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ABSTRACT 

STREPTOZOTOCIN-INDUCED DIABETES INCREASES KIDNEY TOXICITY IN 

RATS EXPOSED TO OCHRATOXIN A 

Belkys Gonzalez 

Due to the rising occurrence of diabetes in the population and the prevalence of OTA 

exposure via ingestion of contaminated foodstuffs, there is a need to assess the possible 

renal interaction of a diabetic disease state in concurrence with OTA exposure. 

Sprague Dawley rats were treated with streptozotocin to induce experimental 

diabetes and then orally exposed to 0.5 mg/kg body weight OTA once a day for 21 days. 

Renal biomarkers and light microscopy were evaluated to assess the interaction between 

diabetic nephropathy and OTA exposure. LLC-PK1 proximal tubule cells were used as an 

in vitro model to assess the potential mechanism involved in this interaction.  Numerical 

data were analyzed with t-test or ANOVA with Tukey’s post-hoc.  All indications of 

significance were at p < 0.05. 

Histopathological findings of diabetic animals treated with OTA showed 

increased inflammation, tubular degeneration, glomerular degeneration, interstitial 

fibrosis, necrosis and cast formation. Classic and novel biomarker assessment indicated 

that the interaction between DN and OTA exposure exacerbated renal damage and 

significant tubular damage.  These assessments support that the interaction between 

diabetic nephropathy and OTA exposure exacerbated renal damage and inflammation.   

The LLC-PK1 porcine proximal tubule cell line was used to assess the interaction 

of glucose levels and OTA exposure on cell viability.  LC50 of the high glucose groups 



(17.5 mM glucose, 30 mM glucose, and 5 mM/30 mM glucose) were significantly lower 

from that of the 5 mM group indicating enhanced toxicity of OTA. 

The effects of the combination treatment (STZ/OTA) were greater than for 

animals exposed to either treatment alone. These findings were supported by biomarker 

profiles which reveal greater effects on serum creatinine, serum protein, KIM-1, and 

NGAL in the STZ/OTA-treated animals compared to those treated with STZ or OTA 

alone.  These results indicate that exposure to environmental mycotoxins such as OTA 

may represent an increased risk to diabetics compared to non-diabetic individuals.  The 

demonstration that kidney cells grown in high glucose media were more sensitive to OTA 

suggests that increased glucose levels of plasma and/or urine may contribute directly to 

such interactive toxicity of diabetes and OTA exposure. 
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CHAPTER 1- INTRODUCTION 
 

Ochratoxin A (OTA) is a mycotoxin produced by several fungal species that 

causes nephrotoxicity and renal tumors in a variety of animal species (Chen & Wu, 

2017). OTA exposure mainly occurs via contaminated foodstuffs like oats, wheat, maize, 

barley, raisins, and dried vine fruits. It is present at all stages of the food chain. It is 

among 20 mycotoxins monitored in animal feed and human food by the FDA and the 

World Health Organization (Kőszegi & Poór, 2016). OTA is classified as a 2B, possible 

human carcinogen by the International Agency for Research on Cancer based on the 

evidence of carcinogenicity in several animal studies. In the kidney, the main nephrotoxic 

effect of OTA is lesions on the proximal tubule where membrane integrity is lost and 

severe damage to the brush border and interstitial fibrosis were observed (Malir et al., 

2016). Despite the many studies conducted on OTA, the mode of action and attenuation 

of toxicity is only partially understood. In addition to OTA being well-known and 

widely-spread all over the world, several epidemiological studies suggest an association 

between human kidney disease and OTA exposure (Chen & Wu, 2017). 

Renal excretion is one of the most important and vital routes of xenobiotic 

elimination in the body, and for some drugs the main route of elimination (Dresser, 

2001). The renal organic anion and cation transport systems (OAT and OCT, 

respectively) are two of the primary transport systems in the kidney (Dresser et al., 2001). 

Some of the substrates transported by the OAT and OCT systems include ochratoxin A, 

probenecid and para-aminohippurate (PAH). Over the past several decades, both the 

mechanism of these transport systems and the associated transport proteins have been 

studied extensively both in vivo and in vitro However, the crystal structures have not yet 
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been determined (Roth et al., 2012). These proteins remain partly characterized and the 

underlying regulation of these transporters is not completely understood (Riedmaier et 

al., 2012). The past few decades have shown the importance of clarifying OAT and OCT 

transport system complete function and development within the body and their roles in 

disease states in addition to their response to therapeutic treatments (Riedmaier et al., 

2012). 

The kidney is not only susceptible to damage by OTA, but according to the 

National Kidney Foundation, diabetes is the leading cause of kidney failure. About 1 out 

of 4 adults with diabetes has kidney disease. Risk factors for developing diabetes include 

being overweight, inactive lifestyle, age 45 or older, family history, high blood pressure, 

abnormal blood fats, and being of African-American, Native American, Alaskan 

American, Hispanic, Pacific Islander, or Asian descent. Diabetes impairs the renal 

function of removing wastes, leading to an accumulation of waste products which can 

lead to other health issues. Both OTA exposure and diabetes frequently lead to chronic 

kidney disease.  

Due to the rising occurrence of diabetes and the high prevalence of OTA exposure 

via ingestion, there is a need to assess the possible synergistic effects of a diabetic disease 

state in concurrence with OTA toxicity with regards to nephrotoxicity (Bui-Klimke & 

Wu, 2015; Chen & Wu, 2017). The present study was conducted to investigate the 

interaction where Sprague Dawley rats were treated with streptozotocin (Figure 1) to 

induce experimental diabetes and then orally exposed to 0.5mg/kg bodyweight OTA once  
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Figure 1. Streptozotocin. Structure of Streptozotocin, (Source: PubChem) 
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a day for 21 days. Renal cortical slices taken from treated animals were used to assess the 

transport of radiolabeled OTA. In addition to the functional transport assays, serum 

biomarkers were assessed, and light microscopy was conducted. 

1.1 Mycotoxins 

Mycotoxins are toxic secondary metabolites produced by certain fungi 

(Alshannaq & Yu, 2017). Mycotoxins are natural products produced by fungi that evoke 

a toxic response when introduced in low concentration to higher vertebrates and other 

animals (Bennett, 1987). Mycotoxins are a large group of several hundred chemically 

diverse fungi products which include aflatoxin, ergot alkaloids, penicillic acid, 

ochratoxins and citrinin. Mycotoxin producing fungi can grow on a variety of different 

foodstuffs including cereals, nuts, spices, dried fruits, apples and coffee beans usually 

during warm and humid conditions (WHO, 2018). Contamination with these fungi can 

occur before, during, or after harvesting and during storage, and these fungi are not 

always readily visible. Mycotoxin exposure can occur by directly consuming the 

contaminated foodstuff or through the consumption of animals that were fed 

contaminated feed. Mycotoxin contamination of the food supply is a global issue that is 

still occurring despite proper agricultural and processing practices and with no existing 

functioning solutions (Alshannaq & Yu, 2017) 

Oral exposure to mycotoxins have resulted in acute symptoms of severe illness 

which manifest quickly. Some symptoms include vomiting, abdominal pain, pulmonary 

edema, convulsions, coma and in rare cases death (Yu, 2023). In particular, mycotoxins 

have been associated with nephrotoxicity including but not limited to interstitial fibrosis, 

tubular atrophy, and karyomegaly primarily in the proximal tubules (Heussner & Bingle, 
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2015).  The most common way to be directly exposed is through maize, the crop that is 

known to be the most affected (Alshannaq & Yu, 2017). Most mycotoxins are chemically 

and thermally stable during processing (cooking, boiling, frying, pasteurization). 

Contamination by the mycotoxin producing fungi can also develop from the soil, 

decaying vegetation and rotting grains (Karlovsky, 2016).  

Although mycotoxin contamination is a concern, the approach to solve this 

contamination problem is not clear-cut. Many authorities including the US Food and 

Drug Administration (US FDA), World Health Organization (WHO), Food and 

Agriculture Organization of the United Nations (FAO), and the European Food Safety 

Authority (EFSA), are implementing strict guidelines for the major mycotoxin classes in 

food and animal feed. However, not all mycotoxin classes have set limits for both the US 

FDA and European Union (EU) standards (Alshannaq & Yu, 2017). Two major 

approaches for providing guidance to reduce health risks and economic costs are 

increasing awareness for producers and handlers along the food supply chain and 

encouraging the adoption of good agricultural practices (GAP) and good manufacturing 

practices (GMP) (Karlovsky, 2016). 

1.2 Ochratoxin A 

Ochratoxins are a group of well-known global secondary metabolites produced by 

the micro fungi Penicillium and Aspergillus. Ochratoxin A (OTA) is the most toxic of the 

ochratoxins and was first found in the Balkan region but can be detected globally (Ringot 

et al., 2006).  The mean dietary exposure estimates for adults have an upper limit of 5.09 

ng/kg bodyweight per day and a lower limit of 2.41 ng/kg bodyweight per day. However, 
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children have been shown to surpass that TDI with an upper limit of 10.78 ng/kg 

bodyweight per day and a lower limit of 5.03 ng/kg bodyweight per day. (EFSA Panel on 

Contaminants in the Food Chain (CONTAM) et al., 2020) 

The World Health Organization has recommended a tolerable daily intake (TDI) 

of 5 ng/kg body weight/day as it has been found in human blood and breast milk. This 

recommendation comes in addition to reducing the levels of OTA in food and animal 

feed because OTA has high heat stability. Cooking contaminated food is therefore not 

likely an appropriate method to remove OTA from food (Kőszegi & Poór, 2016). 

Decontamination or detoxification methods can be used to remove or reduce OTA levels. 

These removal/reducing methods can be physical, chemical, or biological methods like 

sorting and peeling to remove the contaminated fractions, using ammonium to destroy 

OTA, or using sorbents as additives that serve to absorb the OTA and reducing the 

bioavailability of OTA (Abrunhosa et al., 2010). However, the final product can be 

impacted and not be usable after these types of removal treatments.  

Epidemiological studies have indicated a statistically significant difference of 

disease rates in those exposed to OTA compared to those who were not (Chen & Wu, 

2017). Wafa and colleagues conducted a case-control study in 1998 which linked kidney 

disease (end-stage renal disease or nephritic syndrome) with high levels of urinary OTA 

as compared to reference groups. This group concluded OTA may be involved in the 

progression of kidney disease into end-stage renal disease (ESRD) and/or nephritic 

syndrome (Wafa, 1998). Other studies found similar results where OTA is suspected of 

playing a role in patients with diabetes developing nephropathies compared to other 

groups not exposed to OTA (Hsieh, 2004).  
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The proximal tubule has been shown to be one of the main targets of OTA in the 

nephron. OTA has been implicated to cause kidney lesions which manifest as epithelial 

cell toxicity where membrane integrity was lost and brush-boarder was damaged (Malir 

et al., 2016). Glomerular filtration of OTA is heavily limited because it is 99% protein-

bound, and therefore relies mostly on tubular secretion for OTA excretion into the urine 

(Anzai et al., 2010). 

OTA is considered cumulative since it is absorbed in the gastrointestinal tract 

(stomach and jejunum), heavily binds to serum proteins, and is minimally eliminated 

through the biliary or urinary routes of excretion (Abrunhosa et al., 2010; Pyo et al., 

2021). The oral bioavailability in humans is about 93%, 60% in pigs, and much lower in 

rodents. The serum half-life varies across species and is dependent upon affinity and 

degree of protein binding which can range from a few days to one month (Kőszegi & 

Poór, 2016). Oral OTA half-life in humans is 35.5 days, 21 days in monkeys, 72-120 

hours in pig, 55-120 hours in rats, and 40 hours in mice (Abrunhosa et al., 2010). In the 

kidney, glomerular filtration of OTA is limited due to the high binding affinity of OTA to 

albumin with small fractions of filtered and secreted OTA being reabsorbed. (Ringot et 

al., 2006). This high affinity binding can contribute to the large half-life in some species 

as it limits the transfer from the serum to the hepatic and renal cells for excretion and 

elimination (Abrunhosa et al., 2010). 

The kidneys are highly vascularized and receive 25% of the cardiac output and 

filter the equivalent volume (Pyo et al., 2021). The structure of renal microcirculation is 

essential for renal function and glomerular filtration. Disruption of blood flow leaves the 

kidneys vulnerable to injury (Krishnan et al., 2021).  High renal blood flow per tissue 
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weight results in a large amount of OTA reaching the renal tissue and resulting in 

accumulation (Pyo et al., 2021). OTA acts on differently on each nephron section to 

affect functions such as glomerular filtration, blood flow, and tubular activity and 

integrity (Petrik et al., 2003). Acute OTA toxicity has been considerably studied in 

animals and has defined the main acute effect to be multifocal hemorrhage the targeted 

organs (Jessica Gil-Serna et al., 2019). Purchase and colleagues documented renal 

necrosis after a high dose of OTA with lower doses producing tubular dilation between 

days 4-10 post dosing. Apparent tubular blockages were attributed to medullar tubular 

blockages in addition to more severe lesions being due to multiple blocked nephrons in 

the same area of tissue (Purchase & Theron, 1968). Exposure to chronic low doses of 

OTA has shown to lead to accumulation in various tissues, with proximal tubule being 

the highest (Petrik et al., 2003). Accumulation, regardless of acute or chronic exposure, is 

believed to occur due to the high rate of reabsorption by the proximal tubule (70%) in 

addition to 2/3 of OTA filtered by the glomerulus is also reabsorbed by the proximal 

tubule (Zingerle, 1997).  

The high levels of accumulated OTA have been associated with effects such as 

protein synthesis inhibition, lipid peroxidation, and diminished cell membrane integrity. 

Chronic renal effects of OTA have been investigated by Kanisawa et al. in 1977 which 

indicated their findings to include tubular degeneration, renal necrosis, and epithelium 

deterioration of the proximal tubule leading to 8ubule-interstitial fibrosis.  

OTA is associated with interstitial nephritis related to inhibition of protein 

synthesis, interference of metabolic pathways involving phenylalanine, disruption of 

calcium homeostasis, promotion of membrane lipid peroxidation, inhibition of 



 9 

mitochondrial respiration, and DNA damage and the modulation of gene expression 

(Veiga-Matos et al., 2020). The mechanism of OTA renal toxicity is still yet to be fully 

clarified. 

Ochratoxin A has been shown to be mostly unchanged, however OTA is able to 

undergo biotransformation by both phase I and phase II enzymes. The resulting 

metabolites show no or low toxicity (Figure 2) (Kőszegi & Poór, 2016). Hydrolysis of 

OTA occurs via proteolytic enzymes to ochratoxin A-α (OT-α).  Opening of the OTA 

lactone ring under alkaline conditions results in a highly toxic metabolite (OTA-OA), 

however this highly toxic metabolite only occurs in rodents (Kőszegi & Poór, 2016). An 

additional hydroxyl metabolite of OTA is also observed in different species. Phase II 

conjugations of OTA, including glucuronide, glutathione, sulfonation, have been 

observed in tissues, blood, and urine of animals and humans. Although the mechanism of 

OTA toxicity is not fully clarified, transcriptome sequencing (RNA-seq) results indicate 

metabolism of OTA by CYP1A1 and CYP1A2 results in excess ROS production which 

ultimately leads to apoptosis and epithelial to mesenchymal transition (Pyo et al., 2021). 

The mechanism of OTA-induced nephrotoxicity was investigated in rats treated 

with 250 or 500 μg OTA/kg bodyweight/day for 7 days induced oxidative stress, decrease 

in glucose transporter expression and alterations in proximal tubular structure (Peraica et 

al., 2010). In an in vitro study using rat proximal tubule cells and LLC-PK1 (porcine 

proximal tubule cells) treated with OTA, showed a concentration-dependent increase in 

the ROS levels with a concurrent decrease in cellular glutathione (GSH) levels (Schaaf et 

al., 2002). Both in vivo and in vitro studies have indicated OTA exposure results in 

overproduction of free radicals.  
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A) B) 

C) D) 

E) F) 

Figure 2. Ochratoxin A and metabolites. 

(A) Ochratoxin A, B) Alpha Ochratoxin, (C) Phenylalanine Ochratoxin (D) Ochratoxin

A-D4 (E) Ochratoxin A Methyl Ester (F) 3-epi-Ochratoxin A (Source: PubChem)
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OTA is believed to form a phenoxyl radical with peroxidase activation which is 

then converted back to OTA in the presence of GSH at the expense of the formation of a 

superoxide radical (Yanfei Tao & Yuanhu Pan, 2018). Reactive oxygen species (ROS) 

are produced by incomplete reduction of molecular oxygen. ROS includes the superoxide 

anion, hydrogen peroxide, hydroxyl radical, and the single oxygen. As these molecules 

are highly reactive, the unpaired electron is reacting with other free electrons which then 

causes the creation of more free radicals and therefore begin a chain reaction. These 

reactive molecules and subsequent chain reactions are then able to degrade the 

glomerular basement, alter glomerular and tubular function (Baud & Ardaillou, 1986). 

The main sites of ROS production in living organisms include mitochondrial electron 

transport chain, peroxisomal fatty acid, cytochrome P-450, and phagocytic cells. The 

kidney is highly sensitive to ROS damage due to the abundance of long-chain 

polysaturated fatty acids present.  In the past decade ROS damage has been associated 

with being one of the mechanisms involved with diabetes-meillitus-induced nephropathy 

because of uncontrolled blood glucose levels (Ozbek, 2012). Under normal physiological 

conditions, ROS are maintained at low levels by reduction-oxidation homeostasis and 

serve as signal molecules for cellular proliferation, growth factor signaling, immune 

responses, differentiation, and autophagy. Enzymes that aid in the maintenance of ROS 

base levels include superoxide dismutase (SOD), catalase, peroxidases, glutathione and 

thioredoxin. In clinical cases where the antioxidant enzymes are depleted, amino acids 

like N-acetylcysteine (NAC), (an acetylated variant of L-cysteine) is a source of 

sulfhydryl groups which has been used to replenish the activity  of antioxidant enzymes 

(Kaushal et al., 2019). OTA was also found to initiate free radical formation and increase 
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Nrf2 mRNA in the kidney in a dose and duration dependent manner (Ferenczi et al., 

2020). As stated previously, excess ROS production will ultimately result in apoptosis 

and EMT, which is heavily associated with fibrosis.  

Epithelial to mesenchymal transition (EMT) is a key event in renal fibrosis, which 

is known to be initiated by transforming growth factor-beta1 (TGF-β1) (Nagavally et al., 

2021). EMT is a step which occurs during tissue repair where the surviving epithelial 

cells are able to transition and migrate with a mesenchymal phenotype, losing all 

epithelial cell type characteristics (Christiansen & Rajasekaran, 2006). In an experiment 

conducted with HK-2 cells exposed to OTA, downregulation of E-cadherin and 

upregulation in fibronectin was confirmed with RNA-seq and qRT-PCR which confirms 

OTA induces EMT via AhR-Smad2/3 pathway. Further studies show in addition to the 

induction of EMT, the suppression of Smad2/3 also indicates apoptosis is also induced 

via Smad3 pathway (Pyo et al., 2021). Additional studies using a nontoxic concentration 

of OTA with glomerular mesangial cells and renal tubular cells indicated OTA was found 

to exacerbate cytotoxicity of Adriamycin and cyclosporin A by intensifying renal fibrosis 

via activation of TGF-ß1/SMAD2/3 (Du et al., 2022). 

In addition to investigating apoptosis progression and EMT in OTA exposure, 

hypoxia as a mechanism to OTA exposure was also assessed. Hypoxia was reported in 

clinical and laboratory studies to have occurred in both acute and chronic kidney disease. 

Hypoxia occurs due to microcirculation disruption and hypofusion. HK-2 cells were used 

to assess the involvement of hypoxia in OTA exposure. Hypoxia-inducible factor-1α 

(HIF-1α) was shown to suppress the procession of apoptosis, EMT, and kidney injury 

(Pyo et al., 2021).   
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Although the complete mechanism of OTA in the kidney has not been elucidated, 

supporting evidence of the involvement of ROS inducing EMT and apoptosis triggered 

by OTA exposure. Thus, the attenuation and prevention of OTA induced renal toxicity 

can be better understood. 

1.3 Diabetes 

Diabetes can be a chronic condition that regardless of the underlying cause, 

results in excess blood glucose. Chronic Diabetes includes type 1 and type 2. According 

to the CDC and United States National Institute of Health (NIH), type 1 diabetes is 

thought to be caused by an autoimmune reaction, genetic factors, and/or environmental 

factors all of which result in insulin no longer being produced due to the loss of the 

pancreatic islet β-cells. Type 1 diabetes involves the overall destruction of islet β-cells 

and hyperglycemia due to the lack of insulin availability. Insulin dysregulation leads to 

serious damage of main organ systems (kidney, neurological, hematological) (WHO, 

2021).  

Diabetic symptoms include the following: increased thirst and urination, increased 

hunger, blurred vision, fatigue, unexplained weight loss, and diabetic ketoacidosis. 

However, the primary complication of diabetes is diabetic nephropathy (DN). DN is the 

leading cause of end-stage renal failure (ESRF) and according to WHO ESRF is the ninth 

leading cause of death with an estimated 1.5 million cases.  DN is known to also cause 

cardiovascular mortality which can increase damage to the heart, blood vessels, eyes, 

kidneys, and nerves (WHO, 2021). DN is characterized by glomerular hypertrophy, 

thickness of membranes (basement, tubular, glomerular), and accumulation of 

extracellular matrix which leads to renal fibrosis. 
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Pathways involved in the development of DN have yet to be fully investigated.  

As a results, the role of inflammation in the pathogenesis of DN has yet to be completely 

clarified. Studies have demonstrated that a combination of expression of cell adhesion 

molecules, growth factors, chemokines and pro-inflammatory cytokines are increased in 

the renal tissues of diabetic patients which are all correlated with increased albuminuria 

(Duran-Salgado, 2014). Renal function and structural changes are pathological features of 

DN which are caused by accumulation of extracellular matrix (ECM) proteins and 

epithelial-to-mesenchymal transition (EMT). The resulting extent of renal fibrosis is used 

as a predictor of for the cause of DN mortality. Although glomerular structural and 

functional damage are hallmarks of DN, recent studies conducted in streptozotocin 

(STZ)-induced diabetes mellitus mouse model have indicated the proximal tubules are 

the initial pathological target which is linked to DN progression and is a potential 

therapeutic target for the clinical treatment of DN (Haraguchi et al., 2020). Cellular 

morphological changes in the proximal tubules are early symptoms of DN and 

progressive tubule-interstitial fibrosis plays a critical role in the progression from DN to 

ESRF and can more prominently reflect the progression of disease (Haraguchi et al., 

2020) 

1.4 Kidney 

The kidney is divided into three distinct regions called the renal cortex, renal 

medulla and renal pelvis with the nephron as its functional unit. The nephron is 

responsible for performing all the functions of the kidney in conjunction with the 

capillary vessels throughout the tissue that aid in the excretion, secretion, and 

reabsorption solutes.  The major target organs of ochratoxin A includes the kidneys and 
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to a lower extent the liver, skeletal muscle, fat tissue, and brain. OTA is known to 

accumulate in proximal tubule cells and then initiates cellular damage through oxidative 

stress, DNA damage, apoptosis and an inflammatory response. The alteration caused by 

OTA affects tubular reabsorption and the balance between fluid and solutes, one of its 

main functions. In the kidney, OTA mainly impairs the proximal tubule functions causing 

glucosuria, enzymuria, and a decrease in transport function (organic anion transport 

system) (Anzai et al., 2010).  

Renal transporter systems throughout the nephron are responsible for uptake and 

efflux of endobiotics and xenobiotics. As OTA highly binds to plasma proteins, in the 

kidney glomerular filtration of OTA is limited. OTA can undergo tubular elimination via 

carrier-mediated transport proteins. Organic Anion transporters (OAT) 1/3 was indicated 

to move OTA across the basolateral membrane of the proximal tubule from the plasma 

into the cell, while OTA is excreted into the lumen via carrier-mediated transport protein 

(OAT4, MRP2) across the apical membrane. The transport systems responsible for 

uptake of OTA into the proximal tubule are more efficient than the efflux transport 

systems, which leads to tubular damage via accumulation in the tubular cell (Veiga-

Matos et al., 2020). Apical OAT4 is also suspected to be responsible for urinary 

reabsorption of OTA, which contributes to accumulation in the kidney tubule cell. 

(Figure 3). The half-life of OTA is also impacted by the reabsorption of OTA via both  
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Figure 3. Picture representation of postulated proximal tubular OTA secretion. 

Proximal tubule cell is shown with the left side facing the lumen (apical membrane) and 

the right side facing the interstitial fluid (basolateral membrane). O denotes transporters 

and the channels by =. Upward-bent arrows notate transport against concentration 

gradient and/or electrical gradients; downwardly bent arrows denote energetically 

downhill transport. Abbreviations: αKG2-, α-ketoglutarate; metab., metabolism; MRP-2, 

multidrug resistance protein 2; NaDC1 and NaDC3, Na+-dicarboxylate cotransporters 1 

and 3; X-, anion antitransporter of unknown molecular identity. 
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facilitated diffusion and carrier-mediated transport, which can occur throughout all 

sections of the nephron (Kőszegi & Poór, 2016). 

1.5 LLC-PK1 

Using a cell culture system as an experimental model for investigating the 

interaction between ochratoxin A exposure and high levels of glucose allows for 

simplicity.  LLC-PK1 is a well-established epithelial cell line derived from male 

Hampshire pig kidney proximal convoluted tubule (PCT) cells (Hull et al., 1976).  These 

cells are capable of transporting electrolytes, endogenous molecules, xenobiotics and 

water. LLC-PK1 cells form monolayers of highly polarized cells with desmosomes and 

basolateral infoldings with apical microvilli (Gstraunthaler et al., 1985). LLC-PK1 cells 

have also been used to study other PCT cells features. Some of these features include 

sodium dependent sugar transport (Mullin et al., 1980; Rabito & Ausiello, 1980; 

Sunilkumar & Ford, 2019), sodium dependent phosphate transport (Brown et al., 1984; 

Noronha-Blob et al., 1984), responsiveness to vasopressin and calcitonin (Goldring et al., 

1978), capacity to perform gluconeogenesis (Gstraunthaler & Handler, 1987) and 

enzymatic activities found in the brush boarder membranes such as alkaline phosphatase 

and leucine aminopeptidase (Gstraunthaler et al., 1985). The presence of these functions 

and features makes LLC-PK1 a very good model for studying renal physiological 

systems.  

The advantage LLC-PK1 has over the primary culture includes the ability to be 

split multiple times, because the cell line is immortalized, and the fact that this cell line is 

more easily available than the primary culture. This cell line also has the advantage of 

having been spontaneously immortalized without having to have any of the existing 
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transport systems transfected into the cell line. A commonly used proximal tubule cell 

line is HK-2 (human renal epithelial cells). Researchers Jenkinson et al. (2012) have 

shown that HK-2 cells have limited transporter expression and therefore showed the 

lowest accuracy when compared to primary or LLC-PK1 cell line (Bajaj et al., 2018; 

Jenkinson et al., 2012). Studies have shown that LLC-PK1 cells possess the OAT 

transport system, one of the primary suspected transporters of ochratoxin A in the 

proximal tubule. 

OAT1 is expressed on the basolateral side of LLC-PK1 cells. You and coworkers 

(2000) demonstrated the potential to modulate OAT1 using LLC-PK1 as an in vitro 

model (You et al., 2000).  They amplified OAT1 function by transfecting LLC-PK1 cells 

with mouse OAT (mOAT) and grew the transfected cells on Transwell ® filter inserts. 

Their transport study used radioactive PAH as a substrate. Their results not only proved 

para-aminohippurate to be a dependable substrate of OAT1, but they were able to 

illustrate, at least in part, the modulation of PAH transport via OAT1 by okadaic acid and 

protein kinase C (PKC) activity. These advantages and features make LLC-PK1 cells a 

good in vitro experimental model to study the interaction of ochratoxin A and high 

glucose conditions. 

1.6 Aim of the Study 

Despite the many studies conducted on OTA, the mode of action and attenuation 

of toxicity is only partially understood. OTA’s main nephrotoxic effect is lesions on the 

proximal tubule where membrane integrity is lost, severe damage to the brush border, and 

interstitial fibrosis (Malir et al., 2016). In addition to OTA being well-known and widely-
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spread all over the world, several epidemiological studies suggest an association between 

human kidney disease and OTA exposure (Chen & Wu, 2017). 

Renal excretion is one of the most important and vital routes of OTA elimination 

in the body (Dresser et al., 2001). The kidney is not only susceptible to damage by OTA, 

but according to the National Kidney Foundation, diabetes is the leading cause of kidney 

failure. Diabetes impairs the kidneys’ ability to remove wastes from the body, leading to 

an accumulation of waste products and can lead to other health issues. Both OTA 

exposure and diabetes frequently lead to chronic kidney disease. Due to the rising 

occurrence of diabetes and the prevalence of OTA in food, there is a need to assess the 

possible synergistic effects of a diabetic disease state in concurrence with OTA toxicity 

with regards to nephrotoxicity. The purpose of this study is to assess the nephrotoxic 

effects of ochratoxin A in a rodent diabetic model. To assess this interaction in vivo, 

Sprague Dawley rats were treated with streptozotocin and orally exposed to 0.5mg/kg 

bodyweight OTA once a day for 21 days. To effectively study this mechanism on a 

molecular level, pig kidney proximal tubule cell line (LLC-PK1) was used as an in vitro 

model.  

1.6.1 Hypothesis 

The hypothesis of the research program is that ochratoxin A exacerbates 

experimental diabetes mellitus induced nephropathy using in vivo and in vitro models. 

To test this hypothesis the following was assessed: 

a) Histopathological changes in renal tissue of diabetic rats treated with ochratoxin

b) Renal function in renal tissue of diabetic rats treated with ochratoxin A using
serum biomarkers
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c) Renal transport activity of ochratoxin A in renal tissue of diabetic rats treated
with ochratoxin A

d) The effect of glucose concentration on cytotoxicity of OTA in porcine renal
proximal tubule cells
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CHAPTER 2- MATERIALS AND METHODS 
 
2.1 Treatment of Sprague Dawley Rats 
 

This study investigated the toxic effect of ochratoxin A on the kidneys of diabetic 

rats to determine if diabetes exacerbates the nephrotoxic effects of ochratoxin A. The 

animals were separated into four treatment groups: control (CON), experimental diabetes 

(STZ), ochratoxin A treated (OTA), experimental diabetes with OTA treatment 

(STZ/OTA).  The dose used in this study, 0.5 mg/kg/day, was based on studies found in 

the literature (Pastor et al., 2018).  

Half of the animals were injected once via IP with streptozotocin (STZ) dissolved 

in 10 mM citrate buffer (pH 4.5) to induce experimental diabetes. Blood glucose levels 

were monitored daily via initial tail snip (< 2 mm) and subsequent removal of scab using 

commercially available glucometer. Levels were monitored on day 0, 7, 14, 21, and 28. If 

the initial wound healed, an additional (< 2 mm) snip was taken and the scab removed. 

Animals had a lidocaine ointment dip on the tip of the tail to prevent animal from 

damaging its wound. Animals having blood glucose over 300 mg/dL at the end of 28 

days post injection were considered diabetic, and those animals were included in studies. 

Animals injected with STZ that were not deemed diabetic were euthanized. All animals 

used in the study were orally gavaged with either the vehicle (corn oil) or 0.5 mg/kg b.w. 

once every day for 21 days. The control animals received corn oil while the other groups 

received a mixture of corn oil and ochratoxin A (0.5 mg/kg b.w.). The animals were 

provided food and water ad libitum.  

At the end of day 21, the animals were placed in wire-bottom metabolism cages 

over night for no more than 12 hours. The animals were euthanized the following 
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morning through decapitation via guillotine. This method was used to prevent alterations 

in blood glucose levels using other forms of euthanasia. Anesthetic agents were omitted 

from this procedure to prevent their possible interference with the outcome of the renal 

cortical transport study. Anesthesia is known to interfere with renal transport that is being 

assessed using the renal cortical slices. Previous studies by Hirsch & Hook (1970) in rat 

did not use anesthesia prior to decapitation due to the need of viable, intact, and non-

compromised renal tissue. Previously cited articles indicated using CO2 asphyxiation, 

isoflurane, or sevoflurane will compromise the tissue by disrupting the necessary 

transport systems that maintain ion gradients. Trunk blood was collected. Both kidneys 

were collected and used for light histology and renal cortical slice uptake study.  The 

treatments are summarized in Table 1. 

 

2.2 Light Microscopy 
 

Histopathological studies for the animals entailed microscopy for the observation 

of alterations in tissue indicative of toxicity. One kidney per animal was decapsulated and 

dissected using a longitudinal cut with a razor blade and placed in either cold Sorensen’s 

phosphate buffer at pH 7.4 or 0.9% saline solution. The tissue was placed in 10% normal 

buffered formalin for 3 days on a shaker. The samples were dehydrated using 30% 

ethanol, 50% ethanol, 70% ethanol and then embedded using STP-120 carousel-type 

tissue processor. Sections of paraffined tissue samples at 3 μm thickness were made with 

Reichert-Jun 2030 microtome. Sections were stained with either hematoxylin and eosin 

or Masson’s Trichrome staining procedure. Masson’s trichrome procedure included  
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Table 1. Experimental design of diabetic rats treated with ochratoxin A.  

Sprague Dawley rats were pre-treated with streptozotocin and allowed experimental 

diabetes to be established for 28 days. The animals were then treated with either 0.5 

mg/kg b.w./day or corn oil via oral gavage for 21 days. Animals were then euthanized via 

guillotine decapitation on day 22 where kidneys, trunk blood, and urine were collected 

for analysis. (*) Indicated animals received insulin daily to control blood glucose levels 

to levels below 300 mg/dL as needed after STZ treatment. 
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deparaffinizing and rehydrating the sections using 100%, 95% and 70% ethanol. Sections 

were washed in distilled water, fixed in Bouin’s fixative followed by nuclear staining 

with Weigert’s iron hematoxylin. Sections were stained with Biebrich Scarlet Acid 

fuschin which stains cytoplasm, muscle and collagen. Collagen fibers in sections were 

then decolorized with phosphotungstic phosphomolybdic acid and followed by aniline 

blue. The stained sections were dehydrated and mounted for imaging. 

2.3 Point-counting 
 
 Point-counting was conducted to quantify interstitial fibrosis in renal cortex 

micrographs of animals treated with ochratoxin A for 21-days. Point-counting consisted 

of applying the same size grid (10 x 10) to same size and magnification micrograph. If a 

cross-section point intersect within the grid landed on area of interest, in this case a 

collagen deposit blue or deep purple areas, it was considered a positive result. 

Calculations were conducted as follows (# positive points/# of total points) * 100 = X%. 

A total of 10 micrographs were point-counted per group.  

2.4 Renal Biomarkers 
 
 Blood and urine were used to assess kidney damage by measuring renal 

biomarkers. Urine was collected using metabolism cages prior to euthanizing for a period 

of 12 hours. Trunk blood was collected after decapitation of each animal. Serum was 

attained after collection in serum collection tubes. The blood was left at room temp for 45 

minutes to clot then spun at 1,800 x g for 10 minutes at 4° C. Serum and urine samples 

were stored at -80° C until used. 

Protein levels in serum were assessed using the Bradford dye-binding assay 

according to Thermo Fisher protocol (Cat. #J61522-K). Glucose levels in urine and 
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serum were assessed using Cayman Glucose assay kit (Cayman Chemical 100095822), a 

colorimetric assay. This assay was based on the glucose oxidase-peroxide reaction. 

Glucose is oxidized to d-gluconolactone with reduction of the flavin adenine dinucleotide 

(FAD)-dependent enzyme glucose oxidase. The reduced form of glucose oxidase was 

regenerated to its oxidized form by molecular oxygen to produce hydrogen peroxide. The 

colorimetric product (pink dye) was produced by the reaction of hydrogen peroxide with 

3,5-dichloro-2-hydroxybenzenesulfonic acid and 4-aminoantipyrine.  

Urea levels in serum were assessed using QuantiChrom™ Urea Assay Kit II 

(Bioassay Systems DUR2-100). This colorimetric urea assay was based on the 

conversion of urea to ammonium and carbon dioxide by urease. The pH of the reaction 

was visualized by a chromogen and the intensity of the reaction product was directly 

proportional to the urea concentration in the sample.  

Serum creatinine was assessed using Cayman Chemical Creatinine (serum) 

Colorimetric Assay Kit (Cayman Chemical 7004602). These colorimetric assays used the 

Jaffe reaction where creatinine reacts with picric acid in an alkaline solution to form a 

reddish colored complex which was then solubilized in an acidic pH.  

Novel biomarkers were also assessed. KIM-1 was assessed using Abcam Rat 

enzyme-linked immunosorbent assay (ELISA) kit (Abcam ab119597) serum. NGAL 

(lipocalin-2) was also assessed serum using Rat ELISA kit (ab119602).  All kits used the 

Promega Glomax Multi+ detection system. 

2.5 Renal Cortical Slices 
 

One kidney per animal included in this study was used to make renal cortical 

slices. Transport studies using renal cortical slices were used to compare the 
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accumulation of ochratoxin A between the various treatment groups. The kidneys were 

excised from the animal carcass immediately after decapitation and placed into 0.9% 

NaCl and placed on ice. Renal cortical slices of about 0.3 to 0.4mm thickness were cut 

using one half of a double-edged razor blade over ice.  

About 100 mg of renal cortical slices per animal per were placed in Griffin 

beakers (10 mL) and 2.7 mL of Cross and Taggert phosphate buffer. The Cross and 

Taggert transport buffer (pH 7.4) (appendix) was made up with 0.125 μCi of H3-OTA 

with either 20 nM or 520 nM OTA (non-radiolabeled). The griffin beakers containing the 

slices and buffer were then placed in a Dubanoff shaker at 25°C at 100 RPM in 100% 

oxygen for 90 minutes. 

The slices were then manually homogenized using a Dounce homogenizer with 3 

mL of 10% trichloroacetic acid and then rinsed with 2 mL ultra-pure water and decanted 

for a total of 5 mL. A 1 mL sample of incubation medium from each sample was diluted 

with 1.5 mL of 10% trichloroacetic acid and 2.5 mL ultra-pure water for a total of 5 mL. 

Samples were analyzed via liquid scintillation counter (Perkin Elmer tri-count) using 100 

μL of sample and 3 mL of liquid scintillation cocktail. The slice to medium (S:M) ratio 

was calculated by dividing the concentration of OTA in the cortical slices by the 

concentration of OTA remaining in the medium to give an index of the ability of the 

tissue to transport OTA into the proximal tubule cells. 

2.6 Cell Culture 
 
 LLC-PK1 clone 5 was isolated by Dr. S. Ford in 1990 from cells obtained from 

ATCC. The growth medium was a custom formula based on SFFD (50:50 DMEM : 

Ham’s nutrient F12 with 15mM HEPES) lacking phenol red (GIBCO custom formula, F# 
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91-5173 EL). It was reconstituted with ultra-pure water and the appropriate components 

to pH 7.4 and the addition of 3% fetal bovine serum (FBS) (Hyclone Thermo Scientific; 

defined FBS cat # SH30070.03). Antibiotics were not used. Bionique mycoplasma testing 

was conducted routinely and found to be negative. The LLC-PK1 cells were maintained 

in an incubator at 37°C in an atmosphere of 95% air and 5% CO2. The medium in the 

tissue culture plate was changed every three days after inoculation and the cells were 

subcultured on the fourth day after inoculation. Subculturing was done by trypsinizing 

the cells with trypsin-EDTA (Gibco by Life Technologies; ref # 15400-054) and split at a 

ratio of 1:5 or 1:10. The cells used in the experiments were passages 224 to 270.  

2.7 Cell viability Assay 
 

LLC-PK1 cells were seeded on 35 mm tissue culture plates at a density of 4 x 104 

cells per ml of cell suspension with 2 mL per plate, grown for 4-5 days with a change of 

medium every 48-72 hours containing either 5 mM glucose or 17.5 mM glucose. The 

plates were treated with the test media compounds when plates were at confluence. Test 

media consisted of 5 mM, 17.5 mM or 30 mM glucose with increasing concentrations of 

ochratoxin A (0.01, 0.1, 1, 10, 100, 100, 1000 uM). The 30 mM glucose treatment group 

consisted of cell monolayers grown in 5 mM glucose media and were then treated with 

30 mM glucose test media. The 5 mM and 17.5 mM glucose treatment groups were 

conducted in cells grown in their respective glucose media. Viable and non-viable cells 

were counted by trypan exclusion method after 24 ± 1 hour of treatment. 

 The trypsinization was done with 1 ml of 0.05% trysin-EDTA (Gibco by Life 

Technologies, catalog # 15400-054). After complete cellular detachment the trypsin was 

neutralized with 1 ml of cell culture medium with 3% FBS. A cell suspension was 
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obtained and 100 μL was diluted in 100 μL PBS and 200 μL trypan blue. The number of 

cells that appeared colorless were counted. The counts were done in duplicate and the 

mean was used to determine the number of live cells for that plate. The percent viability 

was plotted as % V.C. on the Y-axis and the concentration of the corresponding 

compound was plotted on the X-axis.  

# of viable cells in the treatment plate 

 _____________________________________________    x 100 

# of viable cells in the control plate 

Using this graph, the LC-50 was determined for each of the three aforementioned 

compounds. 

2.8 Statistical Analysis 
 
 Differences among treatment groups were analyzed using one-way ANOVA 

followed by Tukey’s Post Hoc Test with Graphpad Prism 10.0. The criterion for 

statistical significance was p < 0.05.  
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CHAPTER 3- RESULTS 
 
3.1 Daily body weight of Sprague Dawley rats 
 

Sprague Dawley rats were weighed daily and treated via oral gavage with either 

corn coil or ochratoxin A at 0.5 mg/kg/day once daily for 21 days (Figure 4). The animals 

were separated into four treatment groups with 4 animals in each group: control (CON), 

experimental diabetes control (STZ), ochratoxin A (OTA), and ochratoxin A in 

experimental diabetes (STZ/OTA). Body weights for each group were not significantly 

different from each other. 

3.2 Urine Volume of animals treated with ochratoxin A 
 

Animals were placed in wire-bottom metabolism cages at the end of day 21 of 

treatment over night for no more than 12 hours. The urine and serum (from trunk blood) 

were collected and used to run panels assessing kidney function utilizing renal 

biomarkers. Urine volume collected over 12 ± 1 hours showed no significant difference 

between any of the treatment groups (Figure 5).  

3.3 Pathohistological assessment 
 

Renal histopathological assessment of diabetic Sprague Dawley rats with treated 

with ochratoxin A for 21 days with resulted in significantly increased renal tissue damage 

when compared to control group.  Histopathological assessment using light microscopy 

of H&E stained renal tissue sections from animals in the STZ/OTA group indicated an 

increased occurrence of inflammation, tubular degeneration, glomerular degeneration, 

necrosis, and cast formation (Figures 6-8). These histopathological results are consistent 
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Figure 4. Daily body weight of Sprague Dawley rats treated with ochratoxin A. 

Body weights recorded throughout study. Arrows indicate initial streptozotocin injection, 

start of ochratoxin A treatment, start of metabolism cage and day of sacrifice. Body 

weights were not significantly different at end of study. 
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Figure 5. Urine volume of animals treated with ochratoxin A.  

Urine volume of animals treated with ochratoxin A for 21-days collected over 12 ± 1 

hour. No significant difference between the treatment groups.  The data is shown as the 

mean ± SEM. Statistical analysis was conducted using a one-way ANOVA with Tukey’s 

post-hoc test.  
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Figure 6. H&E 20x representative micrograph summary 

Histopathological appearance of the renal cortex after 21-day OTA exposure period. (A) 

CON group, Normal histology using Hematoxylin and Eosin; (B) OTA group, (▷) 

inflammation, (†) tubular degeneration (C) STZ group, (→)  Necrosis , (▷) inflammation 

(D) STZ/OTA group (‡) Glomerular degeneration, (▷) inflammation, (†) tubular 

degeneration, (→)  Necrosis 

. 
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Figure 7. H&E 40x representative micrograph summary of the outer cortex.

Histopathological appearance of the renal cortex after 21-day OTA exposure period. (A) 

CON group, Normal histology using Hematoxylin and Eosin; (B) OTA group, (‡) 

Glomerular degeneration (C) STZ group, (▷) inflammation, (†) tubular degeneration (D) 

STZ/OTA group, (▷) inflammation, (†) tubular degeneration 
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Figure 8. H&E 40x representative micrograph summary of the inner cortex.

Histopathological appearance of the renal cortex after 21-day OTA exposure period. (A) 

CON group, Normal histology using Hematoxylin and Eosin; (B) OTA group, (✕) cast

formation, (→) Necrosis (C) STZ group, (→) Necrosis, (▷) inflammation (D) STZ/OTA 

(†) tubular degeneration, (✕) cast formation (✱) interstitial fibrosis
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with nephrotoxic effects caused by ochratoxin A alone and diabetic nephropathy alone. 

Literature has shown OTA and diabetes to individually cause tubular 

degeneration, interstitial fibrosis, tubular cysts/casts formation, cytoplasmic alterations, 

inflammation, glomerular degeneration and necrosis (Aydin et al., 2003; Boorman et al., 

1992; Jain, 2012; Nishi et al., 2000). The histopathological results of the STZ/OTA group 

in our study show the nephrotoxic effects are greater in the STZ/OTA group than those in 

any of the other treatment groups (CON, STZ or OTA). 

3.4 Renal interstitial fibrosis 

Renal interstitial fibrosis was assessed using light microscopy and Masson’s 

trichrome tissue stains.  Histopathological assessment of diabetic rats treated with OTA 

indicated increased renal tissue damage and areas of fibrosis indicated by collagen 

deposits (Figures 9-12).  Sections from diabetic rats treated with OTA showed increased 

levels of tubular and glomerular degeneration, inflammation, cast formation and 

interstitial fibrosis. 

Interstitial fibrosis was quantified using the point-count method previously 

described (Figure 13A). The results showed STZ/OTA rats was significantly increased 

from all other treatment groups (Figure 13B). The CON group was found to be 7.33 ± 

1.33 % positive points, OTA group 20.80 ± 2.08 % positive points, STZ 13.00 ± 1.79 % 

positive points and STZ/OTA 31.60 ± 3.14 % positive points. OTA is known to cause 

renal interstitial fibrosis (Aydin et al., 2003; Boorman et al., 1992) and was seen in both 

the histopathology of the OTA and the STZ/OTA groups. These data show the 

combination of DN and OTA significantly induces renal interstitial fibrosis. 
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Figure 9. Masson’s Trichrome 20X representative micrograph summary of the outer 

cortex region. Histopathological appearance of the renal cortex after 21-day OTA 

exposure period. (A) CON group, Normal histology using Masson’s Trichrome; (B) 

OTA group, (†) tubular degeneration (C) STZ group, (▷) inflammation (D) STZ/OTA 

(✱) interstitial fibrosis (†) tubular degeneration 
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Figure 10. Masson’s Trichrome 40X representative micrograph summary of the 

outer cortex region. Histopathological appearance of the renal cortex after 21-day OTA 

exposure period. (A) CON group, Normal histology using Masson’s Trichrome; (B) 

OTA group, (†) tubular degeneration, (‡) Glomerular degeneration (C) STZ group, (▷) 

inflammation (D) STZ/OTA group (‡) Glomerular degeneration (✱) interstitial fibrosis 

(†) tubular degeneration 
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Figure 11. Masson’s Trichrome 20X representative micrograph summary of the 

inner cortex region. Histopathological appearance of the renal cortex after 21-day OTA 

exposure period. (A) CON group, Normal histology using Masson’s Trichrome; (B) 

OTA group, (✱) interstitial fibrosis (C) STZ group, (✕) cast formation (D) STZ/OTA 

group (✕) cast formation (†) tubular degeneration 
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Figure 12. Masson’s Trichrome 40X representative micrograph summary of the 

inner cortex region. Histopathological appearance of the renal cortex after 21-day OTA 

exposure period. (A) CON group, Normal histology using Masson’s Trichrome; (B) 

OTA group, (†) tubular degeneration, (✱) interstitial fibrosis (C) STZ group, (▷) 

inflammation, (✱) interstitial fibrosis (D) STZ/OTA group (✱) interstitial fibrosis (†) 

tubular degeneration, (▷) inflammation 
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Figure 13. Point counting in micrographs of animals treated with ochratoxin A. 

Point-counting of interstitial fibrosis in renal cortex micrographs of animals treated with 

ochratoxin A for 21-days.  Notable statistical increase in interstitial fibrosis in STZ/OTA 

group. (A) Point-counting procedure. 10 x 10 grid overlapped on micrograph. Circle 

denotes a positive result where the X denotes a negative. (B) Levels of positive point-

counts of interstitial fibrosis. The data is shown as the mean ± SEM of 10 micrographs 

per group. Statistical analysis was conducted using a one-way ANOVA with Tukey’s 

post-hoc test, *P < 0.05. 

A 

B 
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3.5 Classic Biomarker Assessment 
 

Trunk blood and urine were collected from the animals at the end of the study 

period to assess the following classic biomarkers: glucose, protein, urea and creatinine.  

3.5.1 Urine and Serum Glucose 
 

Serum glucose levels at the end of the study were found to be CON group 283.8 ± 

107.10 mg/dL, STZ 1798 ± 430.40 mg/dL, OTA group 363.1 ± 76.80 mg/dL and 

STZ/OTA group 1089 ± 424.50 mg/dL (Figure 14).  The STZ treated group is 

significantly increased from the control group and the OTA treated group. Urine glucose 

levels were found to be CON group 9.78 ± 2.63 mg/dL, STZ 26740 ± 12900 mg/dL, 

OTA group 15.21 ± 4.48 mg/dL and STZ/OTA group 666.4 ± 618.30 mg/dL. These data, 

both serum and urine, are not indicative of renal damage but are used to confirm the 

establishment of the experimental diabetes criteria (>300 mg/dL) for the STZ and 

STZ/OTA animals to be included in the study were met. 

3.5.2 Serum Protein 
 

Serum protein levels were found to be CON group 23.46 ± 2.90 mg/mL, STZ 

186.07 ± 22.63 mg/mL, OTA group 278.73 ± 71.27 mg/mL, and STZ/OTA group 413.69 

± 27.77 mg/mL (Figure 15).  The OTA treated group and the STZ/OTA groups were 

significantly increased from the control group. In addition, the STZ/OTA group is 

significantly increased from the STZ group. Serum protein levels are not specific as a 

renal biomarker. Serum protein levels are used to aid in the screening of a liver, kidney or 

digestive disorders. Hyperproteinemia is associated with dehydration, chronic 

inflammation, liver and/or kidney disease (Cardon et al., 1943). The histopathology  
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Figure 14. Glucose levels in serum or urine of animals treated with ochratoxin A. 

Glucose levels in urine and serum were assessed using Cayman Glucose assay kit 

(Cayman Chemical 100095822).  Serum glucose levels were found to be CON group 

283.8 ± 107.1 mg/dL, STZ 1798 ± 430.4 mg/dL, OTA group 363.1 ± 76.80 mg/dL and 

STZ/OTA group 1089 ± 424.5 mg/dL.  Urine glucose levels were found to be CON 

group 9.78 ± 2.634 mg/dL, STZ 26,740 ± 12,900 mg/dL, OTA group 15.21 ± 4.480 

mg/dL, and STZ/OTA treated 666.4 ± 618.3 mg/dL. Data indicates both STZ and 

STZ/OTA treated groups fulfilled the experimental diabetes criteria (>300 mg/dL). All 

results were expressed as mean ± SEM, Statistical analysis with one-way ANOVA with 

Tukey’s post-hoc test, *P < 0.05 
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Figure 15. Serum protein levels of animals treated with ochratoxin A. 

Serum protein levels of animals treated with ochratoxin A for 21-days.  STZ, OTA and 

STZ/OTA data are indicative of hyperproteinemia.  The data is shown as the mean ± 

SEM. Statistical analysis was conducted using a one-way ANOVA with Tukey’s post-

hoc test, *P < 0.05 
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results support the presence of inflammation in the renal tissue and renal damage, both of 

which can explain the significant hyperproteinemia seen in the OTA and STZ/OTA 

groups.  

3.5.3 Serum Urea 
 

Serum urea (SUr) levels were found to be the following CON group 44.68 ± 

12.97 mg/dL, STZ group 160.85 ± 53.10 mg/dL, OTA group 54.00 ± 8.14 mg/dL and 

STZ/OTA group 119.50 ± 38.67 mg/dL (Figure 16). These data do not show any 

significant differences in SUr and was attributed to lack of biomarker sensitivity. 

3.5.4 Serum Creatinine 
 

Serum creatinine (SCr) levels were CON group 60.18 ± 5.23 mg/dL, STZ 8.00 ± 

4.12 mg/dL, OTA group 29.95 ± 7.01 mg/dL and STZ/OTA group 9.19 ± 2.88 mg/dL 

(Figure 17).  All groups were significantly decreased from the control group. 

Additionally, the diabetic group was significantly decreased from the OTA treated group 

as well. In a clinical review of patient cases, a similar decrease in SCr was noted and 

attributed to dehydration, muscle loss and chronic kidney disease (CKD) (Thongprayoon 

et al., 2016). In cases of CKD, literature noted that creatinine secretion increases which 

may explain the significant decrease in SCr (Ellam, 2011).   
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Figure 16. Serum urea levels of animals treated with ochratoxin A.  

Serum urea (SUr) levels of animals treated with ochratoxin A for 21-days. There were no 

significant differences in SUr between the treatment groups. The data is shown as the 

mean ± SEM. Statistical analysis was conducted using a one-way ANOVA with Tukey’s 

post-hoc test, *P < 0.05 
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Figure 17. Serum creatinine levels of animals treated with ochratoxin A.  

Serum creatinine levels of animals treated with ochratoxin A for 21-days.  OTA, STZ and 

STZ/OTA groups were significantly decreased from the CON group. The STZ group was 

significantly decreased from the OTA treated group. SCr decrease can be attributed to 

CKD, of which can be supported by the tissue damage seen in the histopathology 

assessment. The data is shown as the mean ± SEM. Statistical analysis was conducted 

using a one-way ANOVA with Tukey’s post-hoc test, *P < 0.05 
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3.6 Novel Biomarker assessment 
 

3.6.1 Serum KIM-1 
 

In addition to the classic renal biomarkers, novel markers were also included in 

the biomarker profile. Serum KIM-1 is a proximal tubule specific marker that is elevated 

only in cases of proximal tubule damage. Serum KIM-1 levels were found to be CON 

group 8.9 ± 3.45 pg/mL, STZ 141.78 ± 38.66 pg/mL, OTA group 122.45 ± 28.29 pg/mL 

and STZ/OTA group 354.39 ± 70.45 pg/mL (Figure 18).  The STZ/OTA group is 

significantly increased from all other groups which indicates significant proximal tubular 

damage. 

3.6.2 Serum NGAL 
 

In addition to KIM-1, another novel biomarker included in the biomarker profile 

was neutrophil gelatinase-associated lipocalin (NGAL). NGAL was site specific to distal 

tubules. Serum NGAL levels were found to be CON group 5.51 ± 0.257 ng/mL, STZ 

194.61 ± 11.69 ng/mL OTA group 289.29 ± 45.78 ng/mL and STZ/OTA group 564.16 ± 

87.60 ng/mL (Figure 19). The STZ/OTA group was significantly increased from all other 

groups. In addition, the OTA treated group is significantly different from the control 

group. NGAL was significantly elevated in the OTA group when compared to the CON 

group, which indicates OTA plays a significant role in the distal tubular damage. The 

significant increase of the STZ/OTA group compared to all other groups suggests severe 

distal tubular damage was due to the simultaneous combination of DN and OTA 

exposure. 
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Figure 18. Serum KIM-1 levels of animals treated with ochratoxin A. 

Serum KIM-1 levels of animals treated with ochratoxin A for 21-days. OTA, STZ and 

STZ/OTA groups were significantly increased when compared to CON group. 

Significant elevation of KIM-1 indicates proximal tubular damage. The data is shown as 

the mean ± SEM. Statistical analysis was conducted using a one-way ANOVA with 

Tukey’s post-hoc test, *P < 0.05 
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Figure 19. Serum NGAL levels of animals treated with ochratoxin A. 

Serum NGAL levels of animals treated with ochratoxin A for 21-days. STZ/OTA were 

significantly increased when compared to CON, OTA and STZ. OTA was significantly 

increased when compared to CON. The significant increase in NGAL is indicative of 

distal tubule damage.  The data is shown as the mean ± SEM. Statistical analysis was 

conducted using a one-way ANOVA with Tukey’s post-hoc test, *P < 0.05 
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3.7 Renal Cortical slice uptake of OTA 
 

In additional to the biomarker assessment, functional assessment using cortical 

uptake of ochratoxin A was determined. The slice-to-medium (S:M) ratio of tritiated 

OTA in about 100 mg of cortical tissue slices to 2.7 mL of transport buffer was used to 

calculate the functionality of the cortical tissue (Figure 20). The Cross and Taggert 

transport buffer contain 0.125 μCi of H3-OTA with either 20 nM or 520 nM OTA (non-

radiolabeled) and was assessed at the 90 minutes time point. The S:M ratio of the CON 

group was 6.46 ± 0.55, STZ was 5.84 ± 0.10, OTA group was 2.82 ± 0.29 and STZ/OTA 

group was 3.29 ± 0.71. The STZ/OTA and OTA groups are significantly decreased from 

the CON group and STZ group suggesting the decrease in cortical tissue functionality is 

due to the OTA and not the combination of OTA and STZ. 

3.8 Cytotoxicity of Ochratoxin A on LLC-PK1 cells 
 

To assess the potential interactive relationship between high glucose and OTA 

exposure in vitro, LLC-PK1 cells were treated with increasing concentrations of OTA 

(0.01, 0.1, 1, 10, 100, 1,000 uM) in either 5 mM, 17.5 mM and 30 mM glucose media. 

An additional treatment group where the media was switched from 5 mM glucose to 

30mM was when the monolayer formed was also included (5 mM/30 mM glucose). 

Treatment with OTA containing media was conducted for 24 ± 1 hours (Figure 21). The 

number of viable and dead cells were counted after the incubation time and represented 

as percentage viable cells against the untreated cells. Cell viability decreased as OTA 

concentration increased for all glucose conditions, indicating LLC-PK1 cells are sensitive 

to OTA exposure.  
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Figure 20. Uptake of tritiated ochratoxin A in renal cortical slices of animals treated 
with ochratoxin A. 

Slice to Medium (S:M) levels in renal cortical slices of animals treated with ochratoxin A 

for 21-days.  STZ/OTA and OTA groups are significantly decreased from the CON group 

and STZ group indicating the significant decrease in cortical tissue functionality is due to 

the OTA and not the combination of OTA and STZ. The data is shown as the mean ± 

SEM. Statistical analysis was conducted using a one-way ANOVA with Tukey’s post-

hoc test, *P < 0.05 
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Figure 21. Cytotoxicity of Ochratoxin A on LLC-PK1 cells. 

Confluent monolayers of LLC-PK1 were grown in their respective media then treated 

with media containing 0.001, 0.01, 0.1, 1, 10, 100 and 1000 μM ochratoxin A for 24 hrs. 

The viability was assessed by trypan blue exclusion. The data were represented as percent 

viable control: 

%VC = (number of live cells in sample)/number of live cells in control) * 100 
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Results indicated cells grown in high glucose media were significantly more sensitive to 

OTA as seen by reduced cell viability. 

3.9 LC50 in LLC-PK1 monolayers treated with ochratoxin A 

LC50 for LLC-PK1 monolayers treated with OTA was determined from the OTA 

dose-response curves. The LC50 for LLC-PK1 monolayers grown in media with 5 mM 

glucose was determined to be 3.80 ± 0.52 uM, 17.5 mM glucose media was determined 

to be 1.58 ± 0.21 uM, 30 mM glucose media was determined to be 2.13 ± 0.30 uM. The 

LC50 for monolayers grown in media with 5 mM glucose then switched to 30 mM 

glucose was determined to be 0.41 ± 0.12 uM (Figure 21 and 22) (Table 2). The LC50 of 

all groups (17.5 mM glucose, 30 mM glucose, and 5 mM/30 mM glucose) were 

significantly decreased from that of the 5 mM glucose media group. These data indicated 

the significantly increased sensitivity of LLC-PK1 monolayers to OTA as glucose 

concentrations increase or switched. 
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CHAPTER 4- DISCUSSION 

Both OTA exposure and diabetes individually lead to chronic kidney disease. Due 

to the rising occurrence of diabetes in the population and the prevalence of successive 

OTA exposure via ingestion of contaminated food stuffs, there is a need to assess the 

possible interaction of a diabetic disease state in concurrence with OTA nephrotoxicity 

(Bui-Klimke & Wu, 2015; Chen & Wu, 2017). The objective of this study was to 

investigate this interaction using Sprague Dawley rats. The animals were treated with 

streptozotocin to induce experimental diabetes (Akbarzadeh et al., 2007) and then orally 

exposed to OTA (0.5 mg/kg bodyweight) once daily for 3 weeks. The dose selected was 

previously used in a study conducted by Pastor and colleagues in 2018, which is a dose 

slightly higher than the one used in several OTA carcinogenicity studies (Pastor et al., 

2018). The interaction was assessed by evaluation of renal cortical transport activity, 

renal histopathology, renal biomarker assessment, and evaluation of LLC-PK1 as an in 

vitro model for this interaction. 

The results of this study show significantly increased nephrotoxic effects caused 

by the interaction of diabetes and OTA exposure. Histopathological findings of diabetic 

animals treated with OTA showed increased inflammation, tubular degeneration, 

glomerular degeneration, interstitial fibrosis, necrosis and cast formation throughout 

(Figures 6 – 12). Histopathological assessment of renal tissue from diabetic Sprague 

Dawley rats treated with OTA revealed marked increased deposition of extracellular 

matrix (Figure 13). The histopathological findings of this study in the OTA-exposed 

groups are consistent with several studies where OTA-treated kidney tissues showed 
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Table 2. LC50 in LLC-PK1 monolayers treated with OTA 

Confluent monolayers of LLC-PK1 were treated with 0.001, 0.01, 0.1, 1, 10, 100 and 

1000 μM OTA for 24 hr and the viability assessed by trypan blue exclusion. The data 

were represented as percent viable control:  %VC = (number of live cells in 

sample)/number of live cells in control) * 100 

The LC50 of all groups (17.5 mM glucose, 30 mM glucose, and 5 mM/30 mM 

glucose) were significantly decreased from 5 mM glucose media group. These data 

indicate significant increased sensitivity of LLC-PK1 monolayers to OTA when glucose 

concentrations increase. The data is shown as the mean ± SEM of 4 runs. The LC50 for 

the 4 runs in each glucose condition was as follows: 5 mM Glucose = 3.80 ± 0.52 μM, 

17.5 mM glucose = 1.58 ± 0.21 μM, 30 mM glucose = 2.1 ± 0.30 μM, and 5 mM/30 mM 

glucose = 0.4 ± 0.12 μM.  Statistical analysis was conducted using a one-way ANOVA 

with Tukey’s post-hoc test, *P < 0.05; † significantly different from 5 mM LC50. 

 
 
 

Media glucose concentration OTA LC50 (𝜇𝜇M) 

5 mM 3.80 ± 0.52 μM 

17.5 mM 1.58 ± 0.21 μM † 

30 mM 2.1 ± 0.30 μM † 

5 mM/30 mM 0.4 ± 0.12 μM † 
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Figure 22. LC50 of OTA in LLC-PK1 monolayers treated with ochratoxin A. 

LC50 of ochratoxin A in LLC-PK1 monolayers grown in increasing concentrations of 

glucose media or switching glucose concentration. The LC50 of all groups (17.5 mM 

glucose, 30 mM glucose, and 5 mM/30 mM glucose) were significantly decreased from 5 

mM glucose media group. These data indicate significant increased sensitivity of LLC-

PK1 monolayers to OTA when glucose concentrations increase. The data is shown as the 

mean ± SEM of 4 runs. Statistical analysis was conducted using a one-way ANOVA with 

Tukey’s post-hoc test, *P < 0.05. 
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tubular degeneration, fibrous tissue, cysts/casts and cytoplasmic alteration (Aydin et al., 

2003; Boorman et al., 1992). The histopathological findings of this study seen in the 

diabetic animals include inflammation, tubular and glomerular degeneration, necrosis and 

cast formation. These were also consistent with histopathologic changes in diabetic 

nephropathy (DN) (Jain, 2012; Nishi et al., 2000).  

Assessment of the stage of kidney disease is essential in analyzing the interaction 

between diabetic nephropathy and OTA-exposure. Biomarkers, both traditional and 

novel, are used to assess a physiological metric. They can be used as a screening or 

diagnosis tool to monitor disease (Bagshaw & Gibney, 2008). Traditional clinical tools 

for assessing kidney function such as glomerular filtration rate (GFR) and blood urea 

nitrogen (BUN) are often not sensitive enough to expose early or mild renal injury or 

impairment. Renal biomarkers are used to assess either current function or site-specific 

injury of the kidney (Ford, 2019). An ideal biomarker should generally be non-invasive, 

easily measured, inexpensive, and provide rapid results using blood or urine. The best 

type of biomarker is sensitive enough to provide early identification, specific and 

unaffected by co-morbid conditions. An ideal marker for kidney disease should rapidly 

reflect any change, condition specific (AKI or CKD), site specific (proximal tubule, distal 

tubule, glomerulus, loop of Henle), and not interfered with by drugs or endogenous 

substances (Bagshaw & Gibney, 2008). Both traditional and novel biomarkers were used 

to assess the renal functional and injury status in diabetic animals exposed to OTA.  

The classic biomarkers used in this study include serum creatinine (SCr), serum 

urea (SUr) and serum protein. Serum creatinine (SCr) and blood urea nitrogen (BUN) 

have been used to screen and/or diagnose acute kidney injury (Vaidya et al., 2008).  
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However, serum creatinine and urea levels do not reflect the real-time dynamic changes 

in glomerular filtration rate (GFR) and none reflect genuine kidney injury (Bagshaw & 

Gibney, 2008). GFR is the volume of fluid filtered from the glomerular capillaries into 

the Bowman’s capsule per unit time (Lopez-Giacoman & Madero, 2015).  

Creatinine is an endogenous amino acid that is nonenzymatically converted from 

creatine and creatine phosphate and metabolized by the liver and released into the plasma 

at a relatively constant rate. Creatinine is freely filtered by the glomerulus and not 

reabsorbed by the tubules or metabolized by the kidney (Bagshaw & Gibney, 2008). 

Although the levels of creatinine can be highly variable due to production and release, 

serum creatinine (SCr) levels are used for estimating GFR by using its serum levels and 

their inversely proportional relationship. Using prediction equations, an increase in SCr 

levels is generally indicative of a reduced estimate GFR (eGFR), which implies reduced 

kidney function (Lopez-Giacoman & Madero, 2015). In this study, SCr levels of STZ, 

OTA and STZ/OTA treatment groups are found to be significantly decreased from CON 

group (Figure 17). Additionally, the STZ group is significantly decreased from the OTA 

group.  Typically, SCr is expected to be increased when there is kidney damage due to 

the glomeruli inability to freely filter the creatinine from the serum into the lumen. 

However, in this study, SCr is significantly decreased. A clinical review using meta-

analysis of patient cases was conducted where a similar decrease in SCr was noted 

(Thongprayoon et al., 2016). The decrease in SCr was attributed to dehydration, muscle 

loss and chronic kidney disease (CKD). In cases of CKD, it has been noted that creatinine 

secretion into the lumen increases which may explain the significant decrease in SCr 

(Ellam, 2011).  Augmented renal clearance (ARC) is a noted phenomenon where patients 
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experience marked increase in functional creatinine clearance in acute illness and is 

common among intensive care unit patients. The mechanism is not yet clear, however 

potential mechanisms include increased tubular flow where the decreased nephron 

number limits the distal tubule reabsorption, disproportionate loss of glomerular function 

to tubular function, substrate stimulation of the organic cation system and endogenous 

responses such as systemic inflammatory response with increased cytokines and 

proinflammatory mediators (Cook & Hatton-Kolpek, 2019; Ellam, 2011). Decreased 

serum creatinine may be attributed to enhanced tubular creatinine secretion and 

disproportionate glomerular to tubular function. The cause of decreased SCr can be 

further supported by the glomerular and tubular damage seen in the pathohistological 

micrographs of treated animals.  Although these classic biomarkers have been assessed 

individually, an association between urea-to-creatinine ratio and inpatient clinical 

outcomes has been assessed in an epidemiological study (Brookes & Power, 2022) 

In this study, BUN was found to not have any significant differences in SUr 

concentrations between any treatment groups (Figure 16). Blood urea nitrogen (BUN) is 

another endogenous biomarker for kidney function. Serum urea (SUr) is expected to be 

elevated in cases of renal damage and dehydration (Brookes & Power, 2022). Blood urea 

can also be used to estimate GFR but presents accuracy issues since blood urea levels can 

be affected by factors outside that of GFR (Bagshaw & Gibney, 2008). Urea production 

is not stable and can increase when the amount of protein in a diet increases, dehydration, 

high amount of tissue breakdown (for example, during gastrointestinal hemorrhage), and 

drugs like corticosteroids or tetracycline (Bagshaw & Gibney, 2008). As BUN levels rise, 

eGFR declines indicating renal malfunction. BUN and eGFR have a non-linear inverse 
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relationship (Lopez-Giacoman & Madero, 2015). However, like serum creatinine levels, 

BUN can vary due to other factors independent of GFR which makes it not an ideal 

marker on its own as an indicator of kidney function. As indicated in the 

pathohistological micrographs (Figures 6-12), the glomerular damage seen decreases the 

filtration of urea and the tubular damage seen impairs the reabsorption of urea. Although 

these classic biomarkers have been assessed individually, an association between urea-to-

creatinine ratio and inpatient clinical outcomes has been assessed in an epidemiological 

study (Brookes & Power, 2022). Brookes and Power associated higher urea-to-creatinine 

ratio with greater rates of inpatient mortality and hospital complications and 

readmissions. 

Serum protein is another typical biomarker used to assess renal function. Total 

serum protein is measured to assess nutritional, liver and kidney disorders (Henok et al., 

2020). In this study, OTA-treated and STZ/OTA-treated animals show significant 

hyperproteinemia (Figure 15). Hyperproteinemia is associated with dehydration, chronic 

inflammation, liver and/or kidney disease (Cardon et al., 1943). In addition, DN is also 

linked to hyperproteinemia which is caused by microvascular damage. Microvascular 

damage has been documented to result in changes in serum protein composition, 

particularly albumin depression and globulin elevation. Not only is this DN phenomenon 

associated with hyperproteinemia, but it is also known to cause increased serum viscosity 

(McMillan, 1989).   

Assessment of the classic renal biomarkers (serum creatinine, serum urea and 

serum protein) suggests that the interaction between diabetic nephropathy and OTA 

exposure results in dehydration, renal damage, and chronic inflammation. As seen in the 
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pathohistological findings, the extracellular matrix deposits and the inflammation are 

seen all throughout the micrographs at the end of the twenty-one-day study time period. 

However, classic biomarkers do not offer specificity, high sensitivity or early detection to 

definitively support the pathohistological findings. To further assess the interaction 

between diabetes and OTA, two novel biomarkers were used. 

Kidney injury molecule-1 (KIM-1) is a transmembrane glycoprotein that serves as 

an identifying biomarker for proximal tubular toxicity (Vaidya et al., 2008). KIM-1 

expression was found to be upregulated after kidney injury in patients with acute tubular 

necrosis (ATN) and can be seen in urine during the first 12 hours of tubular injury 

(Lopez-Giacoman & Madero, 2015). KIM-1 has also been established as an in vitro 

marker for PCT damage using NRK-52E (Rached et al., 2008). KIM-1 has been used in 

ratio with creatinine to evaluate mycotoxin associated renal toxicity in female and male 

C57BL/6J mice (Oe et al., 2024).  KIM-1 was used as CKD biomarker for mycotoxin AA 

KIM-1. It was proven to be a sensitive and tissue-specific biomarker in rodent and human 

clinical studies where KIM-1 increased in areas of tubular fibrosis and inflammation 

(Ráduly et al., 2023). OTA exposure in Wistar rats caused histological changes which 

were best reflected in the increase of KIM-1 levels, which occured before any changes in 

traditional clinical parameters were seen (Hoffmann et al., 2010).  KIM-1 as a biomarker 

is more sensitive and site-specific as compared to the typical renal biomarkers. In this 

study, KIM-1 is significantly increased in the STZ/OTA group (Figure 18). The increase 

indicates significant tubular damage when compared to all other treatment groups. 

Proximal tubular damage seen in this study is also supported by the histopathological 
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findings and correlates with the trends established by the classic biomarkers previously 

discussed.   

In addition to KIM-1, neutrophil gelatinase-associated lipocalin (NGAL) was also 

used to further assess the interaction between diabetes and OTA. NGAL is a small 

lipocalin protein and a component of innate immunity against bacterial infection.  NGAL 

is expressed by immune cells, hepatocytes and renal tubules in various disease states 

(Edelstein, 2017). NGAL has been shown to be site specific to the distal tubule section of 

the nephron. Serum NGAL has been shown to increase in patients with AKI. It has been 

shown that NGAL was detected 3.2 days earlier than changes in patient serum creatinine 

(Edelstein, 2017). NGAL has mainly been studied as a biomarker of cisplatin-induced 

AKI but has shown promise as a potential biomarker for the detection of nephrotoxicity 

induced by other agents or causes. In this study, NGAL was significantly increased in the 

STZ/OTA group when compared to CON, OTA and STZ treatment groups. OTA was 

significantly increased when compared to CON. The significant increase in NGAL was 

indicative of significant distal tubule damage (Figure 19). Distal tubular damage is also 

supported by the histopathological findings and correlates with the trends established by 

the previously discussed typical biomarkers.   

In addition to evaluating histopathology and renal biomarkers for the assessment 

of the potential interaction between DN and OTA exposure, evaluation of renal cortical 

tissue function was also assessed. Renal cortical slices used for transport studies has been 

established as an appropriate and useful in vitro technique to evaluate the effects of 

xenobiotics during short-term or long-term incubations (Rose et al., 1985). Cortical slices 

can remain metabolically differentiated for at least 24-48 hours (Baverel et al., 2013). 
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Renal uptake studies using cortical slices were used to compare the accumulation of 

OTA. Results indicate OTA uptake in OTA and STZ/OTA groups were both significantly 

decreased when compared to CON and STZ group (Figure 20). However, OTA and 

STZ/OTA groups are not significantly different. Therefore, these data suggest that the 

decrease in OTA uptake by cortical slices is due to OTA itself and not the diabetic 

nephropathy. This assay was conducted 24 hours after the last dose of OTA, and given 

the half-life of OTA in rat is estimated at 230 hours (Zepnik et al., 2003). In addition to 

OTA being known to accumulate, it is very possible the short time between assay 

conduction and last dose of OTA did not allow for sufficient clearance of OTA prior to 

the start of the cortical uptake assay. These factors may have impacted the assay therefore 

the results may not truly depict the effects of the interaction of OTA and STZ on the renal 

transport systems involved. 

Significant elevation of KIM-1 and NGAL, hyperproteinemia and decreased 

serum creatinine in the STZ/OTA group correlates with the histopathological findings of 

proximal and distal damage. Overall, OTA exposure in animals with diabetic 

nephropathy results in increased inflammation, proximal and distal tubular degeneration, 

glomerular degeneration, interstitial fibrosis, necrosis and cast formation. These 

histopathological findings are supported by the biomarker profile (significantly decreased 

serum creatinine, significantly elevated serum protein, significantly elevated KIM-1 and 

NGAL) which support the conclusion of a detrimental interaction between DN and OTA 

exposure. 

The mechanism of this interaction between DN and OTA exposure has yet to be 

clarified. The LLC-PK1 porcine proximal tubule cell line was used to assess the 
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interaction of glucose levels and OTA exposure on cell viability.  Monolayers of LLC-

PK1 cells were grown in culture medium with 5 mM glucose (90 mg/dL), 17.5 mM 

glucose (315 mg/dL), 30 mM glucose (540 mg/dL). An additional group was included 

where LLC-PK1 cells grown in 5 mM glucose and then switched to 30 mM glucose media 

during OTA treatment.  LLC-PK1 dose response curves showed decreased cell viability 

as OTA concentrations increased (Figure 21). This indicated monolayers were 

increasingly sensitive to OTA in all treatment groups. The LC50 of 5 mM glucose, 17.5 

mM glucose, 30 mM glucose, and 5 mM/30 mM glucose media groups were determined 

from the cytotoxicity curves (Table 2). The LC50 of each high glucose group (17.5 mM 

glucose, 30 mM glucose, and 5 mM/30 mM glucose) were found to be significantly lower 

from that of the 5 mM group indicating enhanced toxicity of OTA at high glucose levels 

(Figure 22). These in vitro data when taken together indicate LLC-PK1 cells are an 

appropriate model to further investigate the mechanism involved in the interaction 

between high glucose and OTA exposure. 

Despite extensive research, the mode of action of OTA is still not clarified. One 

of the potential focus points of many studies has been the involvement of ROS. In vitro 

studies using kidney microsomes and in vivo studies using rats have shown OTA to 

enhance NADH (nicotinamide adenine dinucleotide)-dependent and ascorbate-dependent 

lipid peroxidation which impairs the cytoplasmic membrane permeability to calcium and 

therefore interrupting calcium homeostasis (Longobardi et al., 2022; Rahimtula et al., 

1988).  In addition, Nrf2 has been shown to be one of the major contributors to OTA-

induced ROS in a study using LLC-PK1 cells resulting in decreased GSH 

(glutathione)/GSSG (glutathione disulfide) ratio and superoxide dismutase (SOD) activity 



 65 

(Boesch-Saadatmandi et al., 2009; Longobardi et al., 2022). OTA treatment in HK-2 cells 

caused oxidative stress related gene expression up-regulation including SOD1, CAT, 

GSR and KIM-1 (Lee et al., 2023). OTA was found to initiate free radical formation and 

increase Nrf2 mRNA in the kidney in a dose and duration dependent manner (Ferenczi et 

al., 2020). NADH oxidase (NOX), particularly NOX4, is the most abundant isoform 

which contributes to ROS generation in the kidney by increasing O2 production in the 

mitochondria, which then is catalyzed to H2O2 and promotes apoptosis by entering the 

cells via facilitated diffusion (Longobardi et al., 2022). As such, NOX4 is considered one 

of the main contributors and potential therapeutic targets for oxidative-stress-associated 

nephrotoxicants like OTA and conditions such as DN which result in CKD or end stage 

renal disease (Damiano et al., 2020). 

The pathogenesis of DN has been better clarified compared to that of OTA, and is 

directly associated with chronic diabetes, histological lesions and is characterized by 

albuminuria and reduced eGFR. The complex pathogenesis of DN involved multiple 

mechanisms, the primary being hyperglycemia (Pelle et al., 2022).  A direct effect of high 

glucose was observed in the present cell culture study, in which case increased glucose in 

the growth media corresponding to diabetic blood levels resulted in greater cytotoxicity.  

The morphological changes typical of DN are known to also be affected by advanced 

glycation end-products (AGEs), which are caused by hyperglycemia, and result in 

damage of the matrix, glomerular basement membrane alterations and damage to other 

glomerular components and function (Pelle et al., 2022). These alterations cause 

hemodynamic abnormalities which in combination with hyperglycemia leads to the 

hallmarks of diabetic kidney disease including glomerular hyperfiltration, ROS, 
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endothelial dysfunction, extracellular matrix deposition, mesangial proliferation, 

podocyte and tubular death, glomerular basement membrane thickness and 

glomerulosclerosis (Rayego-Mateos et al., 2020).  The collagen deposition, podocyte and 

tubular death were observed in the gross assessment of the histopathological assessment 

of the STZ animals (Figures 2 and 3).  In DN, increased ROS production is caused by the 

shift from glucose metabolism to non-glycolic metabolism stimulated by hyperglycemia 

(Pelle et al., 2022). The increased ROS then results in local and systemic inflammation 

which causes direct and indirect damage to renal cells (Rayego-Mateos et al., 2020). 

Hyperglycemia associated inflammation is heavily associated with a positive 

feedback loop which further enhances renal damage and induces vascular remodeling 

(Rayego-Mateos et al., 2020). Hyperglycemia activates protein kinase C (PKC), 

transforming growth factor-β1 (TGF- β1) expression, and angiotensin-II all of which 

promote fibrotic processes (Pelle et al., 2022). Hyperglycemia has been implicated in 

proximal tubule glucose toxicity where SGLT2 inhibition caused a reduction partially by 

way of decreasing oxidative stress (Oe et al., 2024).  There is a strong relationship 

between ROS and inflammation. Proinflammatory factor induction is a major mediating 

response in DN and can occur through the activation of NF-kB and activator protein-1 

(AP-1) by ROS (Rayego-Mateos et al., 2020).  A mechanistic study exploring OTA 

exposure during induced nephropathy explored renal fibrosis via TGF-β1/SMAD2/3 

pathway was the primary focus (Du et al., 2022). Fibrosis develops when the synthesis of 

collagen exceeds the rate at which is it degraded and therefore increases and over time 

accumulates to lead to the formation of permanent fibrotic scar and loss of tissue function 

(Wynn, 2008).   
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Another important pathway in DN is induced intraglomerular hypertension. 

Glomerular hyperfiltration is a result of hyperglycemia, is responsible for intraglomerular 

hypertension and is one of the first mechanisms responsible for the onset of albuminuria 

and reduced eGFR. This process is mediated by the dilation of glomerular afferent 

arteries through mediators such as TGF- β1, vascular endothelial growth factor (VEGF), 

insulin-like growth factor 1 (IGF-1), nitric oxide (NO), prostaglandins, and glucagon 

(Pelle et al., 2022).  The resulting renal hypoxia promotes the progression of DN by 

causing an imbalance in the supply and demand of O2 due to the loss of peritubular 

capillaries and interstitial fibrosis and the increased energy requirements from 

hyperfiltration (Pelle et al., 2022). 

The histopathological micrographs and point-counting show evidence of elevated 

collagen deposition, particularly in the cortical region along with glomerular and tubular 

damage. Elevated TGF-β1 expression has associated with glomerulosclerosis and tubular 

fibrosis (Du et al., 2022).  Cellular fibrosis is known to be activated and modulated by 

chemokines, growth factors and cytokines, specifically transforming growth factor β1 

(TGF-β1). Under pathological conditions, TGF-β1 induces parenchymal inflammatory 

and collagen-expressing cells and plays a key role in fibrosis progression (Chen & 

Raghunath, 2009). α-SMA and Vimentin are well known biomarkers in the progression 

of renal fibrosis (Wynn, 2008). The results from Du and colleagues (Du et al., 2022) 

indicated OTA upregulated the expression of the previously mentioned renal fibrosis 

factors (α-SMA and vimentin). Their results indicated that OTA exposure to humans with 

CKD would accelerate the development of renal fibrosis which contributes the 
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progression of CKD to end stage renal disease as a process of renal fibrosis (Du et al., 

2022).  

There is a great deal of overlap in pathways and mediators of renal injury for both 

OTA and DN.  ROS/RNS, inflammation and fibrosis are major contributors for renal 

damage. ROS leads to tissue damage and dysfunction which leads to common mediators 

such as TGF-β1 and NO which triggers pro-fibrotic and oxidative stress processes. 

Although the direct pathways there may not be the same, as previously noted NOX4 is a 

major contributor for OTA and hyperglycemia for DN, both OTA and DN progress to 

renal fibrosis, CKD and ultimately ESRD. 

In conclusion, these data, both in vivo and in vitro, show that the interaction 

between OTA and diabetic nephropathy have severe nephrotoxic effects and LLC-PK1

cells are an appropriate model to continue to investigate the mechanism involved in this 

interaction. Our data demonstrate that the kidneys of diabetic animals are more sensitive 

to ochratoxin A.  The results with the LLC-PK1 cells suggest that hyperglycemia itself 

can adversely affect proximal tubule cells.  OTA is also known to have an oral half-life in 

humans of 35.5 days and 55-120 hours in rats (O’Brien & Dietrich, 2005). Such 

prolonged half-lives can intensify nephrotoxic effects in patients with CKD or DN.   

Therefore, individuals with impaired renal function due to diabetes can be particularly 

sensitive to mycotoxins like OTA (Du et al., 2022). Due to the increasing occurrences of 

both the development of diabetic nephropathies and the prevalence of OTA ingestion, the 

resulting nephrotoxicity makes it clear this interaction is important to clarify and continue 

to investigate. 
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CHAPTER 5- FUTURE DIRECTIONS

It would be useful to re-assess the uptake of OTA in a renal cortical uptake study 

after sufficient OTA clearance occurs or with a different OAT1/3 substrate, such as para-

aminohippurate which shares the same renal transport system. Another area to further 

investigate is the mechanistic role reactive oxygen species for this interaction. Lastly, 

using this in vitro model to assess epithelial-to-mesenchymal transition as a potential 

mechanism as the final endpoint of fibrosis after exposure to OTA in high glucose. 
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