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Abstract

Microcystin-LR (MCLR) is a liver and kidney toxin produced by cyanobacteria. Recently, it was
demonstrated that MCLR exposure drives the progression of high fat/high cholesterol (HFHC)
induced nonalcoholic fatty liver disease (NAFLD) to a more severe state. NAFLD is also a risk
factor for chronic kidney disease (CKD), and the current study investigated MCLR renal toxicity
in the context of an HFHC diet. Sprague Dawley rats were fed either a control diet or an HFHC
diet for 10 weeks. After 6 weeks of diet, animals were administered either vehicle, 10 ug/kg, or 30
ug/kg MCLR wiaintraperitoneal injection every other day for 4 weeks. HFHC diet alone increased
the renal glomerular change histopathology score, and 30 pug/kg MCLR exposure increased this
score in both the control group and the HFHC group. In contrast, 30 pg/kg MCLR caused greater
proteinuria and cast formation and decreased protein phosphatase 1 and 2A protein expression in
the HFHC group. Urinary excretion of KIM-1 increased, but albumin and tamm-horsfall protein
did not change after MCLR exposure. The general concordance between KIM-1, polyuria,
proteinuria, and renal casts after MCLR exposure suggests that proximal tubule cell damage
contributed to these connected pathologies. The control group adapted to repeated MCLR
exposure by increasing the urinary elimination of MCLR and its metabolites, whereas this
adaptation was blunted in the HFHC group. These data suggest an HFHC diet may increase the
severity of certain MCLR-elicited renal toxicities.
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1. Introduction:

Microcystin-leucine arginine (MCLR) is a cyclic heptapeptide produced by prokaryotic
photosynthetic bacteria that is known to cause liver and kidney toxicities in human
populations (Paerl and Paul, 2012; Svircev et al., 2017). MCLR is primarily a hepatotoxin
because it is substrate for the liver specific organic anion transporting polypeptide-1B
(OATP1B) transporters (Oatp1b2 in rodents and OATP1B1/OATP1B3 in humans) (Clarke et
al., 2019; Fischer et al., 2010, 2005). MCLR is also a renal toxin and its primary
metabolites, MCLR-glutathione (MCLR-GSH) and MCLR-cysteine (MCLR-Cys),
accumulate in rodent kidney after MCLR exposure (Ito et al., 2002). The specific molecular,
cellular, and physiological processes perturbed by MCLR are influenced by MCLR exposure
level and duration, with higher acute or sublethal exposures causing necrosis and lower
chronic exposures causing tumor promotion (Svircev et al., 2017).The common molecular
mechanisms of MCLR liver and kidney toxicity include inhibition of serine-threonine
protein phosphatase-1 (PP1) and PP2A, production of reactive oxygen species, disruption of
cytoskeleton, and inflammation (Abdel-Daim et al., 2019; AlKahtane et al., 2020; Campos
and Vasconcelos, 2010; Liang et al., 2011; Liu and Sun, 2015). MCLR disrupts protein
phosphatase activity by covalently binding to the active site of the enzyme, requiring
production of new protein to restore PP1 and PP2A activity (Xing et al., 2006). Data from
rodent studies indicate that MCLR renal toxicity presents as glomerular damage, altered
creatinine clearance, and proteinuria (Milutinovi¢ et al., 2003; Nobre et al., 2001; Yi et al.,
2019). A recent cross-sectional study in China reported that higher estimated MCLR
exposure was associated with abnormal blood urea nitrogen, serum creatinine, and estimated
glomerular filtration rate (Lin et al., 2016). Most MCLR rodent studies, including the studies
that determined the current MCLR Tolerable Daily Intake (TDI) value, were performed in
healthy animals (Fawell et al., 1999), but there is increasing interest in identifying at-risk
populations who may be more susceptible to MCLR-induced liver and kidney toxicities,
such as individuals with underlying liver and/or kidney diseases.

Chronic kidney disease (CKD) affects approximately 30 million adults in the United States
and has an estimated global prevalence of 13.4% (Coresh, 2017; Hill et al., 2016; Levey et
al., 2007; Mills et al., 2015; Targher et al., 2008; Targher and Byrne, 2017). CKD is
characterized by progressive loss of kidney function, specifically decreased glomerular
filtration and/or increased proteinuria (Webster et al., 2017). It is generally associated with
obesity, diabetes, hypertension (Soderland et al., 2010), and shares cardio-metabolic risk
factors with nonalcoholic fatty liver disease (NAFLD) (lbrahim et al., 2016; Laurentius et
al., 2019; Targher et al., 2011). Multiple cohort studies indicate NAFLD patients have higher
CKD incidence compared to non-NAFLD patients (Hill et al., 2016; Kramer and Luke,
2007; Musso et al., 2014; Sinn et al., 2017). Occupational and environmental exposure to
toxins also contribute to the burden of both CKD and NAFLD (Arman et al., 2019; Craig et
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al., 2015; Kataria et al., 2015; Soderland et al., 2010; Wahlang et al., 2014, 2013). We
previously demonstrated that MCLR exposure drives high-fat/high-cholesterol (HFHC) diet
induced NAFLD towards more severe liver pathology (Arman et al., 2019). Given the
association between NAFLD and CKD, we hypothesized that MCLR would also exacerbate
renal toxicity. Data presented here indicate that MCLR exposure exacerbates specific aspects
of HFHC-associated kidney disease.

2. Materials and Methods:

2.1. Animals and treatments:

Eight-week-old male Sprague-Dawley rats (n=36) were purchased from Envigo
(Huntingdon, Cambridgeshire, UK). All animals were maintained in 12 h light and dark
cycles for the duration of the study. Animals were divided into two groups and fed either a
control diet (Dyets Inc., Bethlehem, PA, USA, Catalog# 518754) or an HFHC diet (Research
Diets, New Brunswick, NJ, USA, Catalog# D06061401) for 6 weeks. Animals were then
divided into three treatment groups (n=6 per group) and dosed with intraperitoneal injections
of either vehicle (0.9% saline, 0.09% ethanol; 5 mL/kg) or MLCR (10 ug/kg or 30 pg/kg; 5
mL/kg; Cayman Chemicals [Ann Arbor, MI, USA]) every 48 h for 4 weeks (10 weeks total
on diets). Blood was collected from the tail vein into heparinized tubes prior to the first
MCLR dose (day 0), 24 h after the seventh dose (day 14), and 24 h after the last dose (day
29). Blood was centrifuged at 10,000 x g for 5 min at 4°C and plasma was removed and
stored at —80°C until further analysis. Animals were housed in metabolic cages from 24 h
before until 24 h after, the first and last MCLR doses (48 h housing duration each time).
Total urine was collected from the rats during the following time intervals: 0to 6 h, 6 to 12 h
and 12 to 24 h after MCLR intraperitoneal injection and stored at —80 °C. 24 h after the final
MCLR injection, rats were euthanized by carbon-dioxide asphyxiation, tissues were
harvested and were formalin fixed and snap frozen. Handling, care and maintenance of the
animals was done in the Association for the Assessment of Laboratory Animal Care
International accredited program of the Laboratory Animal Resources facility of Washington
State University, Spokane. All aspects of the animal research were approved by the
Institutional Animal Care and Use Committee at Washington State University (approval
code 04937, 14 December 2016).

2.2. Proteinuria quantification

Urine protein concentration was measured using the Pierce BCA Protein Quantification
Assay kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
protocol (Catalog# 23225). Proteinuria was calculated from the protein concentration in
urine multiplied by the total urine volume per unit time (h).

2.3. Urinary kidney injury molecule-1 (KIM-1) quantification

Urinary KIM-1 was measured using the Rat KIM-1 PicoKine™ ELISA Kit (Boster
Biological Technology, Pleasanton, CA, USA) as per the manufacturer’s protocol (Catalog#
EK0882). The urinary KIM-1 was calculated from the KIM-1 concentration in urine
multiplied by the total urine volume per unit time (h).
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2.4. Creatinine clearance

Plasma and urine creatinine concentrations were assessed with colorimetric kits according to
manufacturer’s protocols (Catalog# 700460 and Catalog# 500701, respectively; Cayman
Chemicals, Ann Arbor, MI, USA). Creatinine clearance was calculated using the following
formula:

Creatinine clearance (ml/min) = (Urine creatinine X Urine volume)/ (Serum creatinine X 1440)

2.5 Histopathological Analysis

Formalin fixed kidney tissues were processed, paraffin embedded, sectioned at 4 pm, stained
with hematoxylin and eosin (H&E) or immunohistochemistry was performed for Bcl-2
(Novus Biologicals, Littleton, CO, USA, Catalog# NB100-56101), Bax (Novus Biologicals,
Catalog# NBP1-28566), and Caspase-8 (Novus Biologicals, Catalog# NB100-56116). The
H&E stained slides were examined by a board-certified veterinary pathologist. Incidence
and severity score criteria were as follows: 0, no noteworthy lesions (0%); 1, minimal
(<10%); 2, mild (10%—-25%); 3, moderate (25%-40%); 4, marked (40%-50%); 5, severe
(>50%).

2.6. Protein Preparations

Approximately 50 mg of kidney tissue was homogenized with NP40 lysis buffer with
protease inhibitors (Catalog# P188665, Thermo Fisher Scientific, Waltham, MA, USA).
Homogenized samples were agitated at 4°C for 2 h and then centrifuged at 10,000x g at 4°C
for 1 h. Supernatants were collected and Protein concentrations were determined from
supernatant using the Pierce BCA Protein Quantification Assay kit (Thermo Fisher
Scientific, Waltham, MA, USA).

2.7. Immunoblot Protein Analysis

Twenty micrograms of total protein from kidney tissue lysates were prepared in Laemmli
buffer with 2.5% B-(BME) and heated at 37°C for 30 min. Samples were loaded into either
7.5% gels prepared with TGX FastCast Acrylamide Solutions (Bio-Rad, Hercules, CA,
USA) or 12% SDS-PAGE gels to probe for PP2A and MCLR or PP1, respectively. For
tamm-horsfall protein (THP), 50 pg of total protein from kidney tissue lysates were prepared
in Laemmli buffer with 2.5% BME without heat and samples were loaded into 7.5% SDS-
PAGE gels. Protein was transferred from gels to polyvinylidene fluoride (PVDF) membranes
with a Bio-Rad (Hercules, CA) Trans-Blot Turbo system at 25V/1.0 A for 30 min. Following
transfer, the blots were blocked with 5% non-fat dry milk in Tris-base buffered saline-Tween
20 (TBS-T) and incubated with following antibody conditions: PP2A (1: 2,000 dilution;
Millipore, Burlington, MA, USA) (Catalog# 05-421; 1:10,000 mouse secondary), MCLR
(1:2,000 dilution; Enzo, Farmingdale, NY, USA) (Catalog# 89154-022; 1:10,000 mouse
secondary), PP1 (1:1,000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
(Catalog# sc-7482; 1:10,000 mouse secondary), THP (1:5,000 dilution; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) (Catalog# sc-271022; 1:10,000 mouse secondary).
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THP and albumin proteins were probed in urine samples. Urine samples containing 0.51 pg
(THP immunoblotting) and 0.08 ug (Albumin immunoblotting) of creatinine were prepared
in Laemmli buffer with 2.5% BME without heat. The samples were loaded into 7.5% SDS-
PAGE gels. Transfer to PVDF membrane and blocking were done as described above.
Antibody conditions used for incubation are as follows: THP (1:1,000 dilution; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) (Catalog# sc-271022; 1:10,000 mouse secondary)
and albumin (1:2,000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA) (Catalog#
sc-271605; 1:10,000 mouse secondary).

Chemiluminescence was developed with SuperSignal West Pico PLUS (Thermo Fisher
Scientific, Waltham, MA, USA) and images were captured using a Bio-Rad ChemiDoc
imager. Densitometry was performed using Image Lab (Bio-Rad, Standard Edition, Version
6.0.0 build 25). Proteins of interest were normalized to total protein stained with Amido
Black. Total protein normalization is a commonly accepted technique for protein
densitometry analysis instead of a single-protein loading control (Aldridge et al., 2008;
Arman et al., 2019).

2.8. mRNA Expression and gPCR quantification

Total RNA was extracted from rat kidney using TRIzol reagent (Thermo Fisher Scientific,
Waltham, MA, USA) according to manufacturer’s protocol (Catalog# 15596018). RNA
concentrations were determined using a nano-drop, and RNA integrity was confirmed by
agarose gel electrophoresis. iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA)
(Catalog# 1708841) was used for cDNA synthesis from total RNA, and PerfeCTa SYBR
Green SuperMix, ROX (Quantabio, Beverly, MA, USA) (Catalog# 101414-160) was used
for real time quantitative PCR analysis as per manufacturer’s protocol. Primers were
purchased from Sigma (St. Louis, MO, USA) for the following genes: Solute Carrier Family
47 Member 1 (S/c47a1) or MATEL (NM_001014118.2) forward
CTGTCTGGCTTTCAAGAGGAG, reverse CAGAGGAGCAGGATGAGTGTC; Solute
Carrier Family 47 Member 2 (S/c47a2) or MATE2 (NM_001191920.1) forward
CAAGTGATGCCCATTTTTGCTC, reverse AGAGGGCTTGGAAGAAGACAC; Solute
Carrier Family 12 member 1 (S/c12a1) or NKCC2 (NM_001270618.1) forward
GTCATCATCATTGGCCTGAGCG, reverse AAGGTCTACCACAGTCTCCGC; LDL
Receptor related Protein 2 (Lrp2) or Megalin (NM_030827.1) forward
ACTGCACTACCCTGTGTTCG, reverse AGGACACGCCCATTCTCTTG; Cubilin (Cubn)
(NM_053332.2) forward ACAAGAAGGAAGGCGGATCG, reverse
TTTCCACCGGAGACACTTGG,; Solute carrier family 22 member 2 (S/c22a2) or OCT2
forward TCTTGATGTACAATTGGTTCACG, reverse AACCACAGCAAATACGACCAG
(More et al., 2010); Vimentin (V7m) (NM_031140.1) forward
GGCACGTCTTGACCTTGAAC, reverse GGCTTGGAAACGTCCACATC; Tumor
necrosis factor (7nfa) (NM_012675.3) forward ACTACGATGCTCAGAAACAC, reverse
AATAGAGGGGGTTCCGTAAG,; Interleukin 10 (/L10) (NM_012854.2) forward
TCCCCTGTGAGAATAAAAGC, reverse ATGTCAAACTCATTCATGGC; Interleukin 1-
beta (/L1B) (NM_031512.2) forward TGTGGATCCCAAACAATACC, reverse
ATAGTGCAGCCATCTTTAGG,; and Glyceraldehyde-3-phosphate dehydrogenase (Gapah)
(NM_017008) forward CTTGTGCAGTGCCAGCCTC, reverse
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TCCCGTTGATGACCAGCTTC; and Beta-2 microglobulin (52m) (NM_012512.2) forward
TGTGGCTGGAGGTTTAGTCC, reverse AACAGAAGGGCAGAAGACGC and mitogen-
activated protein kinase (Mapk) (NM_053842.2) forward CTACGGCATGGTTTGTTCTG,
reverse ATCTGCTCAATGGTTGGTGC. The expression for the genes of interest were
normalized to the average expression of three housekeeping genes (Gapdh, BZM and Mapk).

2.9. MCLR quantification

The parent MCLR and the MCLR metabolites (MCLR-GSH and MCLR-Cys) were
quantified with urine collected after the first and the last MCLR dose using a previously
published protocol (Montonye et al., 2019).

2.10. Statistical analysis

All results are represented as mean + SD. All data, except the semi quantitative
histopathological data, were analyzed by two-way ANOVA statistical analysis with diet and
dose constituting the main two factors. Dunnett and Sidak’s multiple comparison post-tests
were performed to determine statistical differences between different treatment groups. All
analyses were carried out using GraphPad Prism software. (GraphPad Software, Inc., La
Jolla, CA, USA).

3. Results and Discussion:

3.1. Kidney weight and pathology after MCLR exposure

Changes in organ weight and organ-to-body weight ratio are sensitive biomarkers of organ
toxicity, (Michael et al., 2007) and altered absolute kidney weight correlates with greater
severity of histopathology endpoints (Craig et al., 2015). In the present study, MCLR
exposure (30 pg/kg) resulted in increased kidney weights (Control vehicle: 2.71 + 0.05 g;
Control MCLR: 3.01 + 0.28 g and HFHC vehicle: 2.62 + 0.17 g; HFHC MCLR: 3.08 £ 0.13
g; mean + SD) and kidney-to-body weight ratios (Control vehicle: 0.007 £+ 0.0003 g; Control
MCLR: 0.008 + 0.0007 g and HFHC vehicle: 0.006 + 0.0005 g; HFHC MCLR: 0.008 +
0.0005 g; mean + SD) despite no change in body weights due to the diet or MCLR toxicity
(Arman et al., 2019) (Supplemental Table 1). Pathologist’s incidence and severity scoring of
H&E stained kidney sections indicated increased overall kidney pathology and glomerular
changes in both control and HFHC groups after MCLR exposure (30 pg/kg), with elevated
pathology in HFHC diet (Fig. 1 and Fig. 2A-B). Glomerular changes were due to expansion
in the mesangial matrix and proliferation of mesangial cells, which are important aspects of
diabetic nephropathy (Mason and Wahab, 2003; Schléndorff and Banas, 2009). Sub-chronic
MCLR exposure (30 ug/kg) increased renal tubular protein casts only in the HFHC group
(Fig. 2C), suggesting increased susceptibility to MCLR-induced kidney casts in the context
of a poor diet. Depending on the nature of the renal intratubular cast, they can be attributed
to normal physiology, glomerulonephritis, or other disease states (Dvanajscak et al., 2020).
Eosinophilic casts were previously reported in Wistar rats after chronic (8 month) MCLR
exposure (Milutinovic et al., 2003). There is a lack of substantial change in the other
endpoints of kidney health (tubule dilation, necrosis, degeneration) after MCLR exposure
(Fig. 2D-E). However, the regeneration score increases after the low dose MCLR exposure
in the HFHC group and in both the diet groups after the high dose MCLR (Fig. 2G).
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Regeneration is associated with proximal tubule repair after an injury (Fujigaki, 2012).
Collectively, these data suggest sub-chronic MCLR exposure causes Kidney toxicity in both
healthy and HFHC groups, with increased susceptibility to casts in the HFHC group. The
glomerular changes, casts and regeneration score suggest MCLR may alter glomerular
filtration, protein reabsorption, and/or cause tubule cell damage.

MCLR kidney toxicity involves proximal tubule cell damage

Proteinuria is a hallmark of CKD (Chacar et al., 2017; Gorriz and Martinez-Castelao, 2012;
Mills et al., 2015). MCLR exposure (30 pg/kg) at days 1 and 29 caused proteinuria from 0 to
24 h in the HFHC diet group but caused proteinuria from 0 to 24 h only on day 29 in the
control diet group (Fig. 3A, A symbols). At days 1 and 29 the HFHC diet group exhibited
higher proteinuria compared to the control diet group (Fig. 3A, e symbols). These data are
consistent with a previous report indicating MCLR exposure in male Wistar rats increased
proteinuria (Lowe et al., 2012), although the effect in the present study was more
pronounced in the HFHC group. Proteinuria can be caused by glomerular and/or
tubulointerstitial damage (Kamijo et al., 2002), so the effects of MCLR and the HFHC diet
on glomerular function and tubule cell damage were tested further.

Albuminuria, a common form of proteinuria caused by impaired glomerular filtration and/or
albumin reabsorption, was investigated. Urinary albumin levels were not altered by the
HFHC diet or MCLR exposure (Fig. 3B). The membrane receptors megalin and cubilin in
the proximal tubule cells are responsible for albumin reabsorption in the tubule (Christensen
and Birn, 2002, 2001). No changes in renal megalin and cubilin mRNA expression were
observed after sub-chronic MCLR exposure in either the control or HFHC diet groups (Fig.
3C and D). These data indicate aloumin did not contribute to MCLR-elicited proteinuria and
that glomerular filtration may not be involved.

To further assess glomerular function, glomerular filtration rate was estimated using
creatinine clearance (Bazzano et al., 2015; Kampmann and Hansen, 1981). Neither the
HFHC diet nor sub-chronic MCLR exposure affected creatinine clearance (Fig. 3E), despite
histopathology suggesting glomerular changes. Active tubular secretion of creatinine
through organic cation transporter 2 (OCT2) and multidrug and toxin extrusion transporter 1
and 2 (MATEL and MATE?2) (Mathialagan et al., 2017; Zhang et al., 2015) accounts for 10—
40% of creatinine clearance (Levey et al., 1988; Zhang et al., 2015). MCLR exposure did not
alter mRNA expression of OCT2, MATE1 and MATE?2 in the control or HFHC groups (Fig.
3F-H), suggesting creatinine tubular secretion was not altered by the HFHC diet or by sub-
chronic MCLR exposure. These results are consistent with previous data indicating that
short-term high fat diet (6 weeks) did not alter creatinine clearance in Sprague Dawley rats
(Crinigan et al., 2015), but are in contrast to another study in male Wistar rats that reported
increased creatinine clearance 24 h after a single i.p. injection of 55 ug/kg MCLR (Lowe et
al., 2012). The different MCLR effects on creatinine clearance between the current study
and Lowe et al. may reflect differences in exposure level/time and/or the strain of rat used.
Thus, glomerular filtration did not contribute to MCLR-elicited proteinuria in the current
study.
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Tubulointerstitial damage was assessed by measuring urinary KIM-1 and THP, two possible
non-albumin sources of proteinuria (Fraser et al., 2014; Katayev et al., 2017; Kwon et al.,
2019). KIM-1 is a marker of damage and regeneration of renal proximal tubules (Bonventre,
2009; Sabbisetti et al., 2014; Zhang and Cai, 2016), while THP is primarily expressed in the
thick ascending loop of Henle and the distal tubule, is responsible for tubular cast formation
and tubular obstruction after kidney injury, and is increased in urine of CKD patients (Gorriz
and Martinez-Castelao, 2012; Prajczer et al., 2010; Rampoldi et al., 2011; Sikri et al., 1981;
Wangsiripaisan et al., 2001). Similar to the proteinuria results, the total 24 h urinary KIM-1
concentration increased only in the HFHC diet group at day 1 (Fig. 4A, day 1, A symbol).
Interestingly, the total 24 h urinary KIM-1 increased only in the control diet group at day 29
(Fig. 4A, day 29, A symbol), suggesting early damage to proximal tubule cells in the HFHC
group and sub-chronic damage in the healthy group. Urinary THP was not altered after sub-
chronic MCLR exposure in either control or HFHC diet groups (Fig. 4B).
Immunohistochemistry staining of apoptotic markers Bcl-2, Caspase-8, and Bax did not
show definitive diet or MCLR effects (Supplemental Figure 1), suggesting that at the time
point collected (24 hours after the final MCLR dose) apoptosis was not occurring.
Collectively, these data indicate that MCLR-elicited proteinuria may partially reflect
proximal tubule cell damage as indicated by increased release of KIM-1.

Excessive urine production (polyuria) is a common symptom of kidney disease and is
associated with proteinuria (Fulchiero and Seo-Mayer, 2019; Vieira et al., 2019). MCLR
exposure (30 ug/kg) at days 1 and 29 caused polyuria from 0 to 24 h in the control diet
group (Fig. 4C, A symbol), but only caused polyuria from 0 to 6 h after MCLR exposure in
the HFHC diet group (Fig. 4C, * symbol). A possible cause of the increased urine
production can be attributed to polydipsia, which has been reported previously in mice after
MCLR exposure (Zhao et al., 2015), MCLR treatment also increased urine flow in perfused
rat kidneys, which would not be affected by water consumption (Nobre et al., 1999). These
data indicate MCLR-elicited polyuria may be affected by water consumption and/or renal
urine production. Na*-K*—2Cl cotransporter 2 (NKCC?2), encoded by the solute carrier
family 12 member 1 (S/c12al) gene, plays an important role in maintaining body salt and
water homeostasis (Ares et al., 2011; Kemter et al., 2010), but sub-chronic MCLR exposure
did not alter S/c12a1 gene expression (Fig. 4D).

The general concordance between KIM-1, polyuria, proteinuria, and renal casts after MCLR
exposure suggests that proximal tubule cell damage contributed to these connected
pathologies (Larson, 1994; Schentag et al., 1979). Thus, damage to and subsequent
regeneration of the proximal tubule cells (Fig. 2G and Fig. 4A) contributed to cast formation
(Fig. 2C) and polyuria (Fig. 4C), potentially by affecting the concentrating function of the
proximal tubule cells, thin loop of Henle, and the distal tubules. Further research is needed
to determine whether tubule cell damage is a result of necrotic or apoptotic cell death and
whether the kidney will recover after MCLR toxicity.

Protein phosphatase expression and inflammation:

The predominant mechanism for MCLR cellular toxicity is covalent binding to the catalytic
subunit and inhibition of protein phosphatase 1 and 2A (PP1 and PP2A, respectively),
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leading to increased phosphorylation of key proteins involved in signal transduction
pathways (Runnegar et al., 1993; Xing et al., 2006; Zong et al., 2018). The effects of MCLR
on kidney protein phosphatases have not been explored /n vivo, although they have been
reported for PP2A in human embryonic Kidney (HEK) 293 cells (Li et al., 2011). Sub-
chronic MCLR exposure (30 ug/kg) decreased PP1 and PP2A protein expression only in the
HFHC diet group (Fig. 5A, B, C, E), indicating the HFHC group was more susceptible to
MCLR-elicited changes in protein phosphatase expression compared to the healthy group.
We previously reported a lower molecular weight PP2A band (~25 kDa) in the liver after
sub-chronic MCLR exposure (Arman et al., 2019), and a similar band was observed in the
kidney of these animals (Fig. 5D, E). Protein phosphatase-bound MCLR can be measured by
western blot using an MCLR specific antibody (Arman et al., 2019; Li et al., 2011). As
expected, MCLR bands were observed in the MCLR treated groups (Fig. 5F-H) that
correspond to the bands observed for PP2A (37 kDa and 25 kDa). These data show that
MCLR reaches the kidney in sufficient amounts to alter protein phosphatase expression in
HFHC diet group.

Cytokines play an important role in diet- and/or toxin-induced renal damage. High-fat diets
are known to cause renal inflammation (Altunkaynak et al., 2008; Odermatt, 2011) and in
the current study the HFHC diet increased proinflammatory /L-IBand 7nf-a expression
(Fig. 6C-D). A previous study reported a concentration-dependent effect of MCLR on IL-1B
and Tnf-a production in mouse jejunum, with downregulation occurring at higher MCLR
concentrations (Cao et al., 2019). In the current study, /L-18 expression decreased after 10
and 30 pg/kg MCLR in the HFHC diet group (Fig. 6C). The role of IL-1p in different types
of kidney damage and disease is complicated and may be context-dependent, making it
difficult to ascertain the impact of decreased expression on MCLR-elicited renal toxicity in
the context of the HFHC diet (Anders, 2016). Increased circulating IL-10 has been reported
in diabetic patients and can predict proteinuria in diabetic nephropathy (Sinuani et al., 2013).
The role of IL-10 as an attenuator of inflammation and renal fibrosis has also been reported
(Jin et al., 2013; Sziksz et al., 2015). Kidney /L-I10expression increased in the HFHC diet
group but decreased to control levels after sub-chronic exposure to both 10 and 30 pg/kg of
MCLR (Fig. 6B). The cytokines IL-10 and IL-1p were more sensitive to MCLR as they
were the only two molecular endpoints assessed that changed in the kidney after the 10
ng/kg MCLR exposure. It is interesting to note that the HFHC and MCLR effects on 7nf-a,
/L-10, and /L-1B were similar in the kidney and liver of these animals (Arman et al., 2019).
Another key observation was an increase in the mRNA expression of Vimentin (Vim) only
in the 30 pg/kg MCLR HFHC group (Fig. 6A). Previous studies have associated vimentin
expression with acute and chronic renal tubulointerstitial damage (Fujigaki et al., 2017;
Grone et al., 1987), suggesting the HFHC group was potentially more prone to MCLR-
elicited tubulointerstitial toxicity.

elimination:

MCLR is detoxified through formation of glutathione and cysteine conjugates (MCLR-GSH
and MCLR-Cys, respectively), which are then eliminated in the urine and feces (Gehringer
et al., 2004; He et al., 2012; Kondo et al., 1996). Consistent with a previous report
(Robinson et al., 1991), a majority of the MCLR excreted into the urine was the parent
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molecule (Fig. 7A-C). In addition, our data agree with previous studies indicating parent
MCLR is primarily excreted within the first 6 hours after exposure and the MCLR-Cys
conjugate is more abundant in the urine compared to MCLR-GSH (Fig. 7A-C) (Ito et al.,
2002; Kondo et al., 1996).

The amount of MCLR and its metabolites eliminated in the urine was differential between
the diet groups and the exposure time. MCLR-GSH and MCLR-Cys were eliminated in a
dose-dependent manner after a single MCLR exposure only in the HFHC group (Fig. 7B-C,
day 1, A symbol), whereas after repeated MCLR exposure they were eliminated in a dose-
dependent manner only in the control group (Fig. 7B-C, day 29, A symbol). The total
amount of MCLR-Cys excreted in the urine was higher in both diet groups at day 29
compared to day 1 (Fig. 7C), suggesting the animals adapted to sub-chronic exposure by
eliminating more MCLR as the cysteine conjugate. Finally, at day 29 the HFHC group
eliminated less MCLR-GSH and MCLR-Cys compared to the control diet group after 30
ug/kg MCLR (Fig. 7B-C, day 29, e symbol). Taken together, these data indicate that the
healthy group adapted better to repeated MCLR exposure and eliminated more MCLR
through metabolism than the HFHC group.

4. Conclusions:

The connection between MCLR exposure and impaired kidney function was only recently
reported in human populations (Lin et al., 2016). The research presented here indicates that
MCLR exposure in the context of an HFHC diet may increase the risk of developing renal
casts, decrease protein phosphatase expression, dysregulate inflammatory mediators, and
decrease MCLR detoxification and urinary excretion. More research is needed to determine
whether human populations with obesity and/or NAFLD are at greater risk of MCLR-
elicited renal toxicities.
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HIGHLIGHTS:
HFHC diet increased severity of MCLR induced casts and proteinuria
Urinary KIM-1 levels increased after MCLR exposure

PP1 and PP2A protein levels decreased after MCLR exposure only in the
HFHC group

HFHC diet decreased the metabolism and total urinary elimination of MCLR
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Figure 1:
Representative H&E stained kidneys (Magnification 100X). Size bars represent 100 pm.

Chemosphere. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Overall kidney pathology

Page 19

= Veh.
4 10 pgkg
* 30 ugkg
D
Tubule dilation
4-
34
o
g 2]
1)
14 — - e e
() A———— =
CON HFHC
G Regeneration
4+
34 . .
2
8 2 e FYVER
w — —
14 = aa eee - ks wee

()~

Arman et al.
B
Glomerular changes
4
3
s
8 2 . FYVe
1] J—
1 AL - A ee
.- T
CON HFHC
E Necrosis
41
3
2
32
wn
11 " e
(- - e oW mmm oaa ww
CON HFHC
Figure 2:

4-
31 .
o
8 24 . AL oo
0 J—
11 - -_ A eee
R - r
CON HFHC
C
Casts
4-
34 see
o
8 2- —
w
11 = - EEE s see
() A————— e
CON HFHC
F Degeneration
4+
3-
2
82' A
w
14 oo B AL e
(4 - naa i
CON HFHC

CON

Histology severity scores. (A) Overall kidney pathology, (B) Glomerular changes, (C) Casts,
(D) Tubule dilation, (E) Necrosis, (F) Degeneration, and (G) Regeneration scores provided
by the pathologist. Each point represents an individual animal in the group, n=6 per group.
The horizontal lines represent the median for each group.
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Figure 3:
Proteinuria and Creatinine clearance. (A) Urinary total protein after a single dose (Day 1)

and after the final dose of MCLR (Day 29) divided into the urine collection time points (0—
6, 6-12, 12-24 h). (B) Densitometry of Day 29 urine albumin divided into the urine
collection time points (0-6, 6-12, 12-24 h), along with representative western blots. (C)
Lrp2 (Megalin) and (D) Cubn (Cubilin) mRNA expression. (E) Day 29 creatinine clearance.
(F) S1c22a2 (OCT2) (G) Slc47a1 (MATEL) and (H) Slc47a2 (MATE2) mRNA expression in
the kidney. Data represent mean + SD, n = 6 per group. Two-way ANOVA Dunnett multiple
comparison post-test represented by * indicate p-value <0.05, versus respective vehicle
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group for each collection period (0-6, 6-12, or 12-24 h). Two-way ANOVA Dunnett
multiple comparison post-test represented by (A) indicate p-value < 0.05 versus respective
vehicle group for the complete 24-h period. Two-way ANOVA Sidak multiple comparison
post-test represented with (e) indicate p-value < 0.05 comparing control versus HFHC
within each dose for the complete 24-h period. Two-way ANOVA Sidak multiple
comparison post-test represented with (#) indicate p-value < 0.05 within each dose group.

Chemosphere. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Arman et al. Page 22
o Urinary KIM-1 = THP = 06h
2 104
£ 0 6-12h
3 1224 h
Qo
2
o
o
o
= :
L0 > 0 $ 0
O & O & O &
0[ Qg ] cJl %Q J Ol$ J
Vehicle 10 ug/kg o i Vehicle 10 ug/kg 30 nglkg
Day 1 Day 29 CV C10 €30 HY H10 H30
1

| R | O | i 1 i
TITILII

Representative THP blot (bands at ~100 kDa)

C D
Slc12a1 (NKCC2)
G Urinary volume 80 I Vehicle
E o020 3 : 10 ug/kg
b= ) - [ 30 ng/kg
©0.15- | | 4
e r—eﬁ G
3 S 1.0
E-ow N
v
3 0.05 %é % 0.5
< 2 g e & H =l | B | 4 o
5 S L &SP &L S L S L SO CON HFHC
2 O & O &L O & Qo O X O &
& & 3 & & 3
L8 (S8 S8 a0 T,
Vehicle 10 ug/kg 30ugkg ~ Vehicle 10 ughkg 30 pglkg,
Day 1 Day 29
Figure 4:

KIM-1, THP and Polyuria. (A) (F) Urinary KIM-1 after a single dose (Day 1) and after the
final dose of MCLR (Day 29) divided into the urine collection time points (0-6, 6-12, 12—
24 h). (B) Day 29 urine THP divided into the urine collection time points (0-6, 6-12, 12—-24
h), along with representative western blots.(C) Urine volumes after a single dose of MCLR
(Day 1) and after the final dose of MCLR (Day 29) divided into the urine collection time
points (0 to 6, 6 to 12, 12 to 24 h). (D) S/c12a1 (NKCC2) mRNA expression in the kidney.
(C). Data represent mean + SD, n = 6 per group. Two-way ANOVA Dunnett multiple
comparison post-test represented by * indicate p-value <0.05, versus respective vehicle
group for each collection period (0 to 6, 6 to 12, or 12 to 24 h). Two-way ANOVA Dunnett
multiple comparison post-test represented by (A) indicate p-value < 0.05 versus respective
vehicle group for the complete 24-h period. Two-way ANOVA Sidak multiple comparison
post-test represented with (e) indicate p-value < 0.05 comparing control versus HFHC
within each dose for the complete 24-h period.
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Figure 5:

Protein phosphatase and MCLR immunoblotting. (A) Densitometry of PP1 and (B) a

representative western blot. (C) Densitometry of the upper PP2A and (D) lower PP2A bands
along with (E) a representative western blot. (F) Densitometry of protein phosphatase bound

upper and (G) lower MCLR bands along with (H) a representative western blot. Data

represent mean + SD. N = 6 for each group. Two-way ANOVA Dunnett multiple comparison
post-test represented with (*) indicate p-value < 0.05 versus respective vehicle group. Two-
way ANOVA Sidak multiple comparison post-test represented with (#) indicate p-value <

0.05 within each dose group.
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Figure 6:
Tubule regeneration and Inflammation. (A) Vim (Vimentin), (B) /L-10, (C) /L-1p, and (D)

7nf-a mMRNA expression. Data represent mean + SD. n = 6 per group. Two-way ANOVA
Dunnett multiple comparison post-test represented with (*) indicate p-value < 0.05 versus
respective vehicle group. Two-way ANOVA Sidak multiple comparison post-test represented
with (#) indicate p-value < 0.05 within each dose group.
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B 0-6h
£ 6-12h
12-24 h

MCLR metabolites. LC-MS/MS quantification of urinary elimination of (A) MCLR and
MCLR metabolites (B) MCLR-GSH and (C) MCLR-Cys after a single dose (Day 1) and the
final dose of MCLR (Day 29) divided into the urine collection time points (0-6, 6-12, 12—
24 h). Data represent mean + SD, n = 6 per group. Two-way ANOVA Dunnett multiple
comparison post-test represented by * indicate p-value <0.05, versus respective vehicle
group for each collection period (0-6, 6-12, or 12—-24 h). Two-way ANOVA Dunnett
multiple comparison post-test represented by (A) indicate p-value < 0.05 versus respective
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vehicle group for the complete 24-h period. Two-way ANOVA Sidak multiple comparison
post-test represented with (e) indicate p-value < 0.05 comparing control versus HFHC
within each dose for the complete 24-h period.
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