre-
sented moderate pollution by iron and another three by mer-
cury. However, wells did not show conclusive evidence of
pollution of the aquifer and individual wells duplicated the safe
limit for arsenic or mercury in drinking water [70].

Lastly, air pollutants such as 2.5-lm particulate matter are
high in Aguascalientes, and these pollutants have been related
to low birthweight, a potential cause of CKD [71].

In summary, there is evidence for potential exposure to
heavy metals and/or pesticides. Potential interactions and syn-
ergy between them in causing nephrotoxicity should be ex-
plored. In this regard, exposure may have occurred years before
and sources of exposure may already have been corrected. In
pre-clinical studies, maternal exposure to excess fluoride may
cause nephrotoxicity in offspring that becomes evident during
puberty [64] and bone accumulation of lead and fluoride in per-
sons may cause a slow release from endogenous sources and
nephrotoxicity [66].

WHAT ARE THE NEXT STEPS?

According to the GBD 2017 Study, the age-standardized CKD
mortality in Aguascalientes is below the national average [8].
This should be corrected in light of the evidence presented by
Gutierrez-Pe~na et al. [18]. Furthermore, given the extremely high
incidence of KRT in young people, understanding the cause of
Aguascalientes CKDu should be viewed as a research priority to
which international funders of health research should

Table 4. Potential research agenda to unravel the drivers of CKDu in Aguascalientes

Stage 1. Basic epidemiology

1. What has been the timeline of CKDu incidence in Aguascalientes?
a. Was it always there, albeit undiagnosed?
b. Can its appearance as a frequent condition be traced to any point of time in recent decades that can in turn be associated with any

environmental change?

2. Is there a familial clustering of CKDu that may point to genetic or shared environmental factors?
3. Is there a geographical clustering that may point to genetic or shared environmental factors?
4. Is there early evidence of kidney disease in children that would argue against occupational exposure?
5. Is there evidence of occupational exposure as a risk factor?
6. What is the birth weight and gestational age of persons with CKDu?

Stage 2. Search for genetic factors, depending in part on results from Stage 1

1. GWAS and/or exome sequencing of bona fide CKDu and unaffected family members

Stage 3. Search for environmental factors, depending in part on results from Stage 1

1. Careful analysis of shared environmental exposures (air, food, water and occupational) for chemicals or heavy metals
a. Is there evidence of fluoride-induced nephropathy?
b. Is there any evidence of arsenic toxicity?
c. Is there evidence for toxicity related to guava farming or consumption?

2. Systems biology approaches in kidney and urine samples for clues on cause: kidney transcriptomics and/or single-cell transcriptomics,
urine peptidomics, metabolomics and heavy metal screens
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contribute. Several potentially interacting genetic and environ-
mental factors have been identified. Unravelling their contribu-
tions to CKD in Aguascalientes may benefit CKD patients
throughout the world. The need for urgent action to identify
and stem the cause of the high incidence of CKD extends to
other CKD hotspots in Mexico, including Tierra Blanca in
Veracruz and Poncitlan in Jalisco. Table 4 presents a draft re-
search agenda.
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Health effects of Psidium guajava L. leaves: an overview of the
last decade. Int J Mol Sci 2017; 18: 897

53. Gupta SK, Ansari FA, Nasr M et al. Multivariate analysis and
health risk assessment of heavy metal contents in food-
stuffs of Durban, South Africa. Environ Monit Assess 2018; 190:
151–151

54. Cardona JHA, Violante RE, Vazquez JR et al. The ingestion of
contaminated water with pesticides and heavy metals as
probable cause to chronic renal failure. Int J Pure App Biosci
2015; 3: 423–426

55. Wan E, Darssan D, Karatela S et al. Association of pesticides
and kidney function among adults in the US population.
https://www.researchsquare.com/article/rs-452983/v1 (4
July 2021, date last accessed)

56. Yokota K, Fukuda M, Katafuchi R, Okamoto T. Nephrotic syn-
drome and acute kidney injury induced by malathion toxic-
ity. BMJ Case Rep 2017; 2017: bcr201722073

57. Inayat Q, Ilahi M, Khan J. A morphometric and histological
study of the kidney of mice after dermal application of
cypermethrin. J Pak Med Assoc 2007; 57: 587–591

58. Haque SM, Sarkar CC, Khatun S et al. Toxic effects of agro-
pesticide cypermethrin on histological changes of kidney
in Tengra, Mystus tengara. Asian J Med Biol Res 2018; 3:
494–498

59. Sinha SN, Ramakrishna UV, Sinha PK et al. A recurring dis-
ease outbreak following litchi fruit consumption among
children in Muzaffarpur, Bihar–a comprehensive investiga-
tion on factors of toxicity. PLoS One 2020; 15: e0244798

60. Shrivastava A, Kumar A, Thomas JD et al. Association of
acute toxic encephalopathy with litchi consumption in an
outbreak in Muzaffarpur, India, 2014: a case-control study.
Lancet Glob Heal 2017; 5: e458–66

61. Vaux DL, Silke J. IAPs, RINGs and ubiquitylation. Nat Rev Mol
Cell Biol 2005; 6: 287–297

62. Wasana HMS, Perera GDRK, Gunawardena PDS et al. WHO
water quality standards vs synergic effect(s) of fluoride,
heavy metals and hardness in drinking water on kidney tis-
sues. Sci Rep 2017; 7: 42516

Aguascalientes hotspot | 2293

https://gnomad.broadinstitute.org/variant/12-124203239-C-T?dataset=gnomad_r2_1
https://gnomad.broadinstitute.org/variant/12-124203239-C-T?dataset=gnomad_r2_1
https://gnomad.broadinstitute.org/variant/12-124203239-C-T?dataset=gnomad_r2_1
https://gnomad.broadinstitute.org/variant/12-124203239-C-T?dataset=gnomad_r2_1
http://
http://
https://www.nephroseq.org/resource/login.html
https://www.nephroseq.org/resource/login.html
https://www.researchsquare.com/article/rs-452983/v1


63. Curnutte JT, Babior BM, Karnovsky ML. Fluoride-mediated
activation of the respiratory burst in human neutrophils. A
reversible process. J Clin Invest 1979; 63: 637–647

64. Tian X, Xie J, Chen X et al. Deregulation of autophagy is in-
volved in nephrotoxicity of arsenite and fluoride exposure
during gestation to puberty in rat offspring. Arch Toxicol 2020;
94: 749–760

65. Allison SJ, Docherty PD, Pons D et al. Methoxyflurane toxic-
ity: historical determination and lessons for modern patient
and occupational exposure. N Z Med J 2021; 134: 76–79

66. Ananda Jayalal T, Mahawithanage S, Senanayaka S et al.
Evidence of selected nephrotoxic elements in Sri Lankan hu-
man autopsy bone samples of patients with CKDu and con-
trols. BMC Nephrol 2020; 21: 384

67. Fernando WBNT, Nanayakkara N, Gunarathne L et al. Serum
and urine fluoride levels in populations of high environmental
fluoride exposure with endemic CKDu: a case–control study
from Sri Lanka. Environ Geochem Health 2020; 42: 1497–1504
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