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Abstract

In Sri Lanka, an endemic of chronic kidney disease of unknown origin (CKDu) is affecting
rural communities. The endemic has similarities with Mesoamerican Nephropathy (MeN) in
Central America, however it has not yet been clarified if the endemics are related diagnostic
entities. We designed this study of kidney biopsies from patients with CKDu in Sri Lanka to
compare with MeN morphology. Eleven patients with CKDu were recruited at the General
Hospital, Polonnaruwa, using similar inclusion and exclusion criteria as our previous MeN
studies. Inclusion criteria were 20—65 years of age and plasma creatinine 100—220 umol/L.
Exclusion criteria were diabetes mellitus, uncontrolled hypertension and albuminuria >1g/
24h. Kidney biopsies, blood and urine samples were collected, and participants answered a
questionnaire. Included participants were between 27-61 years of age and had a mean
eGFR of 38+14 ml/min/1.73m?. Main findings in the biopsies were chronic glomerular and
tubulointerstitial damage with glomerulosclerosis (8—75%), glomerular hypertrophy and mild
to moderate tubulointerstitial changes. The morphology was more heterogeneous and inter-
stitial inflammation and vascular changes were more common compared to our previous
studies of MeN. In two patients the biopsies showed morphological signs of acute pyelone-
phritis but urine cultures were negative. Electrolyte disturbances with low levels of serum
sodium, potassium, and/or magnesium were common. In the urine, only four patients dis-
played albuminuria, but many patients exhibited elevated a-1-microglobulin and magnesium
levels. This is the first study reporting detailed biochemical and clinical data together with
renal morphology, including electron microscopy, from Sri Lankan patients with CKDu. Our
data show that there are many similarities in the biochemical and morphological profile of
the CKDu endemics in Central America and Sri Lanka, supporting a common etiology.
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However, there are differences, such as a more mixed morphology, more interstitial inflam-
mation and vascular changes in Sri Lankan patients.

Introduction

Chronic kidney disease (CKD) is a global health problem. The leading causes of CKD are dia-
betes mellitus, hypertension, and glomerulonephritis [1], but chronic kidney disease of
unknown cause (CKDu) is an emerging health problem in some low- and middle income
countries, including El Salvador, Nicaragua, Egypt, Sri Lanka and India [2]. These endemics of
CKDu share some mutual features; they affect rural populations, men are more often affected
than women, and the countries have a hot climate. In many patients, CKDu will progress to
end-stage renal disease, which might be catastrophic for individuals in poor areas and commu-
nities where access to renal replacement therapy often is limited or not affordable [3].

In Central America, the CKDu endemic is called Mesoamerican Nephropathy (MeN), and
men working with heavy physical labor in warm areas near the Pacific Ocean often develop
the disease [4, 5]. Clinically, the patients display elevated serum creatinine levels, normal or
mild albuminuria, and inactive urine sediment. Members of our research team have previously
studied the renal morphology and biochemical characteristics in two MeN cohorts in Nicara-
gua and El Salvador. We found a unique morphology with glomerulosclerosis, signs of glomer-
ular ischemia and podocytic changes in combination with mild to moderate tubulointerstitial
damage [6, 7]. The cause of MeN is not yet fully understood, but work-related heat stress with
losses of water and salts is an established risk factor [8].

Kidney disease was the seventh most common cause of death and an increasing cause of
death in Sri Lanka in 2012 according to the WHO [9]. In the last decades, a high prevalence of
CKDu has been reported from rural areas [10-12]. Athuraliya et al (2009) published a retro-
spective study of 492 patients from two nephrology units, and they found that a high percent-
age of the patients (54% and 82%, respectively) had CKDu [10], i.e. CKD not associated with
diabetes mellitus, hypertension, or other known kidney disease. The warm and dry North Cen-
tral Province is one of the most heavily affected regions, and cross-sectional studies using dip-
stick albuminuria as a first screening report a prevalence of CKDu between 4-21% in this
region [11, 13, 14]. The disease is more common in males [15, 16], and risk factors associated
with CKDu are being a farmer [11, 13, 16, 17], using pesticides [16, 17], and having a family
history of CKD [11, 15, 17].

Most studies on CKDu in Sri Lanka have used dipstick albuminuria as a screening method,
and subjects with albuminuria have been further analyzed with serum creatinine. Patients with
CKDu often have low-range albuminuria (<1g/24h) [10, 11, 18], and in addition the patients
often have increased levels of urinary tubular injury markers [18, 19].

The renal morphology of CKDu in Sri Lanka has been reported in several studies [11, 20—
23], and the morphology is often described as a tubulointerstitial nephritis/tubulointerstitial
disease, but significant glomerular lesions such as global glomerulosclerosis, signs of glomeru-
lar ischemia and sporadic findings of focal glomerulosclerosis have also been reported [20, 23].

The etiology behind CKDu in Sri Lanka has not yet been established, but researchers have
proposed a wide range of different environmental exposures, such as pesticides, herbicides,
fertilizers, heavy metals, water hardness [12, 24, 25], and infections [26], as possible causes.
Heavy metal exposure, by measuring levels in urine, has been evaluated in some studies, but
with varying results [13, 24, 27].
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There are many similar features of the CKDu endemics in Central America and Sri Lanka,
but no proper comparative study of the renal morphology and clinical characteristics has, as of
yet, been made. To compare available studies from the two regions is complicated due to dif-
ferences in study design, semi-quantification of morphology findings, etc. Thus, to make a
detailed comparison of the endemics in Sri Lanka and Central America possible, we designed
this study of renal biopsies, biochemical and clinical characteristics from patients with CKDu
in Sri Lanka using similar inclusion/exclusion criteria and study design as in our previous
studies of MeN in Central America [6, 7].

Methods
Patients

Patients planned for kidney biopsy at Polonnaruwa General Hospital were recruited. Inclusion
criteria were CKD of unknown cause, 20-65 years of age, and serum creatinine 100-220 pmol/
L or eGFR 30-80 ml/min/1.73m”. Exclusion criteria were diabetes mellitus (fasting blood glu-
cose >7 mmol/L), uncontrolled hypertension (>140/90 mmHg or more than one hypertensive
drug prescription), proteinuria >1g/24h, or other known renal disease.

Study procedure overview

The study was performed during one week in May/June at Polonnaruwa General Hospital.
Blood pressure was tested the day before and on the day of the biopsy. At the morning of the
kidney biopsy, blood and urine tests were collected from fasting participants (no intravenous
fluids). Ultrasound was performed before and during the kidney biopsy. Participants were
interviewed and a questionnaire was filled in. All participants stayed for a 24-hour observation
after the biopsy procedure. Within one week, collected samples were transported to Karolinska
University Hospital (KUH) for analysis.

Kidney biopsies

Ultrasound-guided percutaneous kidney biopsies were performed using a spring-loaded
biopsy needle (16 gauge, Bard Magnum, Bard Biopsy Systems, USA). The biopsies were
divided and placed in: 4% buffered formaldehyde, Zeus fixative solution, and 2% glutaralde-
hyde + 1% paraformaldehyde in 0.1 M phosphate buffer, respectively. Within one week the
biopsies were transported to KUH. At KUH, the formaldehyde fixed tissue was embedded in
paraffin, sectioned and stained with Ladewig, periodic acid Schiff (PAS), hematoxylin-eosin
(HE), and periodic acid silver methenamine (PASM). The tissue in Zeus solution was rinsed
and snap frozen, and cryosections were incubated with antibodies against immunoglobulins
(IgG, IgA, and IgM), Clgq, C3, light chains kappa and lambda, and fibrinogen. Sections from
the paraffin-embedded tissue and cryosections were evaluated with polarized light to detect
any birefringent crystals. The tissue for transmission electron microscopy (2% glutaraldehyde)
was embedded in epoxy resin and then cut into 60 nm thin sections. Histological evaluation
with light microscopy, immunofluorescence, and electron microscopy was performed sepa-
rately by two senior consultants in renal pathology (AW and MS) who thereafter discussed the
results to reach consensus. Interstitial fibrosis, interstitial inflammation, and tubular atrophy
in the cortical area were semi-quantified similar to Banff criteria [28], as follows: mild, affect-
ing 6%-25%; moderate, affecting 26%-50%; and severe, affecting >50%. Glomerular hypertro-
phy and vascular pathology were semi-quantified as follows: no/normal, mild, moderate, or
severe. When grading podocyte foot-process effacement, the number of slits per micron of glo-
merular basement membrane (GBM) in five random capillaries per glomerulus was calculated.
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Effacement was defined as widespread if >80% of the measured areas had <1.0 slit/um GBM
and segmental if 21-79% of the evaluated areas had <1.0 slit/um GBM.

Blood samples

The day before the kidney biopsy procedure, blood samples were analyzed for: RBC, WBC,
platelets, INR, PT/aPTT, and/or bleeding time/clotting time at the laboratory of General Hos-
pital Polonnaruwa. Just before the biopsy, new blood samples were collected, centrifuged, and
the supernatant was transferred to transport vials stored at -40°C until transport on dry ice to
KUH. At Karolinska University Hospital laboratory (KUHL), the samples were analyzed
according to standard protocols for glucose, CRP, creatinine (IDMS traceable), BUN, sodium,
potassium, magnesium, calcium, phosphate, albumin, alanine aminotransferase, uric acid,
cystatin C (IFCC traceable), beta-2-microglobulin, aldosterone, renin, complement (Clq, C3,
C3d, C4), antinuclear antibody, and anti-neutrophil cytoplasmic antibody screening, anti-glo-
merular basement membrane antibodies, and screening for hepatitis B and C and HIV. eGFR
was calculated using the CKD-EPI equation for creatinine [29] and creatinine+cystatin C [30].
Immunofluorescence assays were used to detect Hantaan virus IgG and Puumalavirus IgG
antibodies. ReaScan™ Dobrava-Hantaan IgM test (Reagena, Toivala, Finland) was used to
detect Dobrava and Hantaan virus IgM antibodies. ELISA was used to detect Puumula virus
IgM and leptospirosis IgM. Samples positive on ELISA for leptospirosis IgM were send for
confirmation with microscopic agglutination test testing for 15 different leptospira serovars at
SSI Copenhagen, Denmark.

Urine samples

At Polonnaruwa General Hospital, urine sediment and urine culture were analyzed before the
biopsy in all but two patients (missing sediment) and three patients (missing urine culture)
due to a logistic error. The missing samples were collected and analyzed 5-6 months later. At
the morning of the biopsy, new samples were collected and stored at -40°C until shipment on
dry ice to KUH. At KUHL, the urine was analyzed according to standard protocols for uric
acid, sodium, potassium, magnesium, creatinine, albumin, o-1-microglobulin, and neutrophil
gelatinase-associated lipocalin. Urine heavy metal (As, Cd, Hg, Pb, U, and V) analysis was per-
formed by ALS Scandinavia AB (Luled, Sweden) using inductively coupled plasma mass spec-
trometry [31]. KIM-1 was measured using a solid-phase sandwich ELISA assay (R&D Systems,
Minneapolis, USA). Fractional excretion of sodium (FENa) was calculated as: (urinary sodium
X serum creatinine)/(serum sodium x urinary creatinine). Fractional excretion of potassium
(FEK) was calculated using the same equation. Fractional excretion of magnesium (FEMg)
was calculated as: (urinary magnesium x serum creatinine)/((0.7 x serum magnesium) x uri-
nary creatinine). Reference range urine heavy metals: Arsenic <100 pg/L [32]. Cadmium-cre-
atinine ratio <2 pg/g [33, 34]. Mercury-creatinine ratio <50 ug/g [33]. Lead <4 ug/L [35, 36].
Uranijum (US geometric mean levels) 0.005-0.01 pg/L [37]. Vanadium normal levels ~0.5 ug/L
[38].

Questionnaires

A questionnaire was completed by interview of the participants (by CJ). The questionnaire
contained open and closed-ended questions concerning medical history (current medicines,
use of analgesics, chronic illnesses, snake bites, family history of CKD), work history (current
and past work tasks, type of crops cultivated, days working in field per year), work-related
chemical exposure (pesticides, herbicides, fertilizers), liquid intake, water source, and smoking
habits.
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Ethical statement

The study received ethical clearance from the ethics review committee at the Faculty of Medi-
cine & Allied Sciences, Rajarata University of Sri Lanka, Saliyapura (ERC/2016/06) and the
regional ethical review board in Stockholm (Dnr 2012/441-31/3; 2013/1225-32; 2015/849-32;
2016/747-32). All participants gave written informed consent.

Results

Thirteen patients were recruited to the study. Two patients were excluded because they did not
fit the inclusion criteria, one patient due to high fasting blood glucose (16.7 mmol/L) and one
patient due to more than one blood pressure medication. In total 11 patients with a mean age
of 48 + 11 years and a mean eGFR of 38 + 14 ml/min/1.73m” were included in the study.

Clinical data and questionnaire

Clinical and questionnaire data are presented in Table 1. All included participants were or had
been rice paddy farmers, sometimes in combination with tobacco and vegetable farming. Two

Table 1. Patient characteristics and questionnaire results of working history, n = 11.

Age (years)

Weight (kg)

Height (m)

BMI (kg/m?)

Systolic BP (mmHg)

Diastolic BP (mmHg)

Kidney length (cm)

Family history of CKD

Kidney stones

Snake bites

Current occupation

Farmer

Farmer and construction worker
Farmer, agricultural worker and rice mill laborer
Farmer and pesticide sprayer
Security officer

Total farming years

Days working in field/year
Total days working in field
Smoking years

Pack years

Liquid intake/day (L)

Main source of water last five years
Own well

Village well

Tube well

Main supply

Note: Results are presented as mean + SD (range) or cases (percentage).

48 + 11 (27-61)

56.6 + 8.8 (46.9-77.0)
1.66 % 0.07

20 + 3 (16-28)

122 + 20 (97-160)*
78 + 9 (58-90)

8.7 +0.6 (7.8-9.8)

3 (27%)

0 (0%)

1(9%)

7 (64%)

1(9%)

1(9%)

1(9%)

1(9%)

24 + 13 (3-40)

37 + 19 (20-80)
807 + 573 (174-2000)
11 + 12 (0-30)

1.6 + 1.9 (0-6.2)
43 +0.9 (3.0-6.0)

6 (55%)
2 (18%)
2 (18%)
1(9%)

* Two patients had increased systolic blood pressure at the morning of the biopsy (145/90 and 160/80 respectively),
but were normal the day before the biopsy (130/90 and 130/80 respectively).

https://doi.org/10.1371/journal.pone.0193056.t001
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Table 2. Questionnaire results of chronic diseases and medicine use.

Study no | Chronic diseases

1

10
11

Pain in legs

Knee pain
Asthma

Hypertension

Joint pain

Insomnia

Hemorrhoids

Drug1

KCl
600 mg, 3/d.

Alfacalcidol
0.25 ug, 1/d.

Losartan
25 mg, 2/d.

Losartan
12.5 mg, 1/d.

CaCO;

250 mg, 1/d.
Alfacalcidol
0.25 ug, 1/d.

CaCOs
500 mg, 1/d.

Spironolactone
12.5 mg, 1/d.

Drug 2 Drug 3 Drug 4 Drug 5 Drug 6 Drug 7
CaCO; Gabapentin Fluoxetin Amitriptyline

500 mg, 1/d. | 300 mg, 1/d. 20 mg, 1/d. 12.5 mg, 1/d.

Omeprazol Famotidine 20 mg, 2/d. | Domperidone | Gabapentin Salbutamol | Beclamethasone
20 mg, 2/d. 10 mg, 1/d. 100 mg, 1/d. Inh 400 pg. | Inh 200 pg.
CaCO; FeSO4

500 mg, 1/d. | 200 mg, 2/d.

CaCOs;

500 mg, 1/d.

CaCO; FeSO4 Amitriptyline

500 mg, 1/d. | 200 mg, 1/d. 12.5 mg, 1/d.

KCl CaCO; Alfacalcidol

600 mg, 1/d. 500 mg, 1/d. 0,25 pg, 1/d.

Note: Abbreviations: KCI, Potassium chloride. CaCOs3, Calcium carbonate. FeSO4, Iron (II) sulfate. Inh, inhalation.

https://doi.org/10.1371/journal.pone.0193056.t002

participants also worked outside of their own field (one agricultural worker and one pesticide
applicator). The mean liquid intake was 4.3 + 0.9 L/day; the liquid mostly consumed was water
(74-97% of the intake), followed by tea (3-25%). Own well was the most common water
source. Seven patients stored their water in plastic tanks, two patients in clay pots and two
patients in aluminum pots. Medical history and medicine usage are presented in Table 2. No
patient used nonsteroidal anti-inflammatory drugs or aspirin. Only three patients used acet-
aminophen regularly, 2.5 g and 2 g per week and 1 g every other week respectively. Seven par-
ticipants reported prior use of Ayurvedic medicines, with a mean duration of 0.5 (range 0.08-
2) years. All patients reported chemical exposure to pesticides and fertilizers (S1 Table).

Blood test results

Most blood test results are presented in Table 3. CRP was <3 mg/L in all but one patient
(Patient 8, 44 mg/L). Four patients had slightly increased complement C4 (0.33, 0.37, 0.43 and
0.46 g/L), which could indicate inflammation, remaining complement levels were normal. No
anti-GBM or anti-neutrophil cytoplasmic antibodies were found. Immunofluorescence was
positive speckled for antinuclear antibodies in three patients, subsequent analysis for double-
stranded DNA, centromere antibodies, and extractable nuclear antigens were negative. Hepa-
titis B and C, and HIV screening were all negative. Hantaan virus serology was positive for IgG
in eight patients and negative for IgM in all patients. Puumala virus was negative for IgG and
IgM in all patients. Leptospirosis IgM (ELISA) were positive in four patients, but subsequent
analysis with microscopic agglutination test were negative.

Urine test results

Urine test results are presented in Table 4. Urine dipstick showed 1+ albumin in two patients.
In sediment, one patient had 8-10 erythrocytes per high-power field, all others had <5. All
patients had <5 white blood cells per high-power field. Patient 1 had a few granular casts, no
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Table 3. Serum test results, n=11.

Serum variable

Creatinine (pmol/L)

Cystatin C (mg/L)

eGFR¢, (ml/min/1.73m?)
eGFRcrrcyst ¢ (ml/min/1.73m?)
Sodium (mmol/L)

Potassium (mmol/L)
Magnesium (mmol/L)

Uric Acid (umol/L)

Calcium (mmol/L)

Albumin (g/L)

Phosphate (mmol/L)

Glucose (mmol/L)
Hemoglobin (g/L)

White blood cell count (10°/L)
Aldosterone (nmol/L)

Renin (mIU/L)
Dobra-Hantaan virus IgM
Hantaan virus IgG

Puumala virus IgM

Puumala virus IgG

Note:

Mean + SD (range)

184 + 50 (120-267)
1.96 + 0.53 (1.18-2.90)
40 + 14 (21-70)

38 + 14 (20-66)

140 + 4 (134-147)*
43+1.0(2.2-6.3)°
0.70 +0.16 (0.43-0.88)°
420 + 97 (201-583)¢
2.25 +0.40 (1.12-2.56)°
38 + 7 (18-45)

1.0 £0.2 (0.59-1.4)
52+ 1.1 (2.9-6.8)

124 + 19 (100-156)
7.35 £ 1.35 (4.91-10.25)
0.36 = 0.27 (0.09-0.95)"
28 + 26 (3-90)8

All negative

8 positive, 3 negative
All negative

All negative

# Low sodium (<137 mmol/L) in one patient.

> Low potassium (<3.5mmol/L) in two patients (2.2 and 3.4 mmol/L).

€ Low magnesium (<0.7 mmol/L) in four patients (0.43, 0.44, 0.61, and 0.64 mmol/L).

4 High uric acid (>416 pmol/L) in six patients.

€ Low calcium in two patients (1.12 and 2.07 mmol/L) and high calcium in two patients (2.55 and 2.56 mmol/L). The
patient with calcium 1.12 mmol/L had serum albumin 18 g/L.

f High aldosterone (>0.65 nmol/L) in two patients (0.77 and 0.95 nmol/L).

8 High renin (>40 mIU/L) in two patients (50 and 90 mIU/L).

https://doi.org/10.1371/journal.pone.0193056.t003

casts were detected in the other patients. No crystals were found. In the two patients with
hypokalemia, urinary potassium was >20 mmol/L and FEK was 25% and 23% respectively,
indicating renal potassium wasting [39, 40]. All patients had FEMg >4% indicating urinary
magnesium losses [41]. Urine cadmium, mercury and lead levels were all non-toxic [33-35,
42-43]. Mean total arsenic was 42 pg/g creatinine, which is higher than in the US [44] but sim-
ilar to findings in Korea [45], and all samples were below toxic levels (<100 ug/L) [32].

Kidney biopsy morphology
Kidney biopsies were collected from all 11 patients. No adverse events were reported. The
specimens contained 7-29 glomeruli (mean 17 glomeruli/specimen). Polarized light on parat-
fin-embedded tissues detected no crystals. Immunofluorescence showed no signs of immune
complex disease. A summary of the light microscopy and electron microscopy findings are
presented in Table 5.

Light microscopy. Glomerular pathology: Global glomerulosclerosis was found in all
patients, mean 43% (range 8-75%) of all glomeruli (Fig 1A and 1D). All participants had glo-
merular hypertrophy, in most cases mild to moderate (Fig 1B and 1D). No segmental scleroses
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Table 4. Urine test results including urine heavy metals, n =

Urine variable

Culture

Creatinine (mmol/L)

ACR (mg/mmol)
A1M-creatinine ratio (mg/mmol)
NGAL (ug/L)

KIM-1 (ng/ml)

Sodium (mmol/L)

FENa (%)

Potassium (mmol/L)
Potassium-creatinine ratio
FEK (%)

Magnesium (mmol/L)

FEMg (%)

Uric acid (mmol/L)

Uric acid-creatinine ratio
Arsenic (ug/L)
Arsenic-creatinine ratio (ug/g)
Cadmium (pg/L)
Cadmium-creatinine ratio (ug/g)
Mercury (ug/L)
Mercury-creatinine ratio (ug/g)
Lead (ug/L)

Uranium (ug/L)

Vanadium (pg/L)

11.

Mean + SD (range)

All negative
8.4+45(24-172)
7.2+ 14.1 (0.1-47.2)
52 +4.1(0.8-14.5)°

47 + 52 (17.5-154)°

1.1 +0.98 (0.19-3.44)
104 + 71 (36-299)

1.8 +0.8 (0.5-3.3)

27 + 14 (5-50)

3.3+0.9 (1.9-5.3)

15 + 6 (8-25)

2.1+0.9 (1.1-3.7)

11 +5 (4-17)

1.3 0.6 (0.5-2.6)

0.17 +0.03 (0.12-0.23)
37 +21 (4.5-77)

42 +23 (17-98)

0.42 +0.30 (0.11-1.10)
0.49 + 0.27 (0.2-1.05)
0.24 +0.18 (<0.2-0.69)¢
0.3 +0.22 (0.08-0.79)
0.6 +0.5 (<0.5-1.72)°
<0.02 pg/L in all patients
0.08 + 0.06 (<0.1-0.22)°

Note: Abbreviations: ACR, albumin-creatinine ratio. A1M, alpha-1-microglobulin. NGAL, neutrophil gelatinase-

associated lipocalin. KIM-1, kidney injury molecule-1. FENa, fractional excretion of sodium. FEK, fractional

excretion of potassium. FEMg, fractional excretion of magnesium.

When calculating means, values below measurable levels were converted to half of the lowest measurable value:
albumin <3.0 mg/L was converted to 1.5 mg/L; A1IM <6 mg/L to 3 mg/L; NGAL <35 ug/L to 17.5 ug/L; mercury
<0.2 ug/Lto 0.1 ug/L; lead 0.5 pg/L to 0.25 pg/L; and vanadium <0.1 pg/L to 0.05 ug/L.

* ACR was >3.4 mg/mmol in four patients at 4.9, 11.3, 13.2 and 47.3 mg/mmol.

> A1IM was > 0.7 mg/mmol in 10 patients. In one patient A1M was below measurable levels (<6 mg/L).
“NGAL was >50 pg/L in three patients at 111, 115, and 154 pg/L.

4 Five patients had mercury below measurable levels, i.e. <0.2 pg/L.

€ Four patients had lead below measurable levels, i.e. <0.5 pg/L.

fEight patients had vanadium below measurable levels, i.e. <0.1 pg/L.

https://doi.org/10.1371/journal.pone.0193056.t1004

or endocapillary cell proliferation was found. Mild mesangial matrix increase was seen in all
but two patients, and mild cell proliferation was found in one patient. In seven patients there
were signs of glomerular ischemia with thickening of Bowman’s capsule and/or wrinkling of

the GBM (Fig 1C and 1D), and in three of these cases there was a concurrent moderate intimal
thickening in renal arteries (Fig 2B), indicating that the ischemic signs might be caused by vas-
cular pathology. In the remaining four cases the vascular damage was only mild (Fig 2A). Cys-
tic dilatation of Bowman’s capsule was seen in three patients (Patients 5, 7, and 8) (Fig 3A).
Tubular and interstitial pathology: Tubular atrophy was in most cases mild (Fig 3B). Tubu-
litis was seen in three patients (Patients 3, 10, and 11), and clusters of intratubular neutrophil
granulocytes were found in Patients 10 and 11 (Fig 3D). Interstitial inflammation was of
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Table 5. Summary of renal morphology findings by light and electron microscopy.

Mean number of glomeruli 17 + 6 (7-29)

Light microscopy

Glomerular changes, n = 11 Cases Percentage

Mean % globally sclerosed glomeruli 43 +20 (8-75) %

% globally sclerosed glomeruli

<25% 2 18%

25-50% 4 36%

>50% 5 45%

Segmental scleroses 0 0%

Glomerular hypertrophy

0 0 0%

1 6 55%

2 4 36%

3 1 9%

Wrinkled GBM / Periglomerular fibrosis

Yes 64%

No 4 36%

Tubulointerstitial changes, n = 11

Tubular atrophy

0 0 0%

1 10 91%

2 1 9%

3 0 0%

Interstitial fibrosis

0 0 0%

1F 6 55%

2F 4 36%

3F 1 9%

Interstitial inflammation

0 2 18%

1 5 45%

2 2 18%

3 2 18%

Vascular changes, n = 10

Intimal thickening, n = 10

0 5 50%

1 2 20%

2 3 30%

3 0 0%

Smooth muscle hyperplasia, n = 10

0 6 60%

1 4 40%

2 0 0%

3 0 0%

Arteriolar hyalinosis, n = 11

0 1 9%

1 7 64%
(Continued)
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Table 5. (Continued)

2 3 27%
3 0 0%
Electron microscopy, n = 11

GBM thickness (nm) 307 + 39 (259-349)

Podocyte foot processes (slits/um GBM) 1.5+0.2 (1.2-1.8)

Podocyte foot process effacement

No (normal) 11 100%
Segmental effacement 2 18%
Widespread effacement 0 0%
Endothelial cells

Normal 11 100%
Swollen 0 0%
Podocyte cytoplasm inclusions

Yes 9 82%
No 2 18%
Immune complex deposits

Yes 0 0%
No 11 100%

Results are presented as mean + SD (range) or cases and percentage.

Abbreviations: GBM, glomerular basement membrane.

https://doi.org/10.1371/journal.pone.0193056.t005

varying degree—two patients (Patients 1 and 9) had no inflammation, five patients had mild
(Fig 3B), two patients (Patients 7 and 11) had moderate (Fig 3A and 3D), and two patients
(Patients 3 and 10) had severe inflammation (Fig 3C). The inflammation consisted of mainly
lymphocytes. Occasional eosinophils were found in Patient 3. Interstitial fibrosis was mostly
mild to moderate (Fig 3A), but one patient (Patient 3) displayed severe interstitial fibrosis. The
mild interstitial fibrosis was in all cases focal and the moderate interstitial fibrosis was in most
cases diffuse.

Vascular pathology: Most specimens had no intimal thickening (Fig 2A), but five had mild
to moderate thickening (Fig 2B). Mild smooth muscle hyperplasia was present in four biopsies.

Mild to moderate arteriolar hyalinosis was found in all but one biopsy.

Electron microscopy. No immune complex deposits were seen. Two patients showed seg-
mental podocytic foot process effacement (Fig 4A). The majority of the patients had an
increased amount of podocytic cytoplasm inclusions such as vacuoles and/or lipofuscin-like
bodies (Fig 4B). Bowman’s space was normal in all patients. Some of the tubular cells showed
reduced brush borders and reduced size.

Individual morphology results. In six patients (Patients 1, 2, 4, 6, 7, and 9) the main find-
ing was glomerulosclerosis, glomerular hypertrophy, and mild to moderate tubulointerstitial
changes. Two of the patients also had signs of glomerular ischemia (Patients 6 and 7).

In two patients (Patients 3 and 8) the main finding was chronic interstitial nephritis, with
mild to moderate tubular atrophy, tubulitis (Patient 3), moderate to severe interstitial fibrosis,
mild to severe interstitial inflammation, and moderate vascular changes.

Pyelonephritis was the main diagnosis in two patients (Patients 10 and 11), with moderate
to severe interstitial inflammation, granulocytes in the tubular lumina, tubulitis, mild to mod-
erate interstitial fibrosis, and mild vascular changes.
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Fig 1. Light microscopy images of glomerular pathology in Sri Lankan patients with CKDu. Global
glomerulosclerosis (stars in A and D) and glomerular hypertrophy (black arrow heads in B and D) of varying degree
were found in all biopsies. Signs of glomerular ischemia with thickening of Bowman’s capsule (white arrow heads in C
and D) and/or wrinkling of the capillaries was seen in seven patients. [Fig A: hematoxylin-eosin from Patient 4,

bar = 200um. Fig B: periodic acid Schiff from Patient 6, bar = 50um. Fig C: periodic acid silver methenamine from
Patient 3, bar = 50pum. Fig D: periodic acid silver methenamine from Patient 6, bar = 100um.].

https://doi.org/10.1371/journal.pone.0193056.9001

In one patient (Patient 8), the morphology indicated nephrosclerosis with moderate intimal
thickening and mild smooth muscle hyperplasia of arteries, signs of glomerular ischemia, and
mild to moderate tubulointerstitial changes.

Discussion

In this study we have examined kidney biopsies and biochemical characteristics of 11 male
farmers with CKDu in Sri Lanka. We have used similar inclusion and exclusion criteria and
study design as in our previous studies of CKDu in Central America, thus enabling a detailed
comparison of the two endemics.

The renal morphology in this study showed a more mixed pattern compared to our studies
in Central America, where the morphology was relatively homogenous in all cases [6, 7]. Six

Fig 2. Light microscopy images of vascular pathology in Sri Lankan patients with CKDu. Most of the biopsies
showed no or mild intimal fibrosis in arteries (arrow head in A). Three patients showed moderate intimal fibrosis (B).
[Fig A: hematoxylin-eosin from Patient 6, bar = 100um. Fig B: hematoxylin-eosin from Patient 3, bar = 100pum.].

https://doi.org/10.1371/journal.pone.0193056.g002
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Fig 3. Light microscopy images of tubulointerstitial pathology in patients with CKDu in Sri Lanka. Mild to
moderate interstitial fibrosis was found in most patients (black arrow heads in A). Tubular atrophy was mostly mild
(black arrows in B). Interstitial inflammation was of varying degree ranging from none to severe (B, A, D and C). Signs
of pyelonephritis with interstitial inflammation and neutrophil granulocytes in tubules were found in two patients
(white arrow heads in D). [Fig A: Ladewig from Patient 7, bar = 200um. Fig B: periodic acid Schiff from Patient 4,

bar = 100pm. Fig C: hematoxylin-eosin from Patient 3, bar = 100pum. Fig D: hematoxylin-eosin from Patient 11,

bar = 100um.].

https://doi.org/10.1371/journal.pone.0193056.9003

cases displayed a MeN-like morphology with varying degree of glomerulosclerosis (29-54%),
glomerular hypertrophy, mild to moderate tubulointerstitial changes, and mild vascular
changes. However, signs of glomerular ischemia, a common finding in our previous cohorts,
were only found in two of the six MeN-like cases. Further, no segmental sclerosis was found in
this cohort, a finding that we have seen in a few patients in previous studies.

Of the remaining cases, two showed findings indicating active and chronic pyelonephritis
with tubulitis, granulocytes found in the tubular lumina, and moderate to severe interstitial
inflammation; two showed a morphological pattern of chronic tubulointerstitial nephritis with

Fig 4. Transmission electron microscopy findings. Segmental podocytic foot process effacement was observed in two
patients (A, Patient 4). Podocytic cytoplasm inclusions of vacuoles or lipofuscin-like-bodies (arrows in B, Patient 6)
were found in the majority of the patients. ¢ = capillary, pc = podocyte. Bars = (A) 2um, (B) 5 um.

https://doi.org/10.1371/journal.pone.0193056.9004

PLOS ONE | https://doi.org/10.1371/journal.pone.0193056 March 7,2018 12/19


https://doi.org/10.1371/journal.pone.0193056.g003
https://doi.org/10.1371/journal.pone.0193056.g004
https://doi.org/10.1371/journal.pone.0193056

@° PLOS | ONE

Renal morphology of CKDu in Sri Lanka

moderate to severe interstitial fibrosis and interstitial inflammation; and one showed nephro-
sclerosis with vascular changes, moderate intimal thickening, mild smooth muscle hypertro-
phy, and arteriolar hyalinosis.

From our results one can speculate whether these heterogeneous findings in the kidney
biopsies represents different stages or severities of one disease or represent different diseases,
with multiple etiologies. Nanayakkara et al described in their study of kidney biopsies from
CKDu patients in Sri Lanka that the tubulointerstitial damage sometimes was accompanied by
massive interstitial inflammation, and they concluded that this was the primary lesion [20]. In
another study from Sri Lanka, acute and chronic tubulointerstitial lesions and glomerular scar-
ring were found in patients with acute symptoms (backache, fatigue, joint pain, or dysuria)
and kidney injury, indicating that there in some cases may be an acute disease prior to the
development of CKD [22]. Although the patients in our study did not present with any acute
symptoms, we saw severe interstitial mononuclear inflammation in two biopsies. We also con-
sidered if this could be a primary lesion and the other biopsies were later phases. Further stud-
ies are needed to elucidate this question. However, the two biopsies with severe inflammation
also had chronic tubulointerstitial and vascular changes, indicating a more longstanding dis-
ease. One of the biopsies with severe interstitial inflammation was diagnosed morphologically
as active and chronic pyelonephritis, but urine cultures were negative. One could speculate
whether there could be an unknown pathogen, and we propose that infectious diseases as a
cause behind CKDu should be further studied. In Central America, a recently published study
from 11 sugarcane workers, with an acute inflammatory illness and kidney injury, reports
findings of acute tubulointerstitial disease in kidney biopsies [46]. The authors suggests that
the findings are early lesions in Mesoamerican Nephropathy/CKDu in Central America,
which also supports that inflammatory and infectious etiologies need to be further
investigated.

Due to the findings of interstitial inflammation and signs of pyelonephritis, we analyzed
serum for Hantavirus and leptospirosis, common infections in rural Sri Lanka. Notably, ele-
vated Hantavirus IgG-antibody levels, indicating a past infection, were found in 8 of 11
patients. IgM-antibody levels for Hantavirus and leptospirosis were negative. A recent publica-
tion from Sri Lanka showed that 55% of patients with CKDu were seropositive (IgG) for Han-
tavirus compared to 14% in controls but had no prior history of Hantavirus-associated illness
[26]. Also in our study, none of the patients reported any hospitalization due to Hantavirus-
associated symptoms, suggesting a subclinical infection. Whether a subclinical infection could
result in renal scarring or a susceptibility to renal damage is to our knowledge not known;
however, studies have reported a higher prevalence of antibodies against Hantavirus in other
CKD populations compared to controls [47, 48]. We cannot rule out any prior leptospirosis
infection in the present study since IgG levels were not measured. Concomitant infections
with Hantavirus and leptospirosis has been reported to be common in Sri Lanka [49] and this
calls for further studies in the CKDu population. Hantavirus and leptospirosis have been pro-
posed as possible contributing factors in MeN [50], but data on Hantavirus infection in Cen-
tral America are scarce [51] and no published data have, as of yet, supported Hantavirus or
leptospirosis involvement in MeN.

Signs of chronic glomerular ischemia with wrinkling of the glomerular capillaries and/or
thickening of Bowman s capsule were found in seven of the included patients. Chronic glo-
merular ischemia is often found in ageing and hypertensive kidney disease where intimal
thickening of renal arteries are apparent [52, 53]. In our study, three patient had moderate inti-
mal thickening in arteries that might explain the glomerular ischemia, but the remaining four
had only mild or no intimal thickening, suggesting that other etiologies are responsible for
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these glomerular lesions. Similar findings with glomerular ischemia not caused by arterial
pathology was found in nearly all patients in our previous studies in Central America [6, 7].

The kidney morphology in the present study does not resemble Aristolochic acid nephropa-
thy, an endemic nephropathy described in the Balkans [54]. Aristolochic acid nephropathy
typically shows a widespread tubulointerstitial disease but normal glomeruli and the disease is
correlated to an increased risk of urothelial cancer [55], something that has not been reported
in CKDu patients.

In MeN studies from Central America, low serum sodium, potassium and magnesium lev-
els have been common features [6, 7]. In the present study, this was also found but less pro-
nounced. However, some patients in this cohort were taking medications that could influence
electrolyte levels (Table 2). In the two patients with hypokalemia, urine potassium levels indi-
cated renal potassium wasting, similar to what we found in MeN patients [7]. Low serum mag-
nesium was common in this cohort, and interestingly, the FEMg was elevated in all patients,
indicating renal magnesium losses. However, in CKD patients, FEMg may be increased to pre-
vent hypermagnesemia [56], but this compensatory mechanism unlikely explains the high
FEMg found in the patients with hypomagnesemia in the present study. Hypermagnesuria and
hyperkaluria have also been reported as a frequent finding in patients with MeN [57], which
supports that the diseases are similar. We suggest that the low serum levels of electrolytes are
secondary to renal wasting of electrolytes, probably caused by chronic tubular damage. Fur-
ther, high renal output of electrolytes will make patients more susceptible to salt depletion
and/or dehydration due to sweating in hot climates, which could aggravate already-existing
kidney damage. A more in-depth analysis of the urine composition should be studied in larger
cohorts.

Heat stress with repeated volume and salt depletion has been proposed to be a main factor
behind MeN in Central America [58, 59], a disease that often affects sugarcane workers. How-
ever, while the sugarcane workers in Central America experience a high level of heat stress
working in the plantations without shade during a long harvest period, the participants in this
study were self-employed farmers working in the rice fields approximately 2-3 weeks per half-
year and had access to shading trees during breaks. Even though the occupational heat expo-
sures differ, both regions have a hot climate and the possibility for heat stress as a contributing
factor in CKDu in Sri Lanka should be further studied.

Uric acid has been suggested to be of significance in the pathogenesis of MeN in Central
America, since uric acid crystals have been found in the urine of some sugarcane workers dur-
ing harvest [59, 60]. In our study we did not find any crystals in the urine and urine levels of
uric acid were normal. However the samples in this study were not collected during work days
making a comparison difficult.

Heavy metal exposure has been suggested as a possible etiology behind the CKDu endemic
in Sri Lanka. In this study, urine measurements of six heavy metals all showed non-toxic levels,
thus not supporting a direct nephrotoxic effect of heavy metals. However, one must take into
consideration that urinary heavy metal levels mostly mirrors recent exposure, except for uri-
nary cadmium, which has been found to correlate with the accumulation of cadmium in the
kidney [34, 61].

In summary, we found that the morphology and biochemical characteristics of CKDu
patients in Sri Lanka have many resemblances with the CKDu epidemic in Central America,
indicating a similar diagnostic entity. The search for common etiologies affecting both regions
should be further studied. However, the mixed morphology pattern seen in Sri Lanka calls for
larger biopsy studies with a focus on different possible etiologies affecting renal function in Sri
Lanka, such as possible renal-damaging infections. Regarding future studies, we believe that
studies of gene and protein expression in biopsy material would give important knowledge
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about possible etiologies and pathophysiological pathways in the CKDu endemics affecting
both Sri Lanka and Central America.
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