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Abstract 

Background: The toxicological effects of p-cresol have primarily been attributed to its metabolism 

end products; however, very little human toxicological data are available in the key organ (i.e. the 

liver) responsible for the generation of these metabolites. We hypothesized that p-cresol is 

relatively more toxic than the other protein-bound uremic toxins, and that the glucuronidation of 

p-cresol or the glucuronide end product can lead to toxicities in the human liver. Our objectives 

were: i) to characterize the concentration- and temporal- effects of p-cresol on toxicity markers; 

ii) to compare the effects of p-cresol and other protein bound uremic toxins on toxicity markers in 

HepaRG cells; iii) to determine the metabolic activities of HepaRG cells in the production of major 

p-cresol conjugated metabolites; and iv) to characterize the effects of exogenously-administered 

and in-situ generated p-cresol glucuronide in the manifestation of toxicities in HepaRG cells. 

Methods: The HepaRG cell line was utilized as the experimental model. The toxicity markers were 

2’-7’-dichlorofluorescein (DCF; marker of oxidative stress) formation, total cellular glutathione 

(GSH) concentration, and lactate dehydrogenase (LDH; marker of cellular necrosis) release. The 

concentrations of p-cresol were measured by ultra-high performance liquid chromatography assay 

(UPLC). The concentrations of p-cresol sulfate and p-cresol glucuronide were quantified using 

ultra-high performance liquid chromatography-tandem mass spectrometry assay (UPLC-MS/MS). 

Results: p-Cresol exposure resulted in concentration- and time-dependent changes in DCF 

formation, GSH concentration, and LDH release in HepaRG cells at potentially toxicologically 

relevant conditions. p-Cresol was also relatively more toxic than 3-carboxy-4-methyl-5-propyl-2-

furanpropanoic acid, indole-3-acetic acid, indoxyl sulfate, kynurenic acid, and hippuric acid on all 

tested markers. Although the exogenous administration of p-cresol sulfate and p-cresol 

glucuronide generated high intracellular concentrations of these metabolites, both metabolites 
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were significantly less toxic compared to p-cresol at equal-molar conditions. Moreover, p-cresol 

glucuronide was the predominant metabolite generated in situ from p-cresol exposure. The 

selective attenuation of glucuronidation (without affecting p-cresol sulfate formation, while 

increasing p-cresol accumulation) using independent chemical inhibitors (i.e. L-borneol, 

amentoflavone, or diclofenac) consistently resulted in further increases in LDH release associated 

with p-cresol exposure. Conclusion: These novel data indicated that p-cresol was a relatively 

potent toxicant, and that glucuronidation was unlikely associated with the manifestation of its toxic 

effects in HepaRG cells.  
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Chapter I : Introduction 

1. Uremic toxins 

Uremia is a disease condition caused by the accumulation of uremic toxins, which are 

mainly produced by microbiota in the gut that cannot be removed efficiently from the human body 

through the kidneys (Prokopienko, Alexander J. and Nolin, 2018). In general, uremic toxins are 

classified into three categories based on their molecular weights: i) small water-soluble 

compounds, ii) middle molecules, and iii) protein bound compounds (Vanholder et al., 2003). 

Small water-soluble compounds are consisted of toxins that are water soluble and have molecular 

weights less than 500 Daltons (the prototypical substance is urea (Vanholder et al., 2018)). The 

molecular weights of the middle molecules are usually higher than 500 Daltons with an example 

being the β2-microglobulin (Vanholder et al., 2018). For the protein bound uremic toxins, the 

molecular weights are generally less than 500 Dalton, and p-cresol is one of the prototypical 

examples (Vanholder et al., 2018). 

Compared to the small water-soluble and the middle molecule compounds, the removal of 

protein bound uremic toxins through dialysis is relatively inefficient (Vanholder et al., 2018). 

Furthermore, subjects with impaired renal functions (e.g. chronic kidney disease [CKD] patients) 

are likely to “trap” the protein bound uremic toxins within the body (Mutsaers et al., 2015,Poesen 

et al., 2016), which could lead to the accumulation of protein-bound toxins which have been 

associated with multi-organ toxicities including kidney dysfunction, cardiovascular disease, and 

overall mortality (Jourde-Chiche and Burtey, 2020). In addition, the accumulation of protein bound 

uremic toxins has also been associated with gut microbial dysbiosis and inflammations of organs 

such as the liver, heart, brain, bone, and blood vessels (Graboski and Redinbo, 2020). 
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Furthermore, protein bound uremic toxins can be further classified based on their chemical 

structures (i.e. functional groups) into the following sub-categories: advanced glycation end 

products, hippurates, indoles, polyamines, phenols, and miscellaneous agents such as 3-carboxy-

4-methyl-5-propyl-2-furanpropionic acid (Graboski and Redinbo, 2020). Advanced glycation end 

products are typically associated with arterial stiffness, diabetic nephropathy, endothelial 

dysfunctions, and immune system dysregulations; hippurates have been linked to endothelial 

dysfunctions and renal tubule damage; indoles are correlated with bone disease, cardiovascular 

disease, endothelial dysfunction, inflammation, muscle weakness or atrophy, neurotoxicity, and 

oxidative stress; polyamines are associated with anemia; and phenols (e.g. p-cresol) have been 

associated with cardiovascular disease, liver dysfunction, inflammation, oxidative stress, renal 

fibrosis, vascular remodeling, and ultimately, mortality (Graboski and Redinbo, 2020,Thompson 

et al., 1994,Weigand et al., 2019,Vanholder et al., 2018,Gryp et al., 2017,Watanabe et al., 2013). 

In addition, protein bound uremic toxins have been demonstrated to affect the activities of 

cytochrome P450, sulfotransferase, and UDP-glucuronosyltransferase enzymes (Prokopienko, 

Alexander J. and Nolin, 2018). Despite limited data, expressions or activities of transporters such 

as organic anion transporting polypeptides, organic anion transporters, and breast cancer resistant 

protein, and multidrug resistance protein 4 can also be modulated by protein-bound uremic toxins 

(Prokopienko, Alexander J. and Nolin, 2018,Mutsaers et al., 2013,Mutsaers et al., 2015,Weigand 

et al., 2019). In general, the inhibition or induction of metabolism enzymes and/or transporters can 

potentially lead to drug-drug interactions in patients with chronic kidney disease, as these patients 

are very likely to be receiving multiple concurrent medications.  
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1.1. p-Cresol and its metabolism 

p-Cresol is a protein-bound uremic toxin. The major source of p-cresol production is the 

ingestion of dietary proteins as p-cresol is mainly produced by bacteria in the large intestines from 

amino acids such as tyrosine and phenylalanine (Gryp et al., 2017). In addition, p-cresol also 

originates from environmental sources,  such as plant extracts, traditional medicines, crude oil, and 

coal tar (Andersen, 2006,Vanholder et al., 1999). In the production of p-cresol, many gut 

microbiotas such as Bacteroidaceae, Bifidobacteriaceae, Eubacteriaceae, Lachnospiraceae, 

Porphyromonadaceae, Ruminococcaceae, Veillonellaceae, and Fusobacteriaceae can be 

involved, while the Clostridium species are identified to be the major bacteria by most studies 

(Gryp et al., 2017). The primary locations of p-cresol metabolism are the human intestine and the 

liver (Gryp et al., 2017). To our knowledge, there are three metabolic pathways of p-cresol in 

humans, which are oxidation mediated by cytochrome P450 enzymes, and sulfonation or 

glucuronidation (Prokopienko, Alexander J. and Nolin, 2018) (Figure 1). The major metabolites 

of p-cresol in humans are p-cresol sulfate and p-cresol glucuronide (Prokopienko, Alexander J. 

and Nolin, 2018). 
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Figure 1. The metabolic fate of p-cresol (Yan et al., 2005,Prokopienko, Alexander J. and Nolin, 

2018,Gryp et al., 2017,Thompson et al., 1996). 
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The highest total plasma p-cresol concentration observed under uremic conditions is up to 

596 µM (Meert et al., 2012) [please see Table 1], whereas the highest total concentrations of p-

cresol sulfate (in plasma) and p-cresol glucuronide (in serum) are approximately 1600 µM and 85 

µM (Meert et al., 2012,Cuoghi et al., 2012), respectively [please see Tables 2&3]. Direct data of 

p-cresol concentrations in the human liver and kidney are limited. However, due to the fact that p-

cresol is mainly metabolized by the human liver, the sum of p-cresol, p-cresol sulfate, and p-cresol 

glucuronide concentrations in the human plasma can presumably reflect p-cresol exposures in the 

human liver. Therefore, it is possible that p-cresol concentrations can reach mM level in the human 

liver.  

In addition, p-cresol sulfate is highly protein-bound (~ 90%); therefore, although the total 

concentrations of p-cresol sulfate are relatively elevated, the free concentrations (which is the 

pharmacologically-active form) are relatively low in the plasma (Meert et al., 2012,Itoh et al., 

2012) (Table 2). To the contrary, the protein binding of p-cresol glucuronide is relatively low 

(~10%). Therefore, although the total plasma concentrations of p-cresol glucuronide are lower, the 

free concentrations of p-cresol glucuronide can be similar to or even higher than p-cresol sulfate 

(Meert et al., 2012,Itoh et al., 2012) (Tables 2 & 3). As the free fractions of xenobiotics are 

biologically active, these data indicate that p-cresol glucuronide may exhibit significant biological 

activities based on its relatively significant unbound plasma concentrations. 
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Table 1. Summary of plasma concentrations of p-cresol in humans 

Literature Matrices p-Cresol concentrations, μM 

(De Smet et 

al., 1998) 

Human 

blood 

Total concentration 

Normal:4.0-12.7 

Outpatients:53.5-

148.0 

Continuous 

ambulatory peritoneal 

dialysispatients:31.2-

84.1 

Hemodialysis 

patients:96.1-176.6 

Free concentration 

Normal: NA 

Outpatients:4.7-11.6 

Continuous 

ambulatory 

peritoneal 

dialysispatients:3.2-

9.0 

Hemodialysis 

patients:1.8-23.8 

Calculated protein 

binding: 

Normal:100% 

Outpatients:86.6-

95.3% 

Continuous 

ambulatory 

peritoneal dialysis 

patients:82.7-

93.3% 

Hemodialysis 

patients:74.9-

95.2% 

(Niwa, 1993) Human 

serum 

Total concentration 

Normal: 0-9.6 

Uremic, pre-hemodialysis: 21-79 

Uremic, post-HD: 1-63 

(de Loor et 

al., 2005) 

Human 

serum 

Total concentration 

Normal: 12.8-21.1 

Patients: 201.7-322.3 

(Vanholder 

et al., 2003) 

Human 

serum 

Highest concentration: 376.36 

(Vanholder 

et al., 2014) 

Human 

plasma 

Total concentration: 20.34-430 

Free concentration: 5.18-266.32 

(Meert et al., 

2007) 

Human 

serum 

Total concentration: 263-596 

(Korytowska 

et al., 2019) 

Human 

plasma 

Total concentration: 0.004-0.012 
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Table 2. Summary of plasma concentrations of p-cresol sulfate in humans 

Literature Matrices p-Cresol sulfate concentrations, μM 

(Prokopienko, 

Alexander J. 

and Nolin, 

2018) 

Human 

serum 

Total concentration (mean): 46-176 

Free concentration (mean): 2.9-15.7 

Total concentration (highest): 147-289 

(Gryp et al., 

2017) 

Human 

plasma 

Total concentration: 331-805 

(Prokopienko, 

A. J. et al., 

2019) 

Human 

serum 

Total concentration: 117.96 

(Meert et al., 

2012) 

Human 

serum 

Total concentration (mean): 

83.46-252.46 

Free concentration (mean): 

1.6-24 

Total concentration 

(highest): 483.4 

Free concentration 

(highest): 75.4 

(Cuoghi et 

al., 2012) 

 Human 

serum 

Total concentration (mean):  

170-286 (Martinez et al., 

2005)  

58-228 (Pham et al., 2008) 

105-261 (Meert et al., 2009) 

17-211 (Krieter et al., 2010) 

37-289 (Liabeuf et al., 2010) 

331-805 (Cuoghi et al., 2012) 

652-1398 (Cuoghi et al., 2012) 

Total concentration 

(highest): 

345 (Martinez et al., 2005) 

313 (Pham et al., 2008) 

340 (Meert et al., 2009) 

307 (Krieter et al., 2010) 

560 (Liabeuf et al., 2010) 

1049 (Cuoghi et al., 2012) 

1664 (Cuoghi et al., 2012) 

(Itoh et al., 

2012) 

Human 

serum 

Total concentration: 124-156 

Free concentration: 19-29 
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Table 3. Summary of plasma concentrations of p-cresol glucuronide in humans 

Literature Matrices p-Cresol glucuronide concentrations, μM 

(Meert et al., 

2012) 

Human 

serum 

Total concentration (mean): 2.8-48.8 

Total concentration (highest): 84.8 

Free concentration (mean): 2.9-44.5 

Total concentration (highest): 79.2 

(Itoh et al., 

2012) 

Human 

serum 

Total concentration: 23.2-26.8 

Free concentration: 13-19.4 
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Theoretically, in addition to the human liver, both the intestines and the kidneys are also 

exposed to considerable amounts of p-cresol. Although the liver is the primary organ for p-cresol 

metabolism (Prokopienko, Alexander J. and Nolin, 2018), intestines can also contribute to the 

conjugation of p-cresol. However, the metabolism end products in the intestines are likely to be 

excreted directly into the feces and thus would have less influence on the overall systemic 

concentrations (Rong and Kiang, 2020). In addition, the contributions of human kidneys in p-

cresol metabolism might also be argued to be less important than the liver, because the overall 

glucuronidation and sulfation protein contents are lower in the kidneys (Knights et al., 2016,Riches 

et al., 2009), and by the time blood reaches the kidneys, the majority of p-cresol has already been 

converted to p-cresol sulfate and glucuronide (de Loor et al., 2005). This is evident by that fact 

that free p-cresol concentrations in the liver are approximately 2-fold higher than that of human 

kidneys in data collected from four deceased hemodialysis subjects [i.e. 23.9 µM vs. 10.7 µM 

(Ikematsu et al., 2019)]. Based on these assertions, the human liver was the target organ of interest 

to investigate the p-cresol associate toxicities in our study. 

Data are available on p-cresol-induced toxicities in the liver or liver-derived in vitro 

models. Thompson et al. demonstrated increased lactate dehydrogenase (LDH) release in rat liver 

slices exposed to 2 mM of p-cresol for 6 hours  (Thompson et al., 1994,Thompson et al., 1996). In 

addition, the toxicity of p-cresol (as demonstrated by intracellular potassium concentration) was 

significantly reduced by metyrapone (i.e. a cytochrome P450 inhibitor) and increased by 

phenobarbital (i.e. a cytochrome P450 inducer), indicating a potential role of cytochrome P450 

generated toxic p-cresol metabolites. Moreover, modulation of cellular glutathione concentrations 

by N-acetylcysteine or diethyl maleate also affected p-cresol mediated LDH release, suggesting a 

role of glutathione homeostasis in p-cresol mediated toxicity (Thompson et al., 1994). The toxicity 
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of p-cresol can be associated with a reactive quinone methide intermediate (the LC50 of p-cresol 

was 1.32 mM after 6-hour exposure) in rat liver slice model (Thompson et al., 1996). These data 

are supported by the production of glutathione adducts of cytochrome P450-generated reactive 

intermediates in human liver microsomes (Yan et al., 2005). Furthermore, the toxicity of p-cresol 

has also been reported by Abreo et al., who observed an increase in the cellular aluminum 

concentration in mouse hepatocytes exposed to p-cresol at 3 mg/dl for 96 hours (Abreo et al., 

1997). As well, p-cresol (15 minutes of exposure with 160 mmol/mg microsomal protein) reduced 

nicotinamide adenine dinucleotide phosphate (NADPH) in isolated rat liver mitochondria, 

suggesting the induction of toxicity by p-cresol in the rat liver (Kitagawa, 2001). 

 

2. Toxicities associated with p-cresol glucuronide 

2.1. In vivo studies of p-cresol glucuronide associated toxicity 

Based on the published clinical papers, the associations between p-cresol glucuronide 

concentrations and cardiovascular and/or kidney toxicities have been widely established, the 

papers are summarized in Table 4 (Poesen et al., 2016,Chinnappa et al., 2018,Liabeuf et al., 2013). 

Poesen et al. conducted a prospective investigation on the correlations between p-cresol 

glucuronide concentrations with renal function, cardiovascular disease, and overall mortality 

(Poesen et al., 2016). Briefly, total and free serum concentrations, 24-hour urinary excretion, 

protein binding, and renal clearance of p-cresol glucuronide were characterized in 203 patients in 

stages 1-5 of pre-dialysis CKD (120 males, 83 females) (See Table 6 for definitions of stages of 

CKD). The median concentrations of albumin and creatinine were 4.51 g/dL and 1.81 mg/dL, 

respectively. The median estimated glomerular filtration rate (eGFR), creatinine clearance, and 

24-hour proteinuria were 34 mL/min per 1.73 m2, 40 mL/min, and 0.31 g, respectively. Serum 
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samples of eight healthy volunteers were also collected as the control group. In CKD patients, the 

total and free median concentrations of p-cresol glucuronide were 0.22 µM and 0.13 µM, 

respectively. Increased serum total and free concentrations of p-cresol glucuronide were associated 

with reduced eGFR (p<0.001). Moreover, the median amount of 24-hour urinary excreted p-cresol 

glucuronide was ~4 µM and well correlated with eGFR (rho=-0.25, p<0.001). With respect to 

protein binding, the serum from uremic patients exhibited significantly elevated unbound fractions 

of p-cresol glucuronide (88.1±3.7%, mean±SD) compared to healthy serum (74.5±3.3%) 

(p<0.001). Based on linear regression analysis, eGFR was identified as one of the significant 

variables predicting the unbound fraction of p-cresol glucuronide (p<0.001). Moreover, the median 

total and free renal clearance of p-cresol glucuronide were 98.9 mL/min and 136.5 mL/min, 

respectively, which were positively correlated with eGFR (p<0.001). Furthermore, the ratios of p-

cresol sulfate to p-cresol glucuronide were calculated and utilized as markers of metabolism in 

correlation analyses. Both total and free ratios of p-cresol sulfate/glucuronide were positively 

correlated with eGFR (total: rho=0.23, p=0.001; free: rho=0.20, p=0.005). Likewise, increased 

ratios of 24-hour urinary excreted p-cresol sulfate to glucuronide were related to elevated eGFR 

(rho=0.32, p<0.001). In addition, Cox proportional hazards analysis was performed to evaluate the 

effects of p-cresol sulfate/glucuronide ratios on the risks of cardiovascular disease and overall 

mortality. For cardiovascular disease, the hazard ratio of [p-cresol sulfate/glucuronide] was 0.55 

(p<0.001). In terms of overall mortality, hazard ratio of [p-cresol sulfate/glucuronide] was 0.65 

(p<0.01). In general, Poesen et al. demonstrated that the shift from p-cresol sulfation to p-cresol 

glucuronidation was associated with the severity of renal dysfunction (as evident by decreased 

eGFR), and this shift was linked to cardiovascular disease and overall mortality. 
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Chinnappa et al. evaluated the effects of total and free serum concentrations of p-cresol 

glucuronide on cardiac performance using correlational analysis (Chinnappa et al., 2018). The 

patient population consisted of 56 male CKD patients in stages 2-5 before dialysis who were 

asymptomatic, and who lacked the diagnosis of fulminant cardiac disease and/or diabetes. The 

average age was 46.8±12.5 years (mean±standard deviation), with eGFR of 38.5±24.1 mL/min per 

1.73 m2. The enrolled patients were further divided into four subgroups based on their CKD stages. 

The renal functions (as indicated by eGFR) were significantly different in the four subgroups: 

73.5±7.9 mL/min per 1.73 m2, 43.2±7.9 mL/min per 1.73 m2, 21.5±4.3 mL/min per 1.73 m2, and 

11.9±2.4 mL/min per 1.73 m2 in CKD stages 2, 3, 4, and 5, respectively (p<0.001). The 

concentrations of creatinine, urea, calcium, phosphate, bicarbonate, uric acid, parathyroid 

hormone, and hemoglobin were also different in the individual subgroups (p<0.05). In addition, 

cardiac function as demonstrated by peak cardiac output, peak heart rate, peak cardiac power, and 

peak O2 consumption were significantly different amongst patients at different stages of CKD 

(p<0.05). In the cohort of 56 patients, the median total and free p-cresol glucuronide concentrations 

were 0.013 mg/dL and 0.011 mg/dL, respectively. Increased total concentration of p-cresol 

glucuronide was associated with reduced peak cardiac power (r [correlation coefficient]=-0.52, 

p<0.01), peak cardiac output (r=-0.45, p<0.01), peak mean arterial pressure (r=-0.30, p<0.05), 

peak heart rate (r=-0.41, p<0.01), aerobic exercise capacity (r=-0.43, p<0.01), and arteriovenous 

O2 difference (r=-0.26, p<0.05). Likewise, elevated free concentration p-cresol glucuronide was 

associated with decreased peak cardiac power (r=-0.52, p<0.01), peak cardiac output (r=-0.45, 

p<0.01), peak mean arterial pressure (r=-0.29, p<0.05), peak heart rate (r=-0.41, p<0.01), and 

aerobic exercise capacity (r=-0.42, p<0.01). Overall, based on correlational analyses in patients at 

various CKD stages, p-cresol glucuronide concentrations were linked to compromised cardiac 
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functions, suggesting important roles of p-cresol glucuronide in mediating cardiac-related 

toxicities.  

Liabeuf et al. investigated the associations between p-cresol glucuronide concentrations 

and cardiovascular and/or overall mortalities (Liabeuf et al., 2013). The patient cohort included 

139 Caucasians with CKD stages from 2-5. Most patients (n=94) were pre-dialysis, while n=45 

CKD stage 5 patients were on dialysis. The average age was 67±12 years (mean±SD). Sex 

distribution in the study population was 60% male and 40% female. eGFR, one of the indicators 

of renal function, was 35±19 mL/min per 1.73 m2. The total and free serum concentrations of p-

cresol glucuronide were 0.29±0.54 mg/dL and 0.27±0.54 mg/dL, respectively. The patients were 

further divided into two subgroups based on free serum levels of p-cresol glucuronide: free p-

cresol glucuronide concentration≤0.041 mg/dL (n=70) and free p-cresol glucuronide concentration 

> 0.041 mg/dL (n=69). Free p-cresol glucuronide concentration was significantly higher in patients 

at CKD stage 5 on dialysis compared to patients in earlier stages or without dialysis (p<0.0001). 

In addition, “free p-cresol glucuronide concentration > 0.041mg/dL” was significantly associated 

with cardiovascular (p=0.01) and overall (p=0.002) mortalities based on data collected in 38 

deceased patients. Moreover, free p-cresol glucuronide concentrations were significant predictive 

markers of cardiovascular (p=0.003) and overall (p=0.004) mortalities.  

Meert et al. evaluated p-cresol glucuronide concentrations in CKD patients on 

hemodialysis compared to healthy subjects (Meert et al., 2012). The serum samples were collected 

from 77 CKD patients on dialysis (50 males and 27 females) and 15 heathy volunteers (11 males 

and 4 females). The average age (±standard deviations) were 69±14 years and 26±4 years, 

respectively. The total serum concentration of p-cresol glucuronide in CKD patients was 7.3±6.5 

mg/L, which was significantly higher than that in healthy subjects (0.35±0.03 mg/L). 
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Mutsaers et al. assessed the total plasma p-cresol glucuronide concentrations in chronic 

renal failure (n=79) and pre-dialysis end-stage renal disease (n=12) patients (Mutsaers et al., 2015). 

The mean age (mean±SD) were 59±14 years and 55±14 years, respectively. Sex distribution in the 

study population was 29% female in chronic renal failure patients and 22% female in pre-dialysis 

end-stage renal disease patients. The concentrations of urea and creatinine were 12±4 mmol/L and 

171±58 µmol/L in chronic renal failure patients, respectively; and 21±7 mmol/L and 774±242 

µmol/L in pre-dialysis end-stage renal disease patients, respectively. Four healthy subjects served 

as the control group. The total plasma concentrations of p-cresol glucuronide in healthy subjects, 

chronic renal failure patients, and pre-dialysis end-stage renal disease patients were 0.3 µM, 1 µM, 

and 30 µM, respectively. The total plasma concertation of p-cresol glucuronide was significantly 

increased in end-stage renal disease (ESRD) patients (30 µM) compared to healthy controls (0.3 

µM, p<0.05). The percentage of p-cresol glucuronide in pre-dialysis end-stage renal disease 

patients (i.e. 21%) was significantly increased compared to healthy subjects (i.e. 1.5%) and chronic 

renal failure patients (i.e. 1.3%, p<0.05), indicating a shift toward p-cresol glucuronide (with 

corresponding decrease in p-cresol sulfate) formation as renal function becomes progressively 

worsened.   

 

2.2. In vitro studies of p-cresol glucuronide associated toxicity 

There were several in vitro studies demonstrating the toxicity of p-cresol glucuronide using 

various human cellular models (Table 5). The liver toxicity of p-cresol glucuronide was 

characterized in human primary hepatocytes and the kidney toxicity of p-cresol glucuronide was 

characterized in human embryonic kidney 293 cells or human conditionally immortalized renal 

proximal tubule epithelial cells. 
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Weigand et al. (Weigand et al., 2019) investigated the toxicity of p-cresol glucuronide 

using primary human hepatocytes, which were isolated from patients undergoing hepatectomy. 

Hepatocytes were treated with 500 µM p-cresol glucuronide for 96 hours at 37 °C, and the p-cresol 

glucuronide generated effects were compared to the solvent control. Cell viability was determined 

by the Hoechst 33342 marker; cellular ATP was represented by the bioluminescence signal; and 

membrane potential was characterized by the tetramethyl rhodamine methyl ester marker. p-Cresol 

glucuronide significantly decreased cell viability (p<0.001), cellular ATP (p<0.05), and membrane 

potential (p<0.05) by 40%, 50%, and 10%, respectively.  

London et al. compared the toxicity of p-cresol glucuronide vs. its parent surrogate p-cresol 

in the human embryonic kidney 293 cell line (London et al., 2020). Cells were treated with 0-100 

µM p-cresol or p-cresol glucuronide (in calcium and sodium salt forms) for 7 days at 37 °C. Cell 

viability was determined using crystal violet staining assay, and the absorbance of crystal violet 

colony formation was measured at 590 nm. At concentrations of 0-100 µM, both forms of p-cresol 

glucuronide exhibited similar suppression effects on the formation of crystal violet colony 

compared to p-cresol. The calcium form of p-cresol glucuronide at 100 µM decreased crystal violet 

colony formation to a similar extent as the same concentration of p-cresol (approximately 26%). 

On the other hand, the sodium form of p-cresol glucuronide reduced colony formation to a lesser 

extent compared to the calcium salt of p-cresol glucuronide or p-cresol. 

Meert et al. assessed the toxicity of p-cresol glucuronide in human leucocytes isolated from 

blood samples of 8 healthy volunteers (Meert et al., 2012). Leucocytes were stimulated with N-

formyl-methionine-leucine-phenylalanine (0.83 µM), E. coli (1.66×108 cells/mL), and phorbol-

12-myristate-13-acetate (1.35 µM). Both unstimulated (i.e. the baseline) and stimulated leucocytes 

were further classified as monocytes, granulocytes, and lymphocytes by flow cytometry. Human 
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whole blood was incubated with saline control solutions, 48 mg/L p-cresol glucuronide alone, or 

combinations of 48 mg/L p-cresol glucuronide and 108 mg/L p-cresol sulfate (deemed 

physiological concentrations) for 10 minutes at 37 °C. Oxidative burst activities were measured 

by percentages of rhodamine-positive cells (after fMLP stimulation) and mean fluorescence 

intensity per cell (after E. coli and PMA stimulation). p-Cresol glucuronide alone had no effects 

on oxidative burst activity in all baseline or stimulated leucocytes; however, the combination of p-

cresol glucuronide and p-cresol sulfate increased oxidative burst activities in all treatment 

conditions compared to the control (p<0.05 or 0.01), except for E. coli-stimulated lymphocytes. 

Mutsaers et al. determined the effects of p-cresol glucuronide on mitochondrial succinate 

dehydrogenase activities in human conditionally immortalized renal proximal tubule epithelial 

cells (Mutsaers et al., 2013). Cells were treated with medium control, 2 mM of p-cresol, and p-

cresol glucuronide for 48 hours at 37 °C. The activities of mitochondrial succinate dehydrogenase 

were determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay. The absorbance of purple formazan salt formation was measured at 570 nm. Overall, 

mitochondrial succinate dehydrogenase activities were significantly reduced by 2 mM p-cresol 

(28%, p<0.05) and 2 mM p-cresol glucuronide (14%, p<0.05), compared to the medium control. 

Mutsaers et al. also investigated the toxic effects of p-cresol glucuronide in human 

conditionally immortalized renal proximal tubule epithelial cells (Mutsaers et al., 2015). Cells 

were treated with 0-2 mM p-cresol glucuronide or control solution for 48 hours at 37 °C. Epithelial-

to-mesenchymal transition was characterized by vimentin (a mesenchymal marker), E-cadherin 

(an epithelial marker), and Snail (transcription factor) using quantitative polymerase chain 

reactions. Cell injury was characterized by tubular damage markers such as kidney injury 

molecule-1 and vanin-1. Overall, exposure of p-cresol glucuronide (at 2 mM) significantly 
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increased vimentin expression (p<0.05) while decreasing mRNA expression of Snail and kidney 

injury molecule-1 (p<0.05), suggesting the induction of epithelial-to-mesenchymal transition 

indicative of overall toxic effects on these cells.  

Overall, the toxicities of p-cresol glucuronide have been demonstrated in various in vitro 

or clinical investigations. However, these ex vivo or in vitro studies have used super-physiological 

concentrations of exogenously-administered p-cresol glucuronide (Tables 4&5), while the clinical 

data were mostly based on correlational analyses (i.e. could not establish cause-effect 

relationships). Therefore, despite convincing evidence supporting the toxicology of p-cresol 

glucuronide in various models, there data did not provide definitive evidence suggesting direct p-

cresol glucuronide-associated organ toxicities. Therefore, we aimed to focus on the toxicity of p-

cresol glucuronide, using mechanistic approaches, in my thesis. 
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Table 4. In vivo studies of p-cresol glucuronide toxicity 

Study 

population 

Study design p-Cresol 

glucuronide 

concentratio

n 

Outcome(s) Reference 

Population: 

CKD patients 

at stages 1–5 

before 

dialysis 

 

Sample size: 

203 

 

Age (median 

[range]): 60 

[47-72] years 

 

Gender: 120 

males and 83 

females 

 

Albumin 

(median 

[range]): 4.51 

[4.20-4.68] 

g/dL 

 

Creatinine 

(median 

Prospective, 

correlational 

analysis 

 

Control 

group: 8 

healthy 

subjects 

Total serum 

concentration 

(median 

[range]): 0.22 

[0.08–0.60] 

µM 

 

Free serum 

(median 

[range]): 0.13 

[0.05–0.50] 

µM  

 

 

↑eGFR, ↑ratios of p-cresol 

sulfate/p-cresol glucuronide 

(total serum: rho=0.23, 

p=0.001; free serum: rho=0.20, 

p=0.005; 24-hour urinary 

excretion: rho=0.32, p<0.001). 

 

↓serum ratio of p-cresol 

sulfate/p-cresol glucuronide, 

↑cardiovascular disease (hazard 

ratio per SD higher 0.55, 

p<0.001). 

 

↓serum ratio of p-cresol 

sulfate/p-cresol glucuronide, 

↑mortality (hazard ratio 0.65, 

p<0.01). 

(Poesen et 

al., 2016) 
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[range]): 1.81 

[1.29-2.50] 

mg/dL 

 

eGFR 

(median 

[range]): 34 

[23-56] 

mL/min per 

1.73 m2 

 

Creatinine 

clearance 

(median 

[range]): 40 

[27-61] 

mL/min 

 

24-h 

proteinuria 

(median 

[range]): 0.31 

[0.11-1.13] g 

Population: 

CKD patients 

at stages 2–5 

before 

dialysis, 

asymptomati

c, lack of 

diagnosis of 

Cross-

sectional, 

correlational 

analysis 

Total serum 

concentration 

(median 

[25th-75th 

percent]): 

0.013 (0.004-

0.035) mg/dL 

 

Free serum concentrations of p-

cresol glucuronide in CKD-

stage 5 patients were 

significantly higher than other 

stages. 

 

↑total p-cresol glucuronide, 

↓peak cardiac power (r 

(Chinnappa 

et al., 2018) 
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cardiac 

disease or 

diabetes 

 

Sample size: 

56 

 

Age 

(mean±SD): 

46.8±12.5 

years 

 

Gender: 56 

males 

 

eGFR 

(mean±SD): 

38.5±24.1 

mL /min per 

1.73 m2 

Free serum 

concentration 

(median 

[25th-75th 

percent]): 

0.011 (0.002-

0.029) mg/dL  

 

 

[correlation coefficient]=-0.52, 

p<0.01); ↓peak cardiac output 

(r=-0.45, p<0.01); ↓peak mean 

arterial pressure (r=-0.30, 

p<0.05); ↓peak heart rate (r=-

0.41, p<0.01); ↓aerobic 

exercise capacity (r=-0.43, 

p<0.01); ↓peak arteriovenous 

O2 difference (r=-0.26, p<0.05). 

 

↑free p-cresol glucuronide, 

↓peak cardiac power (r=-0.52, 

p<0.01); ↓peak cardiac output 

(r=-0.45, p<0.01); ↓peak mean 

arterial pressure (r=-0.29, 

p<0.05); ↓peak heart rate (r=-

0.41, p<0.01); ↓aerobic 

exercise capacity (r=-0.42, 

p<0.01). 

Population: 

CKD patients 

at stages 2-5 

(most 

patients were 

before 

dialysis, 45 

patients in 

stage 5 were 

on dialysis); 

Caucasian 

Prospective 

correlation 

analysis 

Total serum 

concentration 

(mean±SD): 

0.29±0.54 

mg/dL  

 

Free serum 

concentration 

(mean±SD): 

0.27±0.54 

mg/dL  

Free p-cresol glucuronide 

concentration was significantly 

higher in CKD patients at stage 

5 on dialysis compared to 

patients at earlier stages or 

without dialysis (p<0.0001). 

 

↑free p-cresol glucuronide, 

↓eGFR in CKD patients at 

stages 2-5 before dialysis 

(r2=0.34, p<0.0001). 

(Liabeuf et 

al., 2013) 
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Sample size: 

139 

 

Age 

(mean±SD): 

67±12 years 

 

Gender: 84 

males, 55 

females 

 

eGFR 

(mean±SD): 

35±19 mL 

/min per 1.73 

m2 

(calculated 

only in 

patients 

before 

dialysis) 

 

 

 

Free p-cresol 

glucuronide>0.041mg/dL was 

significantly associated with 

cardiovascular (p=0.01) and 

overall (p=0.002) mortalities.   

 

Free p-cresol glucuronide 

concentrations were significant 

predictive markers of 

cardiovascular (p=0.003) and 

overall (p=0.004) mortalities.  

Population: 

CKD patients 

on dialysis 

 

Sample size: 

77 

 

Age (mean or 

median [not 

Correlation 

analysis 

 

Control 

group: 15 

healthy 

subjects 

Total serum 

concentration 

(mean±SD, 

[range]): 

7.3±6.5 

mg/L, [0.4-

24.0 mg/L] 

 

Total serum concentrations of 

p-cresol glucuronide in CKD 

patients on dialysis were ~20 

fold higher than that in healthy 

subjects (0.35±0.03 mg/L). 

(Meert et 

al., 2012) 
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specified]±S

D): 69±14 

years 

 

Gender: 50 

males and 27 

females 

Free serum 

concentration 

(mean±SD, 

[range]): 

6.7±5.9 

mg/L, [0.4-

22.4 mg/L] 

 

 

Patient: 

patients with 

chronic renal 

failure and 

pre-dialysis 

end-stage 

renal disease 

 

Sample size: 

79 for 

chronic renal 

failure 

patients and 

12 pre-

hemodialysis 

end-stage 

renal disease 

patients 

 

Age 

(mean±SD): 

59±14 years 

Correlation 

analysis 

 

Control 

group: 4 

healthy 

subjects 

Total plasma 

concentration 

in chronic 

renal failure 

patients 

(mean): 1 

µM 

 

Total plasma 

concentration 

in pre-

dialysis end-

stage renal 

disease 

patients 

(mean): 30 

µM 

Total plasma concentrations of  

p-cresol glucuronide in pre-

dialysis end-stage renal disease 

patients (i.e. 30 µM) was 

significantly increased 

compared to healthy subjects 

(i.e. 0.3 µM) (p<0.05). 

 

The percentage of p-cresol 

glucuronide in pre-dialysis end-

stage renal disease patients (i.e. 

21%) was significantly 

increased compared to healthy 

subjects (i.e. 1.5%) and chronic 

renal failure patients (i.e. 1.3%) 

(p<0.05), indicating a shift 

from p-cresol sulfonation to 

glucuronidation. 

(Mutsaers 

et al., 2015) 
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in chronic 

renal failure 

patients; 

55±15 years 

in pre-

dialysis end-

stage renal 

disease 

patients 

 

Gender: 56 

males， 23 

females 

(chronic 

renal failure 

patients); 9 

males, 3 

females (pre-

dialysis end-

stage renal 

disease 

patients) 

  

 

eGFR 

(mean±SD): 

37±14 mL 

/min per 1.73 

m2 in chronic 

renal failure 

patients (data 
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are not 

available in 

pre-dialysis 

end-stage 

renal disease 

patients) 

 

Abbreviation(s): CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; PTH, 

parathyroid hormone; SD, standard deviation 
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Table 5. In vitro studies of p-cresol glucuronide toxicity 

Model Experimental design Outcome Reference 

Primary human 

hepatocytes isolated from 

patients undergoing 

hepatectomy 

Control and experimental 

groups: 

• solvent control 

• p-cresol 

glucuronide (500 

µM) 

 

The control and 

experimental groups 

were incubated with 

hepatocytes for 96 hours 

at 37 °C 

 

Assessment maker(s): 

cell viability was 

determined by Hoechst 

33342; cellular ATP was 

determined by the 

bioluminescence signal; 

membrane potential was 

determined by 

tetramethylrhodamine 

methyl ester 

p-cresol glucuronide 

significantly decreased 

cell viability (p<0.001), 

cellular ATP (p<0.05) 

and membrane potential 

(p<0.05) by 

approximately 40%, 

50%, and 10%, 

respectively. 

(Weigand 

et al., 

2019) 

Human embryonic 

kidney 293 cell 

Control and experimental 

groups: 

• medium control 

• p-cresol (0-100 

µM) 

p-Cresol glucuronide 

exhibited similar trend on 

the formation of crystal 

violet colony as p-cresol. 

(London 

et al., 

2020) 
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• the sodium form 

of p-cresol 

glucuronide (0-

100 µM) 

• the calcium form 

of p-cresol 

glucuronide (0-

100 µM) 

 

The control and 

experimental groups 

were incubated with cells 

for 7 days at 37 °C. 

 

Assessment maker(s): 

cell viability was 

determined by a crystal 

violet cell viability assay. 

The absorbance of crystal 

violet colony formation 

was measured at 595 nm. 

The calcium form of p-

cresol glucuronide (100 

µM) decreased the 

crystal violet colony 

formation to a similar 

extent as p-cresol (at the 

same concentration, 

approximately 26%). 

Human leucocytes 

isolated from blood 

samples from 8 healthy 

volunteers 

 

Human leucocytes were 

stimulated with fMLP 

(0.83 µM), E. coli 

(1.66×108 cells/mL), and 

PMA (1.35 µM). 

Control and experimental 

groups: 

• saline control 

solutions 

• p-cresol 

glucuronide alone 

(48 mg/L) 

• combination of p-

cresol 

glucuronide and 

p-Cresol glucuronide 

alone had no effects on 

oxidative burst activities 

in all baseline or 

stimulated leucocytes. 

 

Combinations of p-cresol 

glucuronide and sulfate 

increased oxidative burst 

activities in all cell types 

(Meert et 

al., 2012) 
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Both unstimulated (i.e. 

the baseline) and 

stimulated leucocytes 

were further classified to 

monocytes, granulocytes, 

and lymphocytes.  

p-cresol sulfate 

(see text for 

concentrations) 

 

The control and 

experimental treatment 

groups were incubated 

with whole blood for 10 

minutes at 37 °C. 

 

Assessment maker(s): 

oxidative burst activity as 

measured by percentage 

of rhodamine-positive 

cells (after fMLP 

stimulation) and mean 

fluorescence intensity per 

cell (after E. coli and 

PMA stimulation). 

except for E. coli-

stimulated lymphocytes, 

compared to the control 

(p<0.05 or <0.01); 

combinations of both p-

cresol sulfate and p-

cresol glucuronide also 

increased the activities in 

all baseline leucocytes 

(p<0.01) and fMLP-

stimulated granulocytes 

(p<0.01), compared to p-

cresol sulfate alone. 

Human conditionally 

immortalized renal 

proximal tubule 

epithelial cell 

Control and experimental 

groups: 

• medium control 

• p-cresol (2 mM) 

• p-cresol 

glucuronide (2 

mM) 

 

Cell were incubated with 

control and experimental 

groups for 48 hours at 37 

°C. 

Mitochondrial succinate 

dehydrogenase activities 

were significantly 

reduced by p-cresol 

(28%, p<0.05) and p-

cresol glucuronide (14%, 

p<0.05) vs. medium 

control. 

(Mutsaers 

et al., 

2013) 
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Assessment maker(s): 

Mitochondrial succinate 

dehydrogenase activity 

was determined by 3-

[4,5-dimethylthiazol-2-

yl]-2,5-diphenyl 

tetrazolium bromide 

(MTT) assay. The 

absorbance of purple 

formazan salt formation 

was measured at 570 nm. 

Human conditionally 

immortalized renal 

proximal tubule 

epithelial cell 

Control and experimental 

groups: 

• salt control 

solution 

• p-cresol 

glucuronide (0-2 

mM) 

 

Cell were incubated with 

control and experimental 

groups for 48 hours at 37 

°C. 

 

Assessment maker(s): 

EMT induction was 

determined by 

mesenchymal marker 

vimentin, epithelial 

marker E-cadherin, and 

Exposure of p-cresol 

glucuronide (2 mM) 

significantly increased 

vimentin expression 

(p<0.05) and decreased 

mRNA expression of 

snail and kidney injury 

molecule-1 (p<0.05).  

(Mutsaers 

et al., 

2015) 
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transcription factor snail; 

cell injury was indicated 

by tubular damage 

markers kidney injury 

molecule-1 and vanin-1. 

 

Abbreviation(s): BCRP, breast cancer resistance protein; E. coli, Escherichia coli; E1S, estrone-

sulfate; EMT, epithelial-to-mesenchymal transition; eYFP, enhanced yellow fluorescent protein; 

fMLP, N-formyl-methionine-leucine-phenylalanine; MRP4, multidrug resistance protein 4; MTT, 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MTX, methotrexate; pCG, p-cresol 

glucuronide; pCS, p-cresol sulfate; PMA, phorbol-12-myristate-13-acetate; qPCR, quantitative 

polymerase chain reaction; TCA, taurocholic acid. 

Table 6. The stages of chronic kidney disease (Levey et al., 2005) 

Stage eGFR, mL/min per 1.73 m2 

1 ≥90 

2 60-89 

3 30-59 

4 15-29 

5 <15 (or dialysis) 
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3. Experimental model  

The HepaRG cell line was utilized as the main tool in our experiments (please see more 

experimental details in Chapter II). Originally, HepaRG cells were derived from a female patient 

who was diagnosed with hepatocarcinoma and hepatitis C virus infection (Gripon et al., 2002). 

The cells were initially isolated from the patient’s liver tumor and differentiated using dimethyl 

sulfoxide (DMSO) (Gripon et al., 2002). Subsequently, the cells were selected based on “induction 

of cell differentiation” and “partial purification of the differentiated cells” procedures (Gripon et 

al., 2002). In general, HepaRG cells exhibit four important features making them a suitable 

experimental model: i) fully developed human hepatocyte functions (e.g. metabolism enzymes, 

transporter activities, and cellular regulation pathways), ii) the presence of bile canaliculi 

structures, iii) characteristics of “immortalized” stem cells, and iv) abilities to differentiate into 

functional liver cells (Biopredic International, 2016). Microscopic representations of 

undifferentiated and differentiated HepaRG cells are illustrated in Figure 2 (images taken in our 

laboratory). 
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Figure 2A) 

 

Figure 2B) 

 

Figure 2. Sample images were taken from our laboratory representing A) undifferentiated 

HepaRG cells at passage 17 and B) differentiated HepaRG cells at passage 18 (both under 20X 

microscope). Taken on March 6, 2020.  
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Compared to primary human hepatocytes, similar expressions of Phase I, II, and III 

enzymes in HepaRG cells make this cell line an ideal tool for metabolism-mediated xenobiotic 

toxicity studies (Gripon et al., 2002,Ashraf et al., 2019,Guillouzo et al., 2007). The gene expression 

profiles in differentiated HepaRG cells are generally comparable with primary human hepatocytes 

with respect to Phase I (e.g. alcohol dehydrogenases [ADH]1A, ADH1B, ADH1C, ADH4]; 

aldehyde dehydrogenases [ALDH]1L1, ALDH1L2, ALDH9A1; and cytochrome P450 

[CYP]1A2, CYP2B6, CYP2C9, CYP3A4, CYP3A5, CYP2A6, CYP2C19, CYP3A7, CYP2D6, 

CYP2C8, CYP2E1) and Phase II (e.g. uridine 5'-diphospho-glucuronosyltransferase [UGT]1A1, 

UGT1A6, UGT2A3, UGT2B4, UGT2B15, UGT2B17, UGT2B28, UGT3A1, UGT8; 

sulfotransferase [SULT]1A1, SULT1A2, SULT1C2, SULT1C4, SULT1B1, SULT1E1, 

SULT2A1; N-acetyltransferases [NAT]1, NAT2; and glutathione S-transferases [GST]A1, 

GSTA3, GSTK1) metabolism enzymes. Likewise, comparable mRNA expressions are evident in 

HepaRG cells compared to human hepatocytes in regards to various uptake and efflux transporters 

(e.g. ATP-binding cassette family [ABC]B1, ABCB4, ABCC10; and solute carrier organic anion 

transporter family [SLCO]2B1) (Hart et al., 2010). In addition, the mRNA expressions of proteins 

maintaining normal hepatocyte functions including aldolase B, haptoglobin, and albumin in 

undifferentiated HepaRG cells were also similar to human primary hepatocyte (Guillouzo et al., 

2007). However, in the differentiated HepaRG cells, the expressions of haptoglobin and albumin 

were relatively higher than that in human primary hepatocyte (Guillouzo et al., 2007). 

There are already several examples in the literature utilizing HepaRG cells in the study of 

metabolism-mediated toxicities. For instance, Yokoyama et al. assessed the enzyme activities of 

CYP1A2, CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYP3A4, SULTs, and UGTs in HepaRG 

cells, compared to HepG2 and human hepatocytes. They found the enzyme activities in HepaRG 
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cells were comparable to human hepatocytes, and much higher than HepG2 cells (Yokoyama et 

al., 2018). Furthermore, Yokoyama et al. also compared the toxic effects of acetaminophen in 

HepaRG cells and human hepatocytes (Yokoyama et al., 2018). Acetaminophen is known to be 

metabolized by CYP2E1, CYP3A4 and CYP1A2 in the formation of the toxic product N-acetyl-

p-benzoquinone imine (Ashraf et al., 2019). Based on Yokoyama et al., the IC50 and cytotoxicity 

of acetaminophen in HepaRG cells were similar to primary human hepatocytes (Yokoyama et al., 

2018). In addition, Guillouzo et al. determined the toxicities of aflatoxin B1 (which is known to 

exert its hepatotoxicity by generating the 8,9-epoxide metabolite mediated by CYP1A2 and 

CYP3A4) in HepaRG cells and primary human hepatocytes using the MTT assay. It was also 

demonstrated that the IC50 values identified in both systems were comparable, indicating that the 

HepaRG is a suitable model for investigating metabolism-mediated toxicity (Guillouzo et al., 

2007). Overall, these examples demonstrated the suitability of the HepaRG cell line for 

investigating CYP-mediated livery injury. However, the suitability of HepaRG cells for phase II-

metabolism mediated toxicities still remain to be established. The latter will be further investigated 

as part of my thesis.  

In general, there are several advantages for using the HepaRG cell line as the experimental 

model. i) Fully differentiated HepaRG cells contain both hepatocyte-like and biliary canalicular-

like cell types with similar morphology as human hepatocytes (Figure 2) (Gripon et al., 2002). ii) 

The expression levels of major metabolism enzymes and transporters are generally comparable 

between HepaRG cells and primary human hepatocytes (e.g. our data presented in Chapter II 

further confirm the enzyme activities of select phase II UGT and SULT enzymes) (Gripon et al., 

2002,Ashraf et al., 2019,Guillouzo et al., 2007). iii) The costs for obtaining and maintaining 

HepaRG cells are more affordable compared to primary human hepatocytes. iv) HepaRG cells can 
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be cultured for an extended duration after differentiation  (Gripon et al., 2002). However, the model 

does have some limitations. For example, the HepaRG cell line is derived from a single female 

with hepatocarcinoma and infection of hepatitis C virus; therefore, it may exhibit physiological 

changes associated with these conditions and does not allow us to characterize inter-individual 

variability. Overall, the beneficial characteristics make HepaRG cell line a suitable model for the 

current study.  
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4. Rationale and hypothesis 

Hypothesis: the overall aim of my thesis was to characterize the toxicities of p-cresol and 

determine the role of p-cresol glucuronide in mediating the toxicity of p-cresol in a human hepatic 

model. I hypothesized that p-cresol is relatively more toxic than the other protein-bound uremic 

toxins [therefore warranting a focused investigation of this protein-bound uremic toxin], and that 

the glucuronidation of p-cresol or the glucuronide end product can lead to toxicities in the human 

liver. 

Rationale: p-cresol is a protein-bound uremic toxin mainly produced by bacteria in the 

large intestines from amino acids such as tyrosine and phenylalanine (Prokopienko, Alexander J. 

and Nolin, 2018). p-Cresol undergoes hepatic metabolism (Gryp et al., 2017) through three main 

pathways: phase I CYP450, phase II sulphation (in the formation of p-cresol sulfate), and phase II 

glucuronidation (in the formation of p-cresol glucuronide) (Prokopienko, Alexander J. and Nolin, 

2018). The highest total concentrations of p-cresol, p-cresol sulfate, and p-cresol glucuronide in 

human plasma/serum under uremic conditions are 596 µM, 1664 µM, and 85 µM, respectively 

(Meert et al., 2012,Cuoghi et al., 2012), which suggest that similar concentrations can be attained 

in the liver, the primary sources of these species in the plasma. p-Cresol has been associated with 

hepatotoxicity as evident by data in rat liver models (Thompson et al., 1994,Thompson et al., 

1996,Kitagawa, 2001) and mouse hepatocytes (Abreo et al., 1997). However, the data on the 

hepatotoxicity potential of p-cresol in human models are limited. In addition, p-cresol glucuronide 

has been associated with toxicity in various liver, kidney, and cardiac models based on published 

in vivo and in vitro studies (Poesen et al., 2016,Chinnappa et al., 2018,Liabeuf et al., 2013,Mutsaers 

et al., 2015,Meert et al., 2012,Weigand et al., 2019,London et al., 2020,Mutsaers et al., 2013), 

although at physiologically unobtainable conditions. On the other hand, data are also available 
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suggesting p-cresol glucuronide was relatively less toxic compared to p-cresol in in vitro kidney 

models (London et al., 2020,Mutsaers et al., 2013). Moreover, to my knowledge, no data are yet 

available on the role of in situ (i.e. physiologically relevant) generated p-cresol glucuronide in 

mediating the organ injury. As well, there is very little data comparing the relative toxic effects of 

p-cresol to p-cresol sulfate, p-cresol glucuronide, or other common uremic toxins in a human liver 

model.  

  



37 

 

5. Objectives 

To test the overall hypothesis, there are four independent objectives: 

1. To characterize the concentration- and temporal- effects of p-cresol on markers of oxidative 

stress (2’, 7’ –dichlorofluorescein, DCF formation), total cellular glutathione (GSH) depletion, 

and lactate dehydrogenase (LDH) release in HepaRG cells. 

2. To compare the effects of p-cresol and other protein bound uremic toxins on toxicity markers 

in HepaRG cells. 

3. To determine the metabolic activities of HepaRG cells in the production of major p-cresol 

conjugated metabolites (i.e. p-cresol sulfate and p-cresol glucuronide). 

4. To characterize the effects of exogenously-administered and in-situ generated p-cresol 

metabolites (i.e. p-cresol glucuronide) in the manifestation of toxicities in HepaRG cells. 
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Chapter II : Experimental Data 

1. Introduction 

p-Cresol, a part of the protein-bound uremic toxin milieu, is derived from colonic amino 

acids tyrosine and phenylalanine (Vanholder et al., 1999). The toxicological effects of p-cresol 

have primarily been attributed to its metabolism end products (Vanholder et al., 2018), which are 

considered relatively important toxic species amongst a large variety of uremic toxins known to 

date (Vanholder et al., 2018,Glorieux et al., 2021). p-Cresol is extensively conjugated in 

enterocytes and hepatocytes in the formation p-cresol sulfate and p-cresol glucuronide (Gryp et 

al., 2017,Vanholder et al., 1999). Under typical uremic conditions, sulfonation is the predominant 

pathway as evident by the relatively higher plasma total concentrations of p-cresol sulfate in 

various clinical reports (Poesen et al., 2016,Liabeuf et al., 2013,Mutsaers et al., 2015,Itoh et al., 

2012,Chinnappa et al., 2018,Meert et al., 2012). However, due to differences in protein binding, 

the biologically active unbound concentrations of p-cresol glucuronide and p-cresol sulfate are 

comparable (Itoh et al., 2012,Liabeuf et al., 2013,Mutsaers et al., 2015,Chinnappa et al., 2018), 

with some studies suggesting higher plasma concentrations of the free glucuronide (e.g. (Meert et 

al., 2012)). Furthermore, a shift to the production of p-cresol glucuronide from p-cresol sulfate has 

been observed in patients with advanced kidney disease (Poesen et al., 2016,Mutsaers et al., 2015), 

indicating glucuronidation might be an important pathway for p-cresol metabolism at higher p-

cresol concentrations where the toxicity is more likely manifested. 

p-Cresol glucuronide has been implicated in cardiovascular toxicity and overall mortality 

in human models. Liabeuf et al (Liabeuf et al., 2013) was the first to establish an association 

between serum p-cresol glucuronide concentrations and total or cardiac-related mortality, 

highlighting similar predictive powers of the glucuronide compared to the sulfate metabolite. 
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Consistent observations were also reported by Glorieux et al (Glorieux et al., 2021) in chronic 

kidney disease patients not yet on hemodialysis, where both plasma concentrations of total and 

unbound p-cresol glucuronide were correlated with total mortality. In patients with advanced 

chronic kidney disease, the plasma ratio of p-cresol glucuronide to p-cresol sulfate is progressively 

increased (Poesen et al., 2016,Mutsaers et al., 2015), and this apparent shift in metabolic profile 

from sulfonation to glucuronidation has also been associated with cardiac disease and mortality 

(Poesen et al., 2016). A role of p-cresol glucuronide in early stages of cardiac disease progression 

has also been suggested in chronic kidney disease patients without full-blown cardiac dysfunction, 

where both free and total serum p-cresol glucuronide concentrations have been associated with 

decreased peak cardiac power, peak cardiac output, mean arterial pressure, peak heart rate, and 

aerobic exercise capacity (Chinnappa et al., 2018). Furthermore, experimental data supported the 

nephrotoxic effects of the glucuronide metabolite. Exogenously administered p-cresol glucuronide 

(2 mM) generated mitochondrial toxicity (Mutsaers et al., 2013) and altered gene expressions 

associated with epithelial-to-mesenchymal transition (Mutsaers et al., 2015) in conditionally 

immortalized human renal proximal tubule epithelial cells. In human embryonic kidney 293 cells, 

exposure of 100 µM of p-cresol glucuronide for seven days also resulted in modest reductions in 

cell viability (London et al., 2020). In addition, toxicity data of p-cresol glucuronide are also 

available in other human tissues. In an ex-vivo model, leukocytes isolated from the whole blood of 

healthy subjects exposed to 48 mg/L of p-cresol glucuronide for 10 minutes further enhanced the 

oxidative burst activities associated with p-cresol sulfate (Meert et al., 2012). In primary cultures 

of human hepatocytes, the viability, cellular ATP concentration, and mitochondrial membrane 

potential were significantly reduced in cells exposed to 0.5 mM of p-cresol glucuronide for 96 

hours (Weigand et al., 2019).  
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While these data collectively suggested the potential toxicity profiles of p-cresol 

glucuronide, the clinical studies were primarily correlational in nature, and most in vitro/ex-vivo 

experimental models have utilized exogenously administered p-cresol glucuronide at relatively 

high concentrations. Very few studies have also provided direct comparisons on the toxic effects 

of p-cresol (i.e. pre-cursor) to its metabolites, where the limited available data appeared to suggest 

that p-cresol was equally, if not more toxic, than its glucuronide (Mutsaers et al., 2013,London et 

al., 2020). Furthermore, despite evidence supporting the toxicity of p-cresol glucuronide and p-

cresol sulfate, very little human data are available in the key organ (i.e. liver) responsible for the 

generation of these metabolites. Although p-cresol induced liver injury has already been 

documented in several pre-clinical animal studies (Kitagawa, 2001,Abreo et al., 1997,Thompson 

et al., 1994,Thompson et al., 1996), the relative toxic effects of p-cresol (which is more abundant 

than its conjugated metabolites in the human liver (Ikematsu et al., 2019)) and the role of in situ-

generated metabolites in the manifestation of toxicity in a human experimental hepatic model have 

not yet been systematically characterized. 

To further elucidate the toxicological importance of p-cresol in a liver model and determine 

whether the glucuronidation of p-cresol constituted a toxification or a detoxification pathway, our 

objectives were to i) systematically characterize the effects of p-cresol in comparison to other 

protein-bound uremic toxins and its metabolites on markers of oxidative stress (2’-7’-

dichlorofluorescein, DCF, formation), total cellular glutathione (GSH) concentration, and cellular 

necrosis (lactate dehydrogenase, LDH, release), which are toxicity endpoints known to be 

associated with p-cresol or its metabolites in various other liver experimental models (e.g. 

(Thompson et al., 1994,Thompson et al., 1996,Weigand et al., 2019,Yan et al., 2005); ii) determine 

the metabolic profiles of p-cresol in the generation of its conjugated metabolites; and iii) 
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characterize the role of in situ-generated p-cresol glucuronide in the manifestation of toxicities. 

We utilized a human primary hepatoma liver cell line (i.e. HepaRG) which is metabolically 

competent (i.e. allowing the in situ generation and the mechanistic modulation of p-cresol 

metabolites) and known to be suitable for toxicity studies (Ashraf et al., 2019,Gripon et al., 

2002,Guillouzo et al., 2007).  

 

2. Materials and methods 

2.1. Chemicals and reagents 

Ammonium acetate (catalogue# 1220-1-70) was obtained from Caledon Laboratories Ltd 

(Ontario, Canada) and further passed through Millipore™ Millex™ 0.45 µM filters from Fisher 

Scientific (Ontario, Canada) before being added to mobile phases. Glutathione assay kit 

(catalogue# 703002) was purchased from Cayman chemicals (Michigan, USA). Amentoflavone 

(catalogue# 40584), 3-carboxy-4-methyl-5-propyl-2-furanpropionic acid (CMPF, catalogue# 

90833), 2’, 7’-dichlorofluorescin diacetate (DCFDA, catalogue# D6883), diclofenac (catalogue# 

D6899), 2,6-dimethylphenol (DMP, catalogue# D174904), formic acid (catalogue# F0507), 

hydrocortisone 21-hemisuccinate sodium salt (catalogue# H2270), hippuric acid (catalogue# 

112003), indole-3-acetic acid (catalogue# I2886), indoxyl sulfate potassium salt (catalogue# 

I3875), kynurenic acid (catalogue# K3375), lactate dehydrogenase cytotoxicity detection kit 

(catalogue# 4744926001), L-borneol (catalogue# 15598), meta-phosphoric acid (catalogue# 

239275), methanol (catalogue# 34860), tert-butyl hydroperoxide (t-BOOH, catalogue# 416665), 

triethanolamine (catalogue# T58300), Triton X-100 (catalogue# T8787), p-cresol (catalogue# 

C85751), penicillin-streptomycin (catalogue# P0781), and water (catalogue# 270733) were 

purchased from Sigma-Aldrich (Ontario, Canada). p-Cresol glucuronide (catalogue# C782005), p-
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cresol glucuronide-d7 (catalogue# C782007), p-cresol sulfate potassium salt (catalogue# 

T536805), and p-cresol sulfate potassium salt-d7 (catalogue# T536802) were purchased from 

Toronto Research Chemicals (Ontario, Canada). Dimethyl sulfoxide (DMSO, catalogue# D2650), 

Dulbecco's phosphate-buffered saline (D-PBS, catalogue# 14190-144), fetal bovine serum (FBS, 

catalogue# 12483-020), human recombinant insulin (catalogue# 12585-014), L-glutamine 

(GlutaMax, catalogue# 35050-061), trypsin (0.05%)/ethylenediaminetetraacetic acid (EDTA, 

catalogue# 25300-062), and Williams’ E medium (catalogue# 12551-032) were purchased from 

Thermo Fisher Scientific (Ontario, Canada). Sodium EDTA (catalogue# CH110) was purchased 

from Truin Science (Alberta, Canada).  

 

2.2. HepaRG cell maintenance and differentiation 

HepaRG is a hepatic tumor cell line that was established from a female subject infected 

with hepatitis C virus (Gripon et al., 2002). The HepaRG cell line exhibits comparable metabolic 

activities to primary human hepatocytes, making it a suitable tool for metabolism and xenobiotic 

toxicity studies (Gripon et al., 2002,Ashraf et al., 2019,Guillouzo et al., 2007). HepaRG cells were 

obtained from Biopredic International (Rennes, France) via a material transfer agreement with 

Inserm Transfert (Paris, France). Cells were maintained and differentiated according to Biopredic 

International’s and Gripon et al.’s protocols (Gripon et al., 2002,Rong and Kiang, 2019,Biopredic 

International, 2016). William’s E medium was supplemented with 10% FBS, 100 units/mL 

penicillin, 100 µg/mL streptomycin, 5 μg/mL insulin, 5×10-5 M hydrocortisone hemisuccinate, and 

1% glutamine to obtain the growth medium. HepaRG cells were cultured at a density of 0.5×106 

cells per 25 cm2 flasks (Corning, New York, USA) with the growth medium refreshed every 72 

hours. Cells were passaged every 2 weeks until being subjected to differentiation using the 
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differentiation medium (i.e. growth medium with 2% DMSO, v/v). After plating onto 24-well 

culture plates (BioLite, Thermo Fisher Scientific, Ontario, Canada) using a density of 0.4×106 

cells/well in 500 μL of differentiation medium, cells were further acclimatized for 12 days before 

treatment. For all of these procedures, cells were maintained in a 37°C incubator with 5% CO2 

(Steri-Cycle CO2 incubator, Thermo Fisher Scientific, Ontario, Canada). 

 

2.3. HepaRG cell treatment 

All experiments were conducted in differentiated HepaRG cells at passage #18 for 

consistency. All chemicals described below were soluble in the differentiation medium. Initial 

control experiments exposed HepaRG cells to a known hepatotoxicant in various liver cellular 

models, t-BOOH (specific conditions presented below) (e.g. (Liang et al., 2018,Kiang et al., 

2010,Kiang et al., 2011)), to verify the responsiveness of the HepaRG model. To characterize the 

cellular responses to p-cresol, concentration- and time-dependent effects were initially 

characterized. The stock solution of p-cresol (100 mM) was freshly prepared before each treatment 

and further diluted to treatment concentrations in the differentiation medium. For concentration-

response experiments, cells were treated with 0 to 2 mM of p-cresol for 24 hours. For time-course 

experiments, cells were treated with 0.75 mM or 1 mM of p-cresol for 0 to 24 hours (concentrations 

selected based on linearity in concentration-response data). As p-cresol has not been comparatively 

investigated against other uremic toxins in a hepatic model, an initial experiment determined the 

toxic effects of p-cresol in relation to other protein-bound uremic solutes deemed toxicologically 

relevant (Prokopienko, Alexander J. and Nolin, 2018,Vanholder et al., 2018) (chemical structures 

shown in Figure 3) to assess the suitability of a focused investigation on p-cresol alone. Cells were 

treated with the differentiation medium (i.e. the vehicle control), 1 mM each of p-cresol, 3-
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carboxy-4-methyl-5-propyl-2-furanpropanoic acid, indole-3-acetic acid, indoxyl sulfate, 

kynurenic acid, or hippuric acid for 24 hours. The effects of these treatments on markers of cellular 

toxicity (i.e. DCF, GSH, and LDH assays) and p-cresol metabolite formations were determined 

(please see individual toxicity markers and metabolite characterizations below).  

To determine the relative effects of exogenously administered p-cresol metabolites (Figure 

3), cells were exposed to equal-molar concentrations (i.e. 1 mM) of p-cresol, p-cresol sulfate, and 

p-cresol glucuronide for 24 hours prior to toxicity and metabolite assay characterizations. To 

determine the effects of in situ-generated p-cresol glucuronide in the manifestation of cellular 

toxicity, chemical inhibitors were utilized to selectively attenuate its formation in HepaRG cells. 

Control experiments were conducted to optimize the specificity (toward p-cresol glucuronide 

formation), potency, and toxicity of several chemical inhibitors: HepaRG cells were pre-treated 

with blank cell differentiation medium (i.e. the vehicle control), or several concentrations of L-

borneol, amentoflavone, or diclofenac for 30 minutes; then each inhibitor was co-treated with 

blank cell differentiation medium or 0.75 mM of p-cresol for 24 hours. These chemical inhibitors 

were selected based on known depletion effects of uridine 5’-diphosphoglucuronic acid (UDPGA) 

(i.e. L-borneol) (Watkins and Klaassen, 1983) or inhibitory effects toward UDP-

glucuronosyltransferase (UGT)1A6 (i.e. amentoflavone and diclofenac) (Lv et al., 

2018,Uchaipichat et al., 2004,Rong and Kiang, 2020), the latter being the primary enzyme 

responsible for the production of p-cresol glucuronide in human liver microsomes (Rong and 

Kiang, 2020). The optimized inhibitor concentrations (i.e. 0.75 mM L-borneol, 75 µM 

amentoflavone, and 100 µM diclofenac, to be discussed further in Results) that did not generate 

cellular toxicity (by LDH assay) were utilized in subsequent modulation experiments. p-Cresol at 

0.75 mM was selected for inhibition experiments based on linear responses in the individual 
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toxicity assays observed in concentration and time-course experiments. The effects of these 

treatments on markers of cellular toxicities (i.e. DCF, GSH, and LDH assays) were characterized. 

Concentrations of p-cresol, p-cresol sulfate, and p-cresol glucuronide in culture were also 

measured as part of control experiments.  
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Figure 3 

A  B  C   

D E  F  G   

H  

Figure 3. Chemical structures of (A) p-cresol (CAS# 106-44-5), (B) CMPF (CAS# 86879-39-2), 

(C) indole-3-acetic acid (CAS# 87-54-1), (D) indoxyl sulfate (CAS# 487-94-5), (E) kynurenic acid 

(CAS# 492-27-3), (F) hippuric acid (CAS# 495-69-2), (G) p-cresol sulfate (CAS# 3233-58-7), and 

(H) p-cresol glucuronide (CAS# 17680-99-8). CMPF, 3-carboxy-4-methyl-5-propyl-2-

furanpropanoic acid.  
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2.4. DCF assay for the measurement of cellular oxidative stress 

The formation of the fluorescent DCF from 2’, 7’-dichlorofluorescin diacetate (DCFDA) 

is considered a non-specific marker representative of cellular oxidative stress (Chen et al., 2010). 

Following treatment (as described above in 2.3. HepaRG cell treatment), cells were washed twice 

with 500 μL D-PBS (room temperature [i.e. 23.5°C]) and exposed to 2 μM DCFDA in 500 μL D-

PBS (Kiang et al., 2010). The fluorescence intensity of the DCF product was measured at 

excitation and emission wavelengths of 485 nm and 530 nm, respectively, every 3 minutes up to 

30 minutes to ensure the linearity of DCF formation (SpectraMax M2, Molecular Devices, 

California, USA). This process was shielded from laboratory incandescent lighting to minimize 

artefactual DCF formation (Chen et al., 2010). DCF formation in treated cells was expressed as a 

percentage of the vehicle control, after subtracting background fluorescence intensity at 0 minutes 

of incubation (which exhibited comparable DCF fluoresce values as cell-free medium). t-BOOH 

(5 mM, exposed for 10 minutes to HepaRG cells) was used as the positive control for DCF 

formation. 

 

2.5. GSH assay for the measurement of total cellular glutathione concentration  

Total cellular GSH concentration was determined using the manufacturer’s protocol 

(Cayman Chemical, 2016) as described by Kiang et al (Kiang et al., 2011). Following cell 

treatment (as described above in 2.3. HepaRG cell treatment), cells were washed twice with 500 

μL D-PBS (25°C) and homogenized in 250 μL cold 50 mM 2-(N-morpholino) ethanesulphonic 

acid (MES) buffer containing 0.25 mM EDTA. The resulting cell suspension was sonicated (75D 

ultrasonic cleaner, VWR International, Alberta, Canada) for 5 minutes in ice water, vortexed 

(Vortex-Genie 2, Thermo Fisher Scientific) for 5 seconds, and centrifuged (centrifuge 5424 R, 
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Eppendorf, Ontario, Canada) at 10,000 g for 15 minutes at 4°C. Subsequently, 200 μL of the 

supernatant was de-proteinated using 200 μL of meta-phosphoric acid (100 mg/mL) for 5 minutes 

and centrifuged at 2,300 g for 3 minutes at room temperature (i.e. 23.5°C). The resulting protein-

free supernatant (200 μL) was neutralized with 10 μL of 4 M triethanolamine and incubated (50 

μL/well in 96-well plate) with 150 µL of assay reaction mixture on an orbital shaker (VWR 

Standard Orbital Shaker 3500, Edmonton, Alberta) shielded from light at room temperature for 5 

minutes. The assay reaction mixture consisted of 5, 5’-dithiobis-2-nitrobenzoic acid, NADP+, 

glucose-6-phosphate, glutathione reductase, glucose-6-phosphate dehydrogenase, and water in 

MES buffer (Cayman Chemical, 2016). The blank control was 50 mM MES buffer. The 

absorbance of the reaction product, 5-thio-2-nitrobenzoic acid, was measured at 412 nm (Cayman 

Chemical, 2016) every 3 minutes up to 30 minutes to ensure the linearity of product formation 

(SpectraMax M2 plate reader, Molecular Devices, California, USA). GSH concentration was 

calculated using a standard curve ranging from 0-12.5 μM prepared from glutathione disulfide 

analytical standards (Cayman Chemical, 2016). Total cellular GSH concentration in treated cells 

were expressed as percentages of the vehicle control. t-BOOH (5 mM, exposed for 24 hours to 

HepaRG cells) was used as the positive control for total cellular glutathione depletion. 

 

2.6. LDH assay for the measurement of cellular necrosis  

Cellular LDH release as a marker of necrosis was determined using the manufacture’s 

protocol (Roche, 2016) as described previously (Kiang et al., 2010,Rong and Kiang, 2019). 

Following cell treatment (as described above in 2.3. HepaRG cell treatment), cell supernatant was 

collected and stored on ice. Cells were incubated in 500 µL lysis buffer (i.e. cell differentiation 

medium with 2% v/v Triton X-100 and 20 mM EDTA) for 5 minutes at room temperature (i.e. 
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23.5°C) to facilitate cell detachment. The resulting cell suspension was vortexed for 30 seconds 

and centrifuged at 20,000 g at 4°C for 10 minutes to release cellular LDH. Subsequently, 50 µL 

each of cell supernatant or processed cell lysates were incubated with 100 µL of the assay reaction 

mixture (i.e. 200 μL catalyst [i.e. NAD+ and diaphorase] and 9000 μL dye solution [i.e. 

iodotetrazolium chloride and sodium lactate]) in 96-well plates to start the enzyme reaction. The 

differentiation medium was used as the blank control of which absorbance was subtracted from all 

measurements. The absorbance of the reaction product, a red formazan salt, was measured at 

wavelength of 490 nm (Roche, 2016) every 3 minutes for up to 30 minutes to ensure linear 

enzymatic conditions (SpectraMax M2, Molecular Devices, California, USA). LDH in the cell 

supernatant was expressed as a percentage of the sum total of LDH quantified from both 

supernatant and cell lysates (Kiang et al., 2010). t-BOOH (50 mM, exposed for 24 hours to 

HepaRG cells) was used as the positive control for cellular necrosis. 

 

2.7. Quantification of p-cresol sulfate and p-cresol glucuronide concentrations in HepaRG cell 

culture 

An ultra-high performance liquid chromatography-tandem mass spectrometry assay 

(UPLC-MS/MS, Shimadzu LC-MS 8050, Kyoto, Japan) was developed and validated in our lab 

to quantify the concentrations of p-cresol sulfate and p-cresol glucuronide in HepaRG cell culture, 

based on a previously published assay (Rong and Kiang, 2020). Briefly, culture supernatant (30 

µL) or lysates (obtained after removing supernatant, washing cells twice with 500 mL of 37°C D-

PBS, and harvesting cells with 500 mL of 37°C culture medium) was collected and deproteinated 

with a mixture of 1 µg/mL p-cresol sulfate-d7 and p-cresol glucuronide-d7 (i.e. internal standards) 

in 90 µL methanol (i.e. extraction solvent) (Cuoghi et al., 2012). Analyte extraction was shielded 
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from light at room temperature (i.e. 23.5°C) for 20 minutes. In order to precipitate proteins, the 

mixture was vortexed, sonicated (each for 30 seconds), and centrifuged at 4,000 g for 10 minutes 

at 4°C. Five µL of the resulting supernatant was injected into the autosampler (ShimadzuSIL-30 

AC, Kyoto, Japan) for analysis. A biphenyl column (2.7 µM particle size, 2.1 mm inner diameter, 

100 mm length, Restek Corporation, Pennsylvania, USA) was utilized to separate p-cresol sulfate 

and p-cresol glucuronide using an isocratic condition with a flow rate of 0.3 mL/min (at 30°C). 

The mobile phase consisted of water and methanol (10:90, v/v) supplemented with 2 mM 

ammonium acetate and 0.1% formic acid. Analyte identifications were achieved with negative 

electrospray ionization with multiple reaction monitoring of the following mass transitions: p-

cresol sulfate (mass to charge ratio [m/z]: 187.00→107.00), p-cresol glucuronide (m/z: 

282.85→106.95), p-cresol sulfate-d7 (m/z: 194.10→114.15), and p-cresol glucuronide-d7 (m/z: 

290.00→114.00). The assay was validated following the United States Food and Drug 

Administration (FDA)’s guidance document (US Food and Drug Administration., 2018).  

 

2.8. Quantification of p-cresol concentrations in HepaRG cell culture 

An ultra-high performance liquid chromatography assay (UPLC, Shimadzu Nexera-i LC-

2040 C, Kyoto, Japan) was developed and validated to quantify the concentrations of p-cresol in 

HepaRG cell culture. Thirty µL of cell supernatant or lysates was collected and deproteinated with 

90 µL methanol (containing 50 µg/mL 2,6-dimethylphenol (DMP), the internal standard). The 

mixture was protected from light during sample extraction at room temperature (i.e. 23.5°C) for 

20 minutes. After extraction, the mixture was vortexed and sonicated at room temperature for 30 

seconds and centrifuged at 4,000 g at 4°C for 10 minutes. Subsequently, the supernatant (50 µL) 

was injected into the autosampler and separated using the Zorbax Eclipse XDB‐C18 analytical 
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column (5 μm particle size, 4.6 mm inner diameter, 250 mm length; Agilent Technologies, Ontario, 

Canada) at a temperature of 40°C. The mobile phase consisted of water and methanol (26:74, v/v) 

supplemented with 0.5 mM ammonium acetate and 0.025% formic acid at an isocratic flow rate 

of 0.3 mL/minute. The wavelength of the ultraviolet detector was 280 nm for both p-cresol and 

DMP, which was pre-optimized based on control spectral scans (Shimadzu UV-2600i, Kyoto, 

Japan). The assay was validated following the United States Food and Drug Administration 

(FDA)’s guidance document (US Food and Drug Administration., 2018).  

 

2.9. Statistical analysis 

Only non-parametric testing with more stringent thresholds were utilized. The Mann-

Whitney rank sum test was used to compare two groups, and the Kruskal-Wallis analysis of 

variance on ranks followed by Student-Newman-Keuls post hoc test were used to compare 

multiple groups (SigmaStat 3.5, Systat Software, California, USA) (Kiang et al., 2010,Kiang et 

al., 2011,Surendradoss et al., 2014). A p value <0.05 was deemed a priori as the threshold for 

significance. The half maximal effective concentrations (EC50) were determined by sigmoidal 3-

parameter fitting (y =
a

1+exp(
X0−X

b
)
) (SigmaPlot 14.0, Systat Software, California, USA). 

 

3. Results 

3.1. Positive control and concentration / time-course responses of p-cresol in HepaRG cells  

t-BOOH was utilized as an assay-based positive control for each toxicity marker (Liang et 

al., 2018,Kiang et al., 2010,Kiang et al., 2011). t-BOOH increased DCF formation (with 5 mM, 

10 minutes of exposure; by 297.0±31.8%, n=3, p<0.05), decreased total cellular GSH (with 5 mM, 

24 hours of exposure; by 100.0±0.4%, n=3, p<0.05), and increased LDH release (with 50 mM, 24 
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hours of exposure; by 87.8±2.7%, n=3, p<0.05) (please see Supplementary Materials, Figures S1-

S3) compared to the vehicle control, confirming the known toxic effects of the hydroperoxide in 

other liver cellular models (e.g. (Liang et al., 2018,Kiang et al., 2010,Kiang et al., 2011)). p-Cresol 

exposure resulted in concentration-dependent increases in DCF formation (EC50=0.64±0.37 mM, 

Figure 4A), decreases in total cellular GSH concentration (EC50=1.00±0.07 mM, Figure 4B), and 

increases in LDH release (EC50=0.85±0.14 mM, Figure 4C) after 24 hours of exposure. The 

minimum concentration of p-cresol causing significant toxicity was 0.25 mM (DCF formation), 

0.75 mM (GSH depletion), and 0.5 mM (LDH release) (Figure 4). Based on the EC50 values 

generated from concentration-response experiments, 1 mM of p-cresol (representing near 

maximum but still linear toxicity responses) was utilized to establish the time-dependent effects 

for each toxicity marker. p-Cresol (1 mM) significantly increased DCF formation at ≥ 6 hours of 

exposure (Figure 5A), depleted total cellular GSH at ≥ 6 hours of exposure (Figure 5B), and 

increased LDH release at ≥ 12 hours of exposure (Figure 5C), indicating possible temporal 

relationships between p-cresol-associated oxidative stress, GSH depletion, and cellular necrosis.  
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Figure 4A) 

  

 

Figure 4B) 

  

 

0%

100%

200%

300%

400%

0 0.5 1 1.5 2

D
C

F
 f

o
rm

a
ti

o
n

 (
%

 o
f 

co
n

tr
o
l)

p-cresol concentration, mM

EC50=0.64±0.37 mM

* *
* *

*

*

*

0%

30%

60%

90%

120%

150%

0 0.5 1 1.5 2

G
S

H
 (

%
 o

f 
co

n
tr

o
l)

 

p-cresol concentration, mM

*

*
*

*

EC50=1.00±0.07 mM

0%

100%

200%

300%

2 3 4

D
C

F
 f

o
rm

a
ti

o
n

 (
%

 

o
f 

co
n

tr
o

l)

Log10(p-cresol concentration)

0%

50%

100%

150%

2 3 4

G
S

H
 (

%
 o

f 
co

n
tr

o
l)

 

Log10(p-cresol concentration, µM)



54 

 

Figure 4C) 

 

Figure 4. Concentration-responses of p-cresol in A) DCF formation, B) total cellular GSH 

depletion, and C) LDH release in HepaRG cells (0.4 million cells/well). Cells were treated with 0 

to 2 mM of p-cresol for 24 hours as described in Materials and Methods. DCF formation (n=18) 

and total cellular GSH depletion (n=12) were expressed as percentages of the vehicle control (i.e. 

the HepaRG differentiation medium). LDH release (n=8) was calculated as the percentage of 

activity in the cell supernatant to that of the sum of cell supernatant and cell lysates. The EC50 

values were calculated based on sigmoidal, 3-parameter fitting (SigmaPlot 14.0). Data are 

presented as mean ± standard deviation. *p<0.05 versus the vehicle control using the Mann-

Whitney rank sum test. DCF, 2’, 7’ –dichlorofluorescein; EC50, half maximal effective 

concentration; GSH, total cellular glutathione; LDH, lactate dehydrogenase. 
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Figure 5A) 

 

 

Figure 5B) 
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Figure 5C) 

 

Figure 5. Time-dependent effects of p-cresol in (A) DCF formation, (B) total cellular GSH 

depletion, and (C) LDH release in HepaRG cells (0.4 million cells/well). Cells were treated with 

1 mM p-cresol for 0, 3, 6, 12, 18, and 24 hours as described in Materials and Methods. DCF 

formation (n=12) and total cellular GSH depletion (n=10) were expressed as percentages of their 

vehicle controls (i.e. the HepaRG differentiation medium) at corresponding treatment times. LDH 

release (n=4) was initially calculated as the percentage of activity in the cell supernatant to that of 

the sum of cell supernatant and cell lysates, and further expressed as a percentage of the vehicle 

control at the corresponding treatment times. Data are presented as mean ± standard deviation. 

*p<0.05 versus the vehicle control using the Mann-Whitney rank sum test. DCF, 2’, 7’ –

dichlorofluorescein; GSH, total cellular glutathione; LDH, lactate dehydrogenase. 
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3.2. Relative toxic effects of p-cresol in comparison to other uremic toxins in HepaRG cells 

p-Cresol is a part of a large milieu of uremic toxins, and the toxic effects of p-cresol 

compared to other toxicologically important protein-bound uremic solutes (Prokopienko, 

Alexander J. and Nolin, 2018,Vanholder et al., 2018) have not been systematically characterized 

in a hepatic model. The relative effects of p-cresol and other protein-bound uremic toxins on the 

DCF, GSH, and LDH markers were determined using equal molar conditions (i.e. 1 mM exposure 

for 24 hours). Our data indicated p-cresol to be the most toxic with respect to each marker 

compared to all tested uremic toxins in HepaRG cells (Figure 6). Overall, CMPF, indole-3-acetic 

acid, indoxyl sulfate, kynurenic acid, and hippuric acid had little effects on DCF increase, GSH 

depletion, or LDH release when compared to the vehicle control (Figure 6). While it is ideal to 

consider the concurrent effects of the entire uremic milieu when assessing toxicity (Cohen et al., 

2007), these data supported further targeted investigations of p-cresol as a potent uremic toxicant 

in this experimental model. 
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Figure 6A) 

 

 

Figure 6B) 
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Figure 6C) 

 

Figure 6. Relative effects of uremic toxins on (A) DCF formation, (B) total cellular GSH 

depletion, and (C) LDH release in HepaRG cells (0.4 million cells/well). Cells were treated with 

equal-molar (i.e. 1 mM) concentrations of p-cresol, CMPF, indole-3-acetic acid, indoxyl sulfate, 

kynurenic acid, or hippuric acid for 24 hours as described in Materials and Methods. DCF 

formation and total cellular GSH depletion were expressed as percentages of the vehicle control 

(i.e. the HepaRG differentiation medium). LDH release was calculated as the percentage of activity 

in the cell supernatant to that of the sum of cell supernatant and cell lysates. Data are presented as 

mean ± standard deviation from n=8 determinations. *p<0.05 versus the vehicle control using 

ANOVA on ranks; **p<0.05 versus p-cresol. CMPF, 3-carboxy-4-methyl-5-propyl-2-

furanpropanoic acid; DCF, 2’, 7’ –dichlorofluorescein; GSH, total cellular glutathione; LDH, 

lactate dehydrogenase. 
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3.3. p-Cresol sulfate and glucuronide concentrations in HepaRG cells treated with p-cresol  

The formation of p-cresol sulfate and p-cresol glucuronide were approximately linear (as 

evident in the culture supernatant) at p-cresol concentrations ≤ 1000 µM after 24 hours of exposure 

(Figures 7A&7B). The maximum p-cresol sulfate and p-cresol glucuronide concentrations 

generated were 27.2±6.2 µM and 277.3±12.3 µM in the culture supernatant, respectively, achieved 

at 1000 µM of p-cresol exposure. In contrast to the culture supernatant, low concentrations of p-

cresol sulfate and p-cresol glucuronide were found in the cell lysates (i.e. 1.7±1.5% for p-cresol 

sulfate and 3.3±1.0% for p-cresol glucuronide as percentages of the sum of cell lysates and 

supernatant from averages of all tested concentrations) (Figures 7C&7D). Based on these findings, 

only the culture supernatant was utilized for metabolite quantification for subsequent chemical 

modulation experiments (please see section 3.6 below). The observation of metabolites being 

found primarily in culture supernatant is consistent with other analytes in the HepaRG model 

(Rong and Kiang, 2019) or in different in vitro hepatocyte models (Surendradoss, Chang, & 

Abbott, 2014). Furthermore, metabolite concentrations declined at p-cresol concentration > 1 mM 

(Figure 7), possibly due to cellular toxicity as evident by LDH release (EC50~1mM, Figure 4C).  

Concentrations of p-cresol sulfate and p-cresol glucuronide in the culture supernatants of 

cells treated with 0.75 mM or 1.0 mM of p-cresol increased linearly as a function of incubation 

time from 0 to 24 hours (Figures 8A&8B). Consistent with our concentration-response 

experiments, metabolite concentrations in cell lysates were consistently low (i.e. 5.3±3.7% for p-

cresol sulfate and 3.3±1.4% for p-cresol glucuronide as percentages of total metabolites generated 

in cells treated with 1.0 mM of p-cresol using all tested time points, Figures 8C&8D); however, 

the increases in cell lysate metabolite concentrations were slightly curve linear. Taken together, 

these data confirmed the suitability of our experimental conditions (i.e. 750 µM or 1000 µM of p-
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cresol exposure for 24 hours) for modulation or comparative experiments. Furthermore, p-cresol 

glucuronide was the predominant metabolite at these toxic conditions in this model (Figures 7&8). 

The glucuronidation pathway was the focus of our subsequent mechanistic modulation 

experiments. 
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Figure 7A) 
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Figure 7C) 

 

Figure 7D) 
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Figure 7. Concentration-dependent effects of p-cresol (0 to 2 mM, 24 hours of exposure) on the 

formation of A) p-cresol sulfate in culture supernatant, B) p-cresol glucuronide in culture 

supernatant, C) p-cresol sulfate in cell lysates, and D) p-cresol glucuronide in cell lysates in 

HepaRG cells (0.4 million cells/well). Concentrations of p-cresol sulfate and p-cresol glucuronide 

were determined as described in Materials and Methods. The concentrations of metabolites 

decreased after 1 mM treated p-cresol because of likely cell death as illustrated in Figure 4. Data 

are presented as mean ± standard deviation from n=3 determinations. 
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Figure 8A) 

 

Figure 8B) 
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Figure 8C) 

 

Figure 8D) 
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Figure 8. Time-dependent formation of A) p-cresol sulfate in culture supernatant, B) p-cresol 

glucuronide in culture supernatant, C) p-cresol sulfate in cell lysates, and D) p-cresol glucuronide 

in cell lysates in HepaRG cells (0.4 million cells/well) treated with 0.75 or 1 mM of p-cresol. 

Concentrations of p-cresol sulfate and p-cresol glucuronide were determined as described in 

Materials and Methods. Two concentrations tested in this experiment were used for subsequent 

toxicity comparison and modulation experiments. Data are presented as mean ± standard deviation 

from n=4 determinations. 
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3.4. Relative toxic effects of p-cresol and p-cresol conjugated metabolites 

At equal-molar concentrations (1 mM, 24 hours of exposure), exogenously-administered 

p-cresol sulfate and p-cresol glucuronide were less effective (i.e. less toxic) compared to p-cresol 

in generating DCF formation (by 31.9±75.8% and 71.8±23.8%, respectively, p<0.05, Figure 9A), 

depleting total cellular GSH (by 16.5±22.1% and 40.0±19.8%, p<0.05, Figure 9B), and increasing 

LDH release (by 23.4±2.8% and 24.3±1.8%, p<0.05, Figure 9C). p-Cresol sulfate reduced total 

cellular GSH concentration (by 30.5±13.6%, p<0.05, Figure 9B), whereas both p-cresol sulfate 

and p-cresol glucuronide slightly increased LDH release compared to the vehicle control (Figure 

9C). These findings indicated that p-cresol was relatively more potent than its conjugated 

metabolites when added exogenously at equal-molar concentrations with respect to the induction 

of oxidative stress, depletion of GSH, and generation of necrosis in HepaRG cells. Moreover, at 

these conditions, p-cresol sulfate was also consistently more toxic than p-cresol glucuronide 

(Figure 9). 
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Figure 9A) 
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Figure 9C) 

 

Figure 9. Relative effects of p-cresol conjugated metabolites in (A) DCF formation, (B) total 

cellular GSH depletion, and (C) LDH release in HepaRG cells (0.4 million cells/well). Cells were 

treated with equal-molar (i.e. 1 mM) concentrations of p-cresol, p-cresol sulfate, or p-cresol 

glucuronide for 24 hours as described in Materials and Methods. DCF formation and total cellular 

GSH depletion were expressed as percentages of the vehicle control (i.e. the HepaRG 

differentiation medium). LDH release was calculated as the percentage of activity in the cell 

supernatant to that of the sum of cell supernatant and cell lysates. Data are presented as mean ± 

standard deviation from n=6 determinations. *p<0.05 versus the vehicle control using ANOVA on 

ranks; **p<0.05 versus p-cresol; #p<0.05 versus p-cresol sulfate. ANOVA, analysis of variance; 

DCF, 2’, 7’ –dichlorofluorescein; GSH, total cellular glutathione; LDH, lactate dehydrogenase. 
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3.5. p-Cresol sulfate and glucuronide concentrations in HepaRG cells treated exogenously with 

p-cresol sulfate and p-cresol glucuronide 

The concentrations of p-cresol sulfate and p-cresol glucuronide in cells treated exogenously 

with 1 mM of p-cresol sulfate or p-cresol glucuronide were compared to the concentrations of 

these metabolites generated in cells treated with 1 mM of p-cresol, in a time-dependent experiment. 

Concentrations of p-cresol sulfate and p-cresol glucuronide in the culture supernatant declined 

over treatment time (Figures 10A & 10B) but progressively increased in cell lysates (Figures 10C 

& 10D). These findings indicated evidence of cellular uptake with the attainment of maximum 

concentrations at 24 hours of exposure for both p-cresol sulfate (71.4±3.7 µM) and p-cresol 

glucuronide (128.4±6.1 µM). Compared to concentrations of p-cresol sulfate and p-cresol 

glucuronide generated in situ in cells treated with 1 mM p-cresol for 24 hours (Figures 8C & 8D), 

the intracellular concentrations of these metabolites obtained from exogenously administered p-

cresol sulfate and p-cresol glucuronide were much higher at ~50-fold (p-cresol sulfate) and ~16-

fold (p-cresol glucuronide). However, despite generating significantly higher intracellular 

concentrations of these metabolites, exogenously administered p-cresol sulfate and (especially) p-

cresol glucuronide were significantly less toxic on all markers compared to p-cresol, as shown in 

Figure 9. 
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Figure 10A) 

 

Figure 10B) 
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Figure 10C) 

 

Figure 10D) 
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Figure 10. Concentrations of A) p-cresol sulfate in culture supernatant, B) p-cresol glucuronide in 

culture supernatant, C) p-cresol sulfate in cell lysates, and D) p-cresol glucuronide in cell lysates 

of HepaRG cells (0.4 million cells/well) treated with 1 mM p-cresol sulfate or p-cresol glucuronide 

from 0 to 24 hours. Concentrations of p-cresol sulfate and p-cresol glucuronide were determined 

in the culture supernatant and cell lysates as described in Materials and Methods. Data are 

presented as mean ± standard deviation from n=3 determinations. 
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3.6. Determination of conditions for the selective attenuation of p-cresol glucuronide formation 

in HepaRG cells using chemical inhibitors  

The formation of p-cresol glucuronide in the human liver is primarily catalyzed by 

UGT1A6, with minor contribution from UGT1A9 (Rong and Kiang, 2020). In order to attenuate 

the production of in-situ generated p-cresol glucuronide, multiple inhibitors with different 

mechanisms of actions were utilized, including L-borneol (as UDPGA depleting agent), 

amentoflavone (as UGT1A6 inhibitor), and diclofenac (as UGT1A6 inhibitor) (Watkins and 

Klaassen, 1983,Lv et al., 2018,Uchaipichat et al., 2004,Rong and Kiang, 2020). Our preliminary 

experiment exposed HepaRG cells to multiple concentrations of each inhibitor alone for 24.5 hours 

(i.e. 0.5 hour pre-treatment and 24 hour co-treatment) and found 1 mM L-borneol (6.0±1.2%, n=9), 

100 µM amentoflavone (4.2±1.5%, n=3), and 200 µM diclofenac (5.3±3.1%, n=9) to slightly 

increase LDH release, indicating the manifestation of low grade toxicity, compared to the vehicle 

control (2.1±0.8%, n=9). Therefore, our subsequent experiments tested the effects of non-toxic 

concentrations of L-borneol (i.e. 0.5 and 0.75 mM), amentoflavone (i.e. 10, 50, 75 µM), and 

diclofenac (i.e. 50 and 100 µM) on p-cresol glucuronide and p-cresol sulfate formation, with the 

objective to achieving a balance between maximum attainable inhibition of p-cresol glucuronide 

formation without affecting p-cresol sulfate concentrations or generating cellular necrosis (LDH). 

Our findings indicated that L-borneol (0.75 mM), amentoflavone (75 µM) and diclofenac (100 

µM) were the optimal inhibitor conditions in this model as they selectively reduced the 

concentration of p-cresol glucuronide by 151.2±37.2 µM (i.e. by 53.9±8.2%), 147.7±62.4 µM (by 

54.6±22.7%), and 63.7±44.8 µM (by 22.5±14.9%), compared to the control (i.e. 0.75 mM p-

cresol), respectively, without affecting concentrations of p-cresol sulfate (Figure 11). 
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Figure 11A) 

 

Figure 11B) 
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Figure 11C) 

 

Figure 11. Effects of A) L-borneol, B) amentoflavone, and C) diclofenac on the formation of p-

cresol sulfate and p-cresol glucuronide in HepaRG cells (0.4 million cells/well). Cells were pre-

treated with the vehicle, and non-toxic concentrations of L-borneol (0.5, 0.75 mM), amentoflavone 

(10, 50, 75 μM), or diclofenac (50, 100 μM) for 30 minutes before co-treatment with 0.75 mM p-

cresol for 24 hours. Data are presented as mean ± standard deviation from n=8 determinations. The 

percentages of inhibition by 0.75 mM L-borneol, 75 μM amentoflavone, and 100 μM diclofenac 

were 53.9±8.2%, 54.6±22.7% and 22.5±14.9% compared to the control (p-cresol treatment), 

respectively. *p<0.05 versus p-cresol control using ANOVA on ranks. ANOVA, analysis of 

variance. 
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3.7. Effects of L-borneol, amentoflavone, or diclofenac on p-cresol generated cellular toxicities  

To determine the role of in-situ generated p-cresol glucuronide in mediating the toxicities 

of p-cresol, cells were exposed to the vehicle, p-cresol, chemical inhibitor (L-borneol, 

amentoflavone, or diclofenac), or p-cresol with each individual chemical inhibitor (at non-toxic 

inhibitor conditions characterized to be selectively inhibitory toward the glucuronidation of p-

cresol; please see section 3.6). The LDH marker was the primary toxicity endpoint in this 

mechanistic experiment because it reflected the ultimate cellular toxicity outcome in this model as 

evident in our time-course experiments (Figure 5) and that the chemical modulators were only 

optimized based on this specific marker. p-Cresol at 0.75 mM was utilized in this experiment as it 

reflected the EC50 values of p-cresol induced LDH release (Figure 4C) and generated linear 

metabolite formations (Figures 7&8). L-borneol (0.75 mM), amentoflavone (75 µM) or diclofenac 

(100 µM) alone did not affect LDH release (vs. vehicle control), but each inhibitor independently 

increased p-cresol-mediated LDH release by 28.3±5.3%, 30.0±8.2% or 27.3±6.8%, respectively, 

compared to p-cresol treatment (Figure 12). Furthermore, similar findings were observed using the 

DCF marker where 0.75 mM of L-borneol, which slightly reduced DCF formation, significantly 

increased p-cresol mediated DCF formation by 58.0±48.9% (Figure 13A). Although diclofenac 

itself did not affect DCF formation and appeared to have increased p-cresol mediated DCF 

generation, the latter effects were not statistically significant (Figure 13B). On the other hand, 

amentoflavone increased DCF formation by itself and L-borneol or diclofenac significantly 

reduced cellular GSH when used alone (please see Supplementary Material Figures S4-S6); 

therefore, they could not be utilized as modulators in these experiments. In contrast, amentoflavone 

treatment did not reduce the effects of p-cresol on total cellular GSH depletion (Figure 14).   
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Figure 12A) 
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Figure 12C) 

 

Figure 12. Effects of (A) L-borneol, (B) amentoflavone, and (C) diclofenac on p-cresol-mediated 

LDH release in HepaRG cells (0.4 million cells/well). Cells were pre-treated with vehicle or 0.75 

mM L-borneol, 75 μM, amentoflavone, or 100 μM diclofenac for 30 minutes, then co-treated with 

vehicle or 0.75 mM p-cresol for 24 hours as described in Materials and Methods. LDH release was 

calculated as the percentage of activity in the cell supernatant to that of the sum of cell supernatant 

and cell lysates. Data are presented as mean ± standard deviation from n=8 determinations. 

*p<0.05 versus the vehicle control (i.e. the HepaRG differentiation medium) using ANOVA on 

ranks; **p<0.05 versus p-cresol. ANOVA, analysis of variance; LDH, lactate dehydrogenase. 
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Figure 13A) 
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Figure 13. Effects of (A) L-borneol and (B) diclofenac on p-cresol-mediated DCF formation in 

HepaRG cells (0.4 million cells/well). Cells were pre-treated with the vehicle, 0.75 mM L-borneol, 

or 100 μM diclofenac for 30 minutes, then co-treated with vehicle or 0.75 mM p-cresol for 24 

hours as described in Materials and Methods. DCF formation was expressed as the percentage of 

the vehicle control (i.e. the HepaRG differentiation medium). Data are presented as mean ± 

standard deviation from n=8 determinations. *p<0.05 versus the vehicle control (i.e. the HepaRG 

differentiation medium) using ANOVA on ranks; **p<0.05 versus p-cresol. ANOVA, analysis of 

variance; DCF, 2’, 7’ –dichlorofluorescein. 
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Figure 14 

 

 

Figure 14. Effects of amentoflavone on p-cresol-mediated GSH depletion in HepaRG cells (0.4 

million cells/well). Cells were pre-treated with the vehicle or 75 μM amentoflavone for 30 minutes, 

then co-treated with vehicle or 0.75 mM p-cresol for 24 hours as described in Materials and 

Methods. Total cellular GSH concentration was expressed as the percentage of the vehicle control 

(i.e. the HepaRG differentiation medium). Data are presented as mean ± standard deviation from 

n=8 determinations. *p<0.05 versus the vehicle control (i.e. the HepaRG differentiation medium) 

using ANOVA on ranks; **p<0.05 versus p-cresol. ANOVA, analysis of variance; GSH, total 

cellular glutathione 
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3.8. Effects of L-borneol, amentoflavone, or diclofenac on cellular p-cresol concentrations  

The selective attenuation (i.e. without affecting the sulfonation) of p-cresol glucuronide 

formation resulted in increased p-cresol generated cellular toxicity (Figures 12-13); therefore, it 

was pertinent to determine if the loss of glucuronidation corresponded to increased p-cresol 

concentrations under these treatment conditions. Our findings indicated that L-borneol (0.75 mM), 

amentoflavone (75 µM) and diclofenac (100 µM) independently increased the concentrations of 

p-cresol (characterized in the culture supernatant) by 116.1±70.4 µM (i.e. by 209.9±50.6%,), 

171.8±106.8 µM (i.e. by 212.6±31.6%), and 359.3±134.1 µM (i.e. by 356.0±57.2%), respectively 

(Figure 15), indicating that the inhibition of p-cresol glucuronidation resulted in the accumulation 

of the parent compound.  
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Figure 15A) 

 

Figure 15B) 

 

 

 

0

150

300

450

600

0.75 mM p-cresol 0.75 mM p-cresol

+0.75 mM L-borneol

p
-c

re
so

l 
co

n
ce

n
tr

a
ti

o
n

, 
µ

M

*

0

150

300

450

600

0.75 mM p-cresol 0.75 mM p-cresol

+75 μM amentoflavone

p
-c

re
so

l 
co

n
ce

n
tr

a
ti

o
n

, 
µ

M

*



86 

 

Figure 15C) 

 

Figure 15. Effects of (A) L-borneol, (B) amentoflavone, and (C) diclofenac on p-cresol 

concentrations in the supernatant of HepaRG cells (0.4 million cells/well). Cells were pre-treated 

with 0.75 mM L-borneol, 75 μM amentoflavone, or 100 μM diclofenac for 30 minutes, then co-

treated with vehicle or 0.75 mM p-cresol for 24 hours. p-Cresol concentrations were quantified as 

described in Materials and Methods. Data are presented as mean ± standard deviation from n=8 

determinations. *p<0.05 versus p-cresol control using the Mann-Whitney rank sum test. 
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3.9. Validation of LC/MS/MS and UPLC assays for the quantification of p-cresol sulfate, p-

cresol glucuronide, and p-cresol 

The LC/MS/MS and UPLC assays used to quantify p-cresol sulfate, p-cresol glucuronide, 

and p-cresol were validated following the United States Food and Drug Administration (FDA)’s 

guidance document (US Food and Drug Administration., 2018). For the measurement of p-cresol 

sulfate and p-cresol glucuronide on the LC/MS/MS, the calibration curves were linear between 

0.001 ng/mL to 80 µg/mL and 0.08 to 80 µg/mL, respectively (please see Supplementary 

Materials, Figures S7 & S8). The total run time was 5 minutes. The bias and imprecision of high-

, mid-, and low- quality control samples were < 15% of the nominal concentrations, and that of the 

lower limit of quantitation quality control samples were < 20% (Supplementary Materials, Table 

7). The autosampler, bench-top, freeze-thaw, and two-week storage stabilities were all within 15% 

with respect to bias determination using high- and low- quality control samples. (Supplementary 

Materials, Table 8). For the measurement of p-cresol on the UPLC, the calibration curve was linear 

between 5 to 320 µg/mL (Figure S9). The run time was 15 minutes. The bias and imprecision of 

all quality control samples were < 15% of the nominal concentrations (Supplementary Materials, 

Table 9). The autosampler, bench-top, freeze-thaw, and long-term stabilities with respect to bias 

determination using high- and low- quality control samples were all <15% (Supplementary 

Materials, Table 10). Overall, all validation parameters passed the criteria mandated by the FDA 

(US Food and Drug Administration., 2018). 
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Supplementary Materials 

 

 

Figure S 1. Effects of t-BOOH on DCF formation in HepaRG cells (0.4 million cells/well).  

Cells were treated with culture medium (vehicle) or 5 mM t-BOOH for 10 minutes as described 

in Materials and Methods. DCF formation was expressed as percentages of the vehicle control. 

Data are presented as mean ± standard deviation from n=3 determinations. * p<0.05 versus. the 

vehicle control using Mann-Whitney rank sum test. DCF, 2’, 7’ –dichlorofluorescein; t-BOOH, 

tert-Butyl hydroperoxide. 
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Figure S 2. Effects of t-BOOH on GSH depletion in HepaRG cells (0.4 million cells/well). Cells 

were treated with culture medium (vehicle) or 5 mM t-BOOH for 24 hours as described in 

Materials and Methods. Total cellular GSH depletion was expressed as percentages of the vehicle 

control. Data are presented as mean ± standard deviation from n=3 determinations. * p<0.05 versus 

the vehicle control using Mann-Whitney rank sum test. GSH, total cellular glutathione; t-BOOH, 

tert-Butyl hydroperoxide. 
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Figure S 3. Effects of t-BOOH on LDH release in HepaRG cells (0.4 million cells/well). Cells 

were treated with culture medium (vehicle) or 50 mM t-BOOH for 24 hours as described in 

Materials and Methods. LDH release was calculated as the percentage of activity in the cell 

supernatant to that of the sum of cell supernatant and cell lysate. Data are presented as mean ± 

standard deviation from n=3 determinations. * p<0.05 versus the vehicle control using Mann-

Whitney rank sum test. LDH, lactate dehydrogenase; t-BOOH, tert-Butyl hydroperoxide. 
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Figure S 4. Effects of amentoflavone on p-cresol-mediated DCF formation in HepaRG cells (0.4 

million cells/well). Cells were pre-treated with the vehicle or 75 μM amentoflavone for 30 minutes, 

then co-treated with vehicle or 0.75 mM p-cresol for 24 hours as described in Materials and 

Methods. DCF formation was expressed as the percentage of the vehicle control (i.e. the HepaRG 

differentiation medium). Data are presented as mean ± standard deviation from n=8 

determinations. *p<0.05 versus the vehicle control (i.e. the HepaRG differentiation medium) using 

ANOVA on ranks; **p<0.05 versus p-cresol. ANOVA, analysis of variance; DCF, 2’, 7’ –

dichlorofluorescein. 
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Figure S 5. Effects of L-borneol on p-cresol-mediated GSH depletion in HepaRG cells (0.4 million 

cells/well). Cells were pre-treated with the vehicle or 0.75 mM L-borneol for 30 minutes, then co-

treated with vehicle or 0.75 mM p-cresol for 24 hours as described in Materials and Methods. Total 

cellular GSH concentration was expressed as the percentage of the vehicle control (i.e. the HepaRG 

differentiation medium). Data are presented as mean ± standard deviation from n=8 

determinations. *p<0.05 versus the vehicle control (i.e. the HepaRG differentiation medium) using 

ANOVA on ranks; **p<0.05 versus p-cresol. ANOVA, analysis of variance; GSH, total cellular 

glutathione 
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Figure S 6. Effects of diclofenac on p-cresol-mediated GSH depletion in HepaRG cells (0.4 

million cells/well). Cells were pre-treated with the vehicle or 100 μM diclofenac for 30 minutes, 

then co-treated with vehicle or 0.75 mM p-cresol for 24 hours as described in Materials and 

Methods. Total cellular GSH concentration was expressed as the percentage of the vehicle control 

(i.e. the HepaRG differentiation medium). Data are presented as mean ± standard deviation from 

n=8 determinations. *p<0.05 versus the vehicle control (i.e. the HepaRG differentiation medium) 

using ANOVA on ranks; **p<0.05 versus p-cresol. ANOVA, analysis of variance; GSH, total 

cellular glutathione 
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Figure S 7A) 

 

Figure S 7B) 

 

Figure S 7. A) Calibration curve of p-cresol sulfate based on a weighted (1/x2) least-squares 

regression model. B) Sample chromatograms of p-cresol sulfate and p-cresol sulfate-d7. 
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Figure S 8A) 

 

Figure S 8B) 

 

Figure S 8. A) Calibration curve of p-cresol glucuronide based on a weighted (1/x2) least-

squares regression model. B) Sample chromatograms of p-cresol glucuronide and p-cresol 

glucuronide-d7. 
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Table 7. Accuracy and precision data of the UPLC/MS/MS assay for the measurement of p-

cresol sulfate and p-cresol glucuronide. 

 
Nominal 

concentration 

Intra-day (1), 

N=5 

Intra-day (2), 

N=5 

Intra-day (3), 

N=5 

Inter-day, N=15 

p-cresol 

sulfate 

CV 

(%) 

Accur

acy 

(%) 

CV 

(%) 

Accur

acy 

(%) 

CV 

(%) 

Accur

acy 

(%) 

CV 

(%) 

Accur

acy 

(%) 

60 µg/mL 

(high QC) 

4.31 102.88 5.12 95.39 7.78 98.09 6.84 106.07 

30 µg/mL 

(medium 

QC) 

2.70 98.25 0.17 91.09 5.10 93.67 3.53 95.51 

0.004 ng/mL 

(low QC) 

2.48 90.75 10.23 87.14 4.34 86.52 8.22 86.77 

0.001 ng/mL 

(LLOQ) 

17.44 104.98 15.01 97.34 6.79 100.09 12.83 101.55 

p-cresol 

glucuronide 

60 µg/mL 

(high QC) 

2.55 89.20 2.76 85.88 5.61 85.44 3.73 86.48 

30 µg/mL 

(medium 

QC) 

3.30 95.79 6.89 92.69 5.12 88.56 4.22 92.27 

0.23 µg/mL 

(low QC) 

7.61 113.92 1.03 111.47 0.09 108.19 2.35 111.69 

0.08 µg/mL 

(LLOQ) 

3.47 107.59 0.87 105.21 1.41 102.04 1.53 103.94 

 

CV, coefficient of variation; LLOQ, lower limit of quantification; QC, quality control; 

UPLC/MS/MS, ultra-high performance liquid chromatography-tandem mass spectrometry 
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Table 8. Stability data of the UPLC/MS/MS assay for the measurement of p-cresol sulfate and p-

cresol glucuronide. 

 p-cresol sulfate p-cresol glucuronide 

Nominal 

concentration 

0.004 ng/mL 

(low QC) 

60 µg/mL (high 

QC) 

0.23 µg/mL 

(low QC) 

60 µg/mL (high 

QC) 

 Accuracy (%) Accuracy (%) Accuracy (%) Accuracy (%) 

Autosampler stability 99.87 94.23 94.79 106.33 

Bench-top stability 96.18 101.77 89.68 97.31 

Freeze-thaw stability 113.25 91.01 92.79 104.12 

Two-week stability 99.75 99.64 99.31 105.51 

 

Various conditions were tested: 1) autosampler stability (i.e. 24 hours at 4 °C), 2) bench-top 

stability (i.e. 6 hours at “room temperature”, 23.5 °C), 3) freeze-thaw stability (i.e. 3 cycles of 

freezing/thawing, where samples were frozen at -80 °C for 23.5 hours then thawed at room 

temperature for 0.5 hours), and 4) two-week stability (i.e. 2 weeks at -80 °C). QC, quality control; 

UPLC/MS/MS, ultra-high performance liquid chromatography-tandem mass spectrometry 
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Figure S 9A) 

 

Figure S 9B) 

  

Figure S 9. A) Calibration curve of p-cresol based on a weighted (1/x2) least-squares regression 

model. B) Sample chromatograms of p-cresol and DMP. DMP, 2,6-dimethylphenol. 
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Table 9. Accuracy and precision data of the UPLC assay for the measurement of p-cresol. 

Concentration Intra-day (1) 

(N=5) 

Intra-day (2) 

(N=5) 

Intra-day (3) 

(N=5) 

Intra-day (N=15) 

CV (%) Accurac

y, % 

CV (%) Accurac

y, % 

CV (%) Accurac

y, % 

CV (%) Accurac

y, % 

300 µg/mL (high QC) 5.14 89.54 3.01 89.84 1.87 96.78 3.34 92.05 

160 µg/mL (medium 

QC) 

2.33 91.44 2.08 94.31 6.42 104.37 3.61 96.71 

20 µg/mL (Low QC) 3.22 97.32 4.00 101.15 8.75 110.90 5.32 103.12 

5 µg/mL (medium 

LLOQ) 

6.03 102.11 5.07 102.46 8.01 98.77 6.37 101.11 

 

CV, coefficient of variation; LLOQ, lower limit of quantification; QC, quality control; UPLC, 

ultra-high performance liquid chromatography 
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Table 10. Stability data of the UPLC assay for the measurement of p-cresol. 

 Nominal concentration (µg/mL) 20 µg/mL (low QC) 300 µg/mL (high QC) 
 

Accuracy (%) Accuracy (%) 

Autosampler stability (%) 85.32 93.80 

Bench-top stability (%) 104.93 113.01 

Freeze-thaw stability (%) 105.60 113.79 

Long-term stability (%) 101.32 99.66 

 

Various conditions were tested: 1) autosampler stability (i.e. 24 hours at 4 °C), 2) bench-top 

stability (i.e. 6 hours at “room temperature”, 23.5 °C), 3) freeze-thaw stability (i.e. 3 cycles of 

freezing/thawing, where samples were frozen at -80 °C for 23.5 hours then thawed at room 

temperature for 0.5 hours), and 4) long-term stability (i.e. 3 days at -80 °C). QC, quality control; 

UPLC, ultra-high performance liquid chromatography 
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Chapter III : Discussion 

1. Discussion 

p-Cresol generated concentration- and time-dependent responses on markers of oxidative 

stress, total cellular glutathione, and cellular necrosis in HepaRG cells. Although the toxic effects 

of p-cresol have been reported in various in vitro or in vivo animal liver models (Kitagawa, 

2001,Abreo et al., 1997,Thompson et al., 1994,Thompson et al., 1996,U.S. Environmental 

Protection Agency, 2010), the observations of direct toxicological effects (Figures 4 & 5) in a 

human hepatic model are, to our knowledge, novel findings. The effects of p-cresol on oxidative 

stress induction (i.e. DCF formation, Figures 4A & 5A), glutathione depletion (Figures 4B & 5B), 

and cellular necrosis (Figures 4C & 5C) were consistent with its effects in other models: DCF 

generation in human umbilical vein endothelial and U937 mononuclear cells (e.g. (Sheu et al., 

2020,Chang et al., 2014)); glutathione depletion in rat liver slices or glutathione adduct formation 

in GSH-fortified human liver microsomes (e.g. (Thompson et al., 1994,Yan et al., 2005)); and 

LDH release in rat liver slices, human colonic epithelial cells, and human bone marrow-derived 

mesenchymal stem cells (e.g. (Thompson et al., 1994,Wong et al., 2016,Idziak et al., 2014)). The 

EC50 values associated with p-cresol exposure observed of these markers in HepaRG cells (Figure 

4) could be considered physiologically attainable under toxic conditions in humans. This is based 

on the documentation of relatively elevated plasma concentrations of p-cresol metabolites in 

hemodialysis patients as high as ~1.66 mM (Cuoghi et al., 2012), which may indirectly infer that 

similar toxic concentrations of the precursor p-cresol can be attainable in the liver, the primary 

organ of p-cresol metabolism and hence the direct origin of these metabolites (Gryp et al., 2017). 

Temporal experiments suggested the time-dependent relationships between p-cresol induced 

oxidative injury (initially evident at 6 hour of exposure), glutathione depletion (6 hour), and the 
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eventual manifestation of cellular necrosis (12 hours) (Figure 5). Although the role of cellular 

glutathione in mediating p-cresol induced LDH release has been demonstrated in rat liver slices 

(Thompson et al., 1994), further mechanistic experiments (not part of current objectives) are 

required to establish cause-effect relationships of these toxicity markers from p-cresol exposure in 

this human model. Furthermore, p-cresol was relatively more potent on each toxicity marker 

compared to a sample panel of toxicologically relevant protein-bound uremic solutes (Vanholder 

et al., 2018) (Figure 6), supporting a targeted mechanistic investigation on p-cresol alone in this 

study. The lack of substantial increases in DCF formation by indole-3-acetic acid, indoxyl-sulfate, 

kynurenic acid, and hippuric in our model (Figure 6A) was consistent with that reported by 

Weigand et al (Weigand et al., 2019) in primary cultures of human hepatocytes. However, the 

usage of different markers of toxicity, under different exposure conditions, in different liver cell 

types, and in the absence of p-cresol control (Weigand et al., 2019) precluded further direct 

comparisons between the two studies.  

Both concentration-response (Figure 7) and time-course (Figure 8) experiments indicated 

p-cresol glucuronide to be the predominant, and p-cresol sulfate a relatively minor, in situ-

generated metabolite from p-cresol exposure in HepaRG cells. While the relative concentrations 

of these two metabolites in our model were inconsistent with that observed in the human plasma 

(i.e. higher sulfate than glucuronide based on total concentrations) under typical uremic conditions 

(e.g. (Meert et al., 2012,Poesen et al., 2016,Liabeuf et al., 2013,Mutsaers et al., 2015,Itoh et al., 

2012,Chinnappa et al., 2018)), this observation might be explained by the kinetic behaviors of the 

associated enzymes. Recently, it was determined that UGT1A6 was the primary enzyme 

contributing to the production p-cresol glucuronide in human liver microsomes (Rong and Kiang, 

2020) and sulfotransferase (SULT)1A1 as the predominant enzyme responsible for p-cresol 
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sulfation in human liver cytosols (manuscript in preparation; (Rong, 2021)). The UGT1A6-

mediated p-cresol glucuronidation in human liver microsomes (Rong and Kiang, 2020) has a much 

lower affinity (i.e. substrate concentration at half maximum reaction rate, Km=67.3±17.3 µM) and 

higher capacity (i.e. maximum reaction rate, Vmax=8.5±0.7 nmol/mg/min) compared to SULT1A1-

mediated p-cresol sulfate formation in human liver cytosols (Rong, 2021), which is consistent with 

the general kinetic behaviors of UGT and SULT enzymes (James and Ambadapadi, 2013,James, 

2014). Therefore, under conditions of high p-cresol concentrations required to generate toxicity in 

our model, the glucuronidation pathway was likely preferred over sulfonation. This general kinetic 

behavior is also evident in clinical studies where Poesen et al (Poesen et al., 2016) and Mutsaers 

et al (Mutsaers et al., 2015) both independently illustrated a shift from p-cresol sulfate to p-cresol 

glucuronide production in patients with more severe stages of kidney disease, possibly due to the 

accumulation of p-cresol. Furthermore, the level of constitutive gene expressions associated with 

UGT1A6 and SULT1A1 in HepaRG cells were comparable to human hepatocytes based on 

microarray analysis (Hart et al., 2010); thus, it was unlikely that discrepancies in metabolite 

generation were due to significantly altered enzyme levels in our model. However, comparisons 

on UGT1A6 / SULT1A1 protein expression and probe specific activities in HepaRG cells are still 

lacking in the literature. Collectively, these data suggested that glucuronidation is likely a 

quantitatively important pathway, whether it be responsible for detoxification or toxification 

(discussed below), in the human liver at elevated toxic concentrations of p-cresol.    

Overall, our data indicated that p-cresol glucuronide or the glucuronidation pathway was 

likely associated with the detoxification of p-cresol in HepaRG cells, based on the following 

complementary findings: 1) Exogenously administered p-cresol glucuronide was significantly less 

toxic than p-cresol at equal molar conditions (Figure 9), despite generating much higher 
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concentrations of intracellular p-cresol glucuronide (Figure 10D) than p-cresol (Figure 8D). 2) 

Selective attenuation of in-situ generated p-cresol glucuronide (Figure 11) resulted in significantly 

increased LDH release from p-cresol exposure (Figure 12), and these findings were reproducible 

using multiple chemical inhibitors with independent mechanisms of actions (i.e. L-borneol being 

a UDPGA co-factor depletory agent; amentoflavone and diclofenac being reversible enzyme 

inhibitors (Watkins and Klaassen, 1983,Lv et al., 2018,Uchaipichat et al., 2004,Rong and Kiang, 

2020). 3) The enhanced LDH release from reduced in-situ p-cresol glucuronide formation (Figure 

12) was associated with the accumulation of the parent compound, p-cresol (Figure 15). These 

observations are consistent with the general assertion that the glucuronidation reaction and 

glucuronide metabolites are typically associated with xenobiotic detoxification (with the exception 

of acyl-glucuronides) (Bradshaw et al., 2020). More specifically, these findings are consistent with 

observations of lack of p-cresol glucuronide toxicity in various human cell types: p-cresol 

glucuronide (sodium or calcium salt) up to 100 µM was generally less toxic than p-cresol as 

measured by crystal violet staining in HEK293 cells (London et al., 2020); p-cresol glucuronide 

appeared less effective in reducing mitochondrial metabolism (measured by 3-4,5-

dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) compared to p-cresol in ciPTEC cells 

exposed to 2mM of each compound for 48 hours (Mutsaers et al., 2013); isolated whole blood 

from healthy human volunteers exposed to 48 mg/L of p-cresol glucuronide alone for 10 minutes 

did not exhibit enhanced oxidative burst activities compared to the vehicle control (Meert et al., 

2012); and p-cresol glucuronide (500 µM) had minimal or no effects on mitochondrial membrane 

potential, lactate production, or reactive oxygen species production in primary cultures of human 

hepatocytes with 96 hours of exposure (Weigand et al., 2019). Although p-cresol glucuronide was 
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effective in reducing hepatocyte viability and cellular ATP (Weigand et al., 2019), comparative 

effects to p-cresol was not established in their model.             

The lack of toxicity associated with p-cresol glucuronide formation in our model could 

suggest alternative pathway(s) of p-cresol metabolism (or metabolites) may be involved in 

mediating the toxicity of p-cresol. p-Cresol is known to undergo cytochrome P450 (CYP)-

mediated oxidative metabolism in the production of reactive intermediates as demonstrated in 

GSH-fortified human liver microsomes (Yan et al., 2005) and rat liver slices (Thompson et al., 

1994,Thompson et al., 1996). The potential role of toxic oxidative metabolites was demonstrated 

in rat liver slices where phenobarbital animal pre-treatment further increased cellular toxicity 

(measured by loss of potassium) associated with p-cresol treatment, and the effects were reduced 

by metyrapone, a CYP450 inhibitor (Thompson et al., 1994). The consequence of reactive 

intermediates was suggested by the depletion of cellular glutathione in p-cresol-exposed rat liver 

slices (Thompson et al., 1994), which was consistent with our observation of p-cresol associated 

concentration- and time-dependent reductions in total cellular glutathione in HepaRG cells 

(Figures 4B & 5B). However, the metabolite and p-cresol concentration data obtained in our model 

could potentially argue against the hypothesis of toxic CYP-generated metabolites (Figures 11 & 

15). Specifically, the decrease in p-cresol glucuronide by L-borneol (a relatively specific 

glucuronidation inhibitor) corresponded with roughly equal increases in p-cresol concentration 

(Figures 11A & 15A), but higher increases in p-cresol concentrations compared to reductions in 

glucuronide concentrations were observed for both amentoflavone and diclofenac (Figures 11B-C 

& 15B-C), which may be explained by the additional inhibitory effects of these two chemicals 

toward CYP enzymes which may mediate the metabolism of p-cresol (Yan et al., 

2005,Tassaneeyakul et al., 1998,Karjalainen et al., 2008,Lv et al., 2018). On the other hand, 
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although amentoflavone and diclofenac inhibited multiple UGT enzymes (Lv et al., 

2018,Uchaipichat et al., 2004), their non-specific effects toward glucuronidation were unlikely to 

have contributed to this observation since p-cresol was primarily conjugated by a single UGT 

enzyme in the human liver (i.e. UGT1A6) (Rong and Kiang, 2020). However, despite potential 

evidence of CYP450 inhibition by amentoflavone and diclofenac in our model, all three chemical 

modulators affected p-cresol mediated LDH release to the same extent (Figure 12), suggesting that 

the possible CYP inhibition by amentoflavone and diclofenac did not reduce p-cresol generated 

toxicity in our model. Therefore, further control experiments (i.e. measurement of probe substrate 

activities and use of selective CYP450 modulators) are needed to test the toxic oxidative 

metabolism hypothesis. Furthermore, despite data demonstrating exogenously administered p-

cresol sulfate was less toxic than p-cresol in HepaRG cells (Figure 9), p-cresol sulfate was 

consistently more toxic than the glucuronide (Figure 9). Therefore, further mechanistic 

experiments testing the in situ production of this metabolite in relation to the manifestation of 

toxicity are also warranted, given the significant body of literature supporting the toxicology of p-

cresol sulfate in various clinical and experimental models (Gryp et al., 2017,Vanholder et al., 

2018,Glorieux et al., 2021) (further discussed below).  

 The in vitro and/or in vivo evidences associated with p-cresol sulfate mediated 

cardiovascular, renal, and hepatic toxicities have been described by numerous studies in the 

literature (Schepers et al., 2007,Meijers et al., 2008,Gross et al., 2015,Koppe et al., 2013,Watanabe 

et al., 2013,Poveda et al., 2014,Mutsaers et al., 2015,Weigand et al., 2019,Lin et al., 2015,Lin et 

al., 2014,Rossi et al., 2014,Liabeuf et al., 2010,Wang et al., 2013,Tang et al., 2014,Chiu et al., 

2010,Wang et al., 2010,Wu, I. W. et al., 2011). In our exogenously-administered p-cresol and p-

cresol sulfate experiments, p-cresol sulfate was less toxic compared to p-cresol on DCF formation, 
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total cellular glutathione (GSH) depletion, and lactate dehydrogenase (LDH) release. However, 

these observations could be due to higher cellular uptake of p-cresol over p-cresol sulfate, as p-

cresol is relatively more lipophilic compared to p-cresol sulfate. In terms of hepatic transporters, 

p-cresol is known not to be a substrate of organic anion-transporting polypeptide (OATP) 1B1 or 

OATP1B3 (Sato et al., 2014). On the other hand, to the best of our knowledge, the data on the 

hepatic transporters responsible for the uptake of p-cresol sulfate are still lacking. Assuming p-

cresol sulfate is transported by OATP1B1 and OATP1B3 (i.e. the major uptake transporter for the 

liver), the HepaRG cell line only expresses minimal levels of OATP1B1 and does not express 

OATP1B3 (Kotani et al., 2012). Therefore, HepaRG may not be the optimal experimental model 

to investigate the effects of exogenously-administered p-cresol sulfate, due to the lack of fully-

expressed uptake transporters. Alternative hepatic cellular models such as primary human 

hepatocytes might be more suitable to evaluate the hepatic toxicity of exogenous p-cresol sulfate 

given the existence of the full complements of hepatic uptake transporters. Furthermore, to further 

characterize the role of sulfonation in p-cresol mediated toxicity, sulfotransferase (SULT) 

chemical inhibitors (e.g. mefenamic acid, tolfenamic acid, and flufenamic acid (James and 

Ambadapadi, 2013,Rong, 2021)) selective toward SULT1A1, the primary enzyme responsible for 

p-cresol sulfonation (Rong, 2021), or siRNA knock-down of SULT1A1 gene (e.g. (Hashimoto et 

al., 2016)) can be utilized to modulate the in situ production of p-cresol sulfate. Furthermore, we 

could also attempt to induce the production of p-cresol sulfate using chemical inducers such as 

rifampin (Volpe et al., 2014) or over-expression of SULT1A1 gene by transduction. These 

modulation experiments can be studied in the context of already established toxicity markers in 

our HepaRG model (i.e. DCF formation, GSH depletion, and LDH release) or in primary cultures 

of human hepatocytes. 
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Our findings should be considered in the context of the following limitations: i) It was 

necessary for direct comparative purposes to utilize relatively high concentrations of metabolites 

or other uremic solutes in parts of our study (i.e. consistent with the approach of other investigators 

in this area (e.g. (Weigand et al., 2019,Mutsaers et al., 2015,London et al., 2020)), which may have 

exceeded typical physiological concentrations; but these were supported by further mechanistic 

studies involving metabolites generated in situ from p-cresol exposure (Figures 11-15). ii) While 

many of the recommendations proposed by the EUTox group for conducting in vitro studies 

involving uremic toxins (Cohen et al., 2007) have been considered for this investigation, some 

suggested conditions may not be relevant in this model. For example, our model (Guillouzo et al., 

2007,Biopredic International, 2016,Gripon et al., 2002) had already been optimized for the 

generation of albumin and therefore it was not necessary, and may have been harmful to the cells, 

to add 35 g/L of albumin to the incubation medium. iii) The chemical inhibition approach in our 

mechanistic study was not specific (e.g. both amentoflavone and diclofenac having potential 

effects on CYP450 oxidation) and may have contributed to some negative findings (e.g. lack of 

effects of amentoflavone on p-cresol associated GSH reduction). However, the usage of three 

independent inhibitors provided consistent findings with respect to the primary toxicity endpoint 

(e.g. LDH release), which were supported by findings with the DCF marker, suggesting the 

robustness of our data. iv) The apparent lack of toxicity of exogenously administered or in-situ 

generated p-cresol glucuronide may be a specific observation in this hepatic model and should be 

further verified in other target tissues of p-cresol toxicity (i.e. heart and kidney cells). v) the exact 

reactive oxygen/nitrogen species involved and potential regulatory pathways should also be 

examined. 
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Based on our literature review, cardiac and renal tissues are the major toxicity targets of 

uremic toxins, which may exhibit different toxicity profiles compared to the liver. Therefore, 

cardiac and renal models should also be examined to fully determine the toxicology profiles of p-

cresol, p-cresol sulfate, and p-cresol glucuronide. Given the fact that the kidney is the primary 

organ responsible for the excretion of p-cresol sulfate/glucuronide and likely one of the more 

important targets of toxicity based on the volume of experimental data, we will focus on the kidney 

model for our discussions on future experimentation. To investigate the toxicology of p-cresol, p-

cresol sulfate, and p-cresol glucuronide, the ideal model should have adequate expressions of 

transporter activities (for the intracellular uptake and efflux of p-cresol sulfate and glucuronide) 

and metabolism enzyme activities (for the conjugations of p-cresol). With respect to transporters, 

p-cresol sulfate was identified to be a substrate for organic anion transporter (OAT)1 and OAT3 

(Wu et al., 2017,Watanabe et al., 2014). In OAT1/OAT3 expressed human embryonic kidney 293 

cells, the uptake of p-cresol sulfate can be described to be relatively high affinity and high capacity 

by OAT1 (i.e. half maximum substate concentration of Km=127.8 µM, maximum uptake rate 

Vmax=9.8 nmol/min/mg protein), but comparably lower affinity towards OAT3 as evident by high 

Km value (i.e. >5 mM) (Watanabe et al., 2014,Wu et al., 2017). To our knowledge, the data 

characterizing transporters involved in the uptake of p-cresol glucuronide are still lacking; 

therefore, further experiments are needed to determine their identities. In addition, the efflux of p-

cresol sulfate or p-cresol glucuronide was known to be mediated by the multidrug resistance 

protein 4 and breast cancer resistance protein (Mutsaers et al., 2015). On the other hand, relatively 

more is known of how p-cresol is metabolized as SULT1A1 and uridine 5'-diphospho-

glucuronosyltransferase (UGT) 1A6 have recently been determined to be the major enzymes for 

p-cresol conjugation in both liver and kidney tissues, respectively ((Rong, 2021,Rong and Kiang, 
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2020). In order to further characterize the toxicology of p-cresol and its metabolites, the ideal 

experimental kidney cellular model must exhibit functional OAT1, OAT3, multidrug resistance 

protein 4, and breast cancer resistance protein, SULT1A1, UGT1A6, and other Phase I, Phase II, 

and Phase III enzymes normally expressed in primary human kidney epithelial tubular cells.  

Conditionally immortalized human renal proximal tubule epithelial cells (ciPTEC) were 

obtained from renal cell materials collected in the urine from a healthy donor. In its constitutive 

form, it lacks the stably expressed OAT1 and OAT3 transporter activities, therefore this model 

was further transfected into two additional cell lines overexpressing OAT1 and OAT3 transporter 

activities (i.e.ciPTEC-OAT1 and ciPTEC-OAT3) (Bajaj et al., 2018,Nieskens et al., 2016). In 

addition, ciPTEC also expresses other renal transporters such as organic cation transporter 2, p-

glycoprotein, breast cancer resistance protein, multidrug and toxin extrusion proteins, and 

multidrug resistance proteins 4 (Bajaj et al., 2018). Furthermore, mRNA expressions of major 

metabolism enzymes were also evident in the differentiated ciPTEC cell line (Mutsaers et al., 

2013), such as SULT1A1, UGT1A6, UGT1A9, in addition to the full complements of CYP450 

enzymes which are collectively responsible for the conjugation or oxidation of p-cresol. However, 

functional activity assays for many of these enzymes still remain to be characterized.  

The usage of the ciPTEC model for investigating xenobiotic-induced toxicity based on 

drug uptake and/or drug metabolism is already documented in the literature. For example, 

Mutsaers et al. utilized ciPTEC cells to study the toxicities of p-cresol, p-cresol sulfate, and p-

cresol glucuronide (Mutsaers et al., 2013). In their study, ciPTEC cells were incubated with 2 mM 

p-cresol, p-cresol sulfate, and p-cresol glucuronide for 48 hours at 37 °C, and cytotoxicity was 

determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. It 

was found that p-cresol, p-cresol sulfate, and p-cresol glucuronide significantly decreased MTT 
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by 28%, 21% and 14%, respectively (p<0.005). Moreover, Mihaila et al. used ciPTEC cells to 

study the inhibition of OAT1 mediated substrate uptake (Mihaila et al., 2020). ciPTEC-OAT1 cells 

were incubated with fluorescein (probe marker) and indoxyl sulfate (110 µM), kynurenic acid (1 

µM), or p-cresol sulfate (125 µM) (as inhibitors). The uptake of fluorescein was significantly 

decreased to 46.7% of the inhibitor-free control by p-cresol sulfate, indicating that p-cresol sulfate 

is likely to inhibit OAT-1 mediated excretion (which may lead to accumulation of toxic 

compounds in the cells). 

Primary cultures of kidney cells express OAT1 and OAT3 and other renal transporters such 

as p-glycoprotein, breast cancer resistance protein, multidrug resistance proteins 2, and organic 

cation transporter 3 (Bajaj et al., 2018). Primary renal cells also express metabolism enzymes such 

as CYP450, uridine 5'-diphospho-glucuronosyltransferase, and sulfotransferases (Bajaj et al., 

2018). However, primary kidney cells are generally difficult (scarcity and very costly) to obtain 

compared to ciPTEC cells, and therefore may not be suitable for academic research. However, the 

usage of primary cultures of human kidney cells can allow one to characterize inter-individual 

(physiological, genetic, intrinsic) variability, which is a limitation of immortalized cell lines such 

as the ciPTEC cells. 

To further characterize the toxic effects of p-cresol, p-cresol sulfate, and p-cresol 

glucuronide in a human kidney experimental model, ciPTEC cells can be utilized as discussed 

above. On one hand, assuming OAT1 and/or OAT3 are responsible for the transmembrane uptake 

of p-cresol sulfate and p-cresol glucuronide, the uptake profiles (i.e. kinetics) can be characterized 

in ciPTEC, ciPTEC-OAT1 overexpressed, and ciPTEC-OAT3 overexpressed cell lines. We 

anticipate that ciPTEC-OAT1/3 overexpressed cells would show significantly higher intracellular 

concentrations of p-cresol sulfate and/or p-cresol glucuronide compared to the control ciPTEC 
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cells. Subsequently, we can attempt to identify the correlation between p-cresol sulfate / 

glucuronide uptake and the generation of toxicities (e.g. DCF, GSH, and LDH assays as already 

established in my thesis). In addition, the intracellular uptakes of p-cresol sulfate or p-cresol 

glucuronide can be mechanistically modulated by OAT1 and/or OAT3 inhibitors (e.g. para-

aminohippuric acid, estrone sulfate, and probenecid (Nieskens et al., 2016)), and the effects of 

these modulations on the manifestation (or reduction) of cellular toxicities can be characterized. 

Furthermore, enzyme kinetic experiments should be conducted in ciPTEC cells to determine the 

in situ production of p-cresol sulfate and p-cresol glucuronide formation from p-cresol, as 

significant concentrations of p-cresol is still evident in the renal tissue (Ikematsu et al., 2019). 

Similar to our approach documented in Chapter II, one can further mechanistically modulate 

(through inhibition, gene-knock down, induction, or over-expression) the metabolism enzymes in 

order to determine the role of in situ-generated p-cresol metabolites in the manifestation of 

toxicities in ciPTEC cells. To our knowledge, these will be novel investigations that will likely 

have impacts to this field.  

There is in vitro evidence that p-cresol sulfate and p-cresol glucuronide induce oxidative 

stress in human cellular models. Schepers et al. (Schepers et al., 2007) investigated the oxidative 

burst activities of p-cresol sulfate in human leucocytes using dihydrorhodamine measured by flow 

cytometry. p-Cresol sulfate was identified to significantly increase the oxidative burst activities of 

PMA-stimulated human granulocytes (p<0.05). In addition, Meert et al. (Meert et al., 2012) studied 

the oxidative burst activities of p-cresol sulfate and glucuronide in human leucocytes using the 

same assay, where p-cresol sulfate increased the oxidative burst activities in all baseline leucocytes 

(p<0.01), N-formyl-methionine-leucine-phenylalanine (fMLP)-stimulated lymphocytes (p<0.01), 

E. coli-stimulated monocytes (p<0.05), and phorbol-12-myristate-13-acetate (PMA)-stimulated 
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monocytes and granulocytes (p<0.05). On the other hand, p-Cresol glucuronide alone had no 

effects on oxidative burst activities in all baseline or stimulated leucocytes. However, the 

combinations of p-cresol sulfate and glucuronide increased oxidative burst activities in all 

conditions except for E. coli-stimulated lymphocytes, compared to the control; and the 

combination of both compounds also increased the activities in all baseline leucocytes and fMLP-

stimulated granulocytes compared to p-cresol sulfate alone. Furthermore, p-cresol sulfate 

increased oxidative stress in human kidney 2 proximal tubular epithelial cells (as measured by 

DCFDA and Amplex Red assays) (Watanabe et al., 2013), human umbilical vein endothelial cells, 

and isolated human vascular smooth muscle cells (as measured by DCFDA assay) (Gross et al., 

2015). With respect to clinical study, Rossi et al. (Rossi et al., 2014) identified that increased free 

p-cresol sulfate serum concentration was associated with decreased levels of glutathione 

peroxidase (p=0.022), a marker for elevated oxidative stress in the clinic. Overall, the markers 

utilized to quantify oxidative stress in vitro are overall universal indicators without specificity (to 

be discussed further below), and, only limited clinical data are available. Moreover, to our 

knowledge, very little data are available on p-cresol and its in situ generated metabolites in the 

generation of oxidative stress, as demonstrated in our data presented in Chapter II.  

In our study and many others (summarized above), oxidative stress was determined by the 

DCFDA marker. The non-fluorescent DCFDA is first converted to dichlorofluorescin (DCFH) by 

esterases within the cell. Subsequently, DCFH reacts with a variety of reactive oxygen species to 

form the fluorescent DCF (Marchesi et al., 1999). However, DCFDA is a non-specific marker 

because it can react with free radicals including nitric oxides and reactive oxygen species such as 

peroxyl, alkoxyl, NO2˙, carbonate, OH˙, and peroxynitrite (Fuloria et al., 2021,Halliwell and 

Whiteman, 2004). On the other hand, DCFH is not sensitive to hydrogen peroxide (Halliwell and 
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Whiteman, 2004). Moreover, the intermediate DCFH can also generate fluorescence signal in the 

absence of reactive oxygen species (Halliwell and Whiteman, 2004), and this is evident by data 

illustrating high concentrations of DCFDA and exposure to light could cause artefactual readings. 

In addition to the DCFDA assay, several other approaches can be used to measure reactive oxygen 

species: Amplex red can be used to measure hydrogen peroxide (Fuloria et al., 2021); 

chemiluminescence analysis (using dihydrorhodamine to determine ˙OH, ONOO-, NO2
-, and 

peroxidase derived species; dihydroethidine to determine O2
- ; and luminol to determine ˙OH and 

ONOO-, (Halliwell and Whiteman, 2004)) can be utilized; electro-chemical biosensing (using 

polyaniline-sulfonic acid or cytochrome-c layers over gold wire electrode) may also be utilized to 

measure O2˙
-, and chromatography (using stabilization agents such as dimethyl sulfoxide, salicylic 

acid, or benzoic acid) can be employed to measure ̇ OH, and spectrophotometry (using cytochrome 

c, nitro blue tetrazolium, aconitase, boronates, or diaminobenzidine) may be used to measure 

hydrogen peroxide and O2˙
- (Fuloria et al., 2021).  

Furthermore, GSH homeostasis can also be utilized as an indicator of oxidative stress. The 

following enzymes are involved in GSH formation, GSH conjugation, and GSH redox cycling 

(Aquilano et al., 2014). Briefly, GSH is a tripeptide complex of glutamate, cysteine, and glycine. 

Its biosynthesis is a 2-step reaction requiring energy provided by ATP. In the first step, glutamate 

and cysteine are combined together catalyzed by glutamate-cysteine ligase (GCL); later on, glycine 

binds to the complex of glutamate and cysteine under the function of glutathione synthase (GS), 

in the formation of GSH. Overall, GSH exhibits antioxidant properties by conjugating to 

electrophilic compounds, and this process is primarily mediated by glutathione-S-transferase 

(GST). In addition, GSH redox cycling as indicated by the ratio of reduced to oxidized GSH (i.e. 

glutathione disulfide [GSSG] or glutathionylated-cysteine derivative [GSSR]) can provide further 
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indication of oxidative stress (Aquilano et al., 2014). GSH redox cycling is a process that describes 

the conversions between reduced GSH to GSSG and/or GSSR (i.e. the oxidized forms of GSH). 

Under normal physiological conditions, GSH mostly exists in the reduced form; once encountering 

electrophilic compounds/species (e.g. H2O2), the reduced GSH undergoes GSH peroxidase (GPX)-

mediated reaction in the formation of GSSG and/or GSSR (in the presence of “reactive cysteinyl 

residue”). Subsequently, GSSG and GSSR can be recycled back to reduced GSH by the GSH 

reductase (GR) and thioredoxin (Trx)/glutaredoxin (Grx) system, respectively, which requires 

nicotinamide adenine dinucleotide phosphate [NADPH) as a cofactor (Aquilano et al., 2014). As 

the antioxidant functions of GSH in detoxifying reactive compounds are dependent on complicated 

series of enzymatic reactions, the oxidative stress can be evaluated based on the enzyme 

expressions of these associated enzymes.  

With respect to the defense mechanisms toward oxidative stress, the nuclear factor 

erythroid 2-related factor 2 (Nrf2) regulation pathway has been widely investigated (Ma, 2013). 

However, to the best of our knowledge, direct evidence indicating effects of p-cresol or its 

metabolites on the Nrf2 pathway is still lacking. Under normal conditions, Nrf2 is locating in the 

cytoplasm, bound to Kelch-like ECH-associated protein 1 (Keap1), in the form of a stable, 

inactivated complex (Saito, 2013). In the presence of reactive oxygen/nitrogen species (e.g. 

induced uremic toxins), the Nrf2-Keap1 complex undergoes conformation change, resulting in the 

dissociation of Keap1 from the complex and the activation of the Nrf2 (Saito, 2013). Subsequently, 

the activated Nrf2 translocates into the nucleus and binds to antioxidant/electrophile responsive 

element (ARE/EpRE) (Saito, 2013). Upon binding, the downstream “antioxidant and detoxifying 

molecules” including NAD(P)H:quinone oxidoreductase 1 (NQO1), heme oxygenase-1, GST, 
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multidrug resistance proteins, GLC, and CYP450, can be upregulated to counteract the effects of 

oxidative stress (Saito, 2013).      

To investigate the effects of p-cresol and its metabolites in the Nrf2 regulation pathway, 

we first need to determine which specific reactive oxygen species are associated with p-cresol and 

its metabolites in HepaRG and ciPTEC cells. Chemical approaches such as dihydrorhodamine (to 

determine ˙OH, ONOO-, NO2
-, and peroxidase derived species), dihydroethidine (to determine O2

-

), or luminol (to determine ̇ OH and ONOO-) can be utilized to identify the specific reactive species 

involved in the oxidative stress mediated by p-cresol and its metabolites (Halliwell and Whiteman, 

2004). Furthermore, the relative effects of p-cresol, p-cresol sulfate, and p-cresol glucuronide in 

the generation of reactive oxygen/nitrogen species can be characterized in HepaRG and/or ciPTEC 

cells, using exogenously-administered or in-situ generated p-cresol sulfate and p-cresol 

glucuronide. Specifically, oxidative stress can be assessed after directly administrating p-cresol, 

p-cresol sulfate, or p-cresol glucuronide; and chemical inhibitors or inducers for sulphation or 

glucuronidation can be utilized to modulate the production of p-cresol sulfate or p-cresol 

glucuronide in HepaRG and ciPTEC cells. Based on the known metabolic enzymes (i.e. SULT1A1 

and UGT1A6 in the formation of p-cresol sulfate and p-cresol glucuronide, respectively) involved 

in the metabolism of p-cresol (Rong, 2021,Rong and Kiang, 2020), mefenamic acid, tolfenamic 

acid, and flufenamic acid can be utilized as p-cresol sulphation inhibitors; rifampin can be utilized 

as p-cresol sulphation/glucuronidation inducer; L-borneol, amentoflavone, and diclofenac can be 

utilized as p-cresol glucuronidation inhibitors; and phenobarbital can be utilized as a p-cresol 

glucuronidation inducer. In addition to chemical modulators, one can also knock-down or over-

express SULT1A1 and UGT1A6 genes, in order to test the effects on the generation of specific 

oxygen and nitrogen species.  
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Furthermore, the roles of p-cresol, p-cresol sulfate, and p-cresol glucuronide in the 

activation of Nrf2 regulatory pathway can be characterized in human in vitro models as described 

above. First, the activation of Nrf2 regulation pathway can be verified using the electrophoretic 

mobility shift assay, by determining the binding of Nrf2 with ARE (Korashy and El-Kadi, 2005). 

Furthermore, the expressions of the downstream genetic markers can be evaluated using reverse 

transcription polymerase chain reaction (RT-PCR) assays. For example, increased expression of 

NQO1, heme oxygenase-1, GST, multidrug resistance proteins, GLC, or CYP450 might indicators 

illustrating the successful activation of this oxidative stress defense regulation pathway. In 

addition, the involvement of p-cresol or its metabolites in the Nrf2 pathway can be further tested 

in Nrf2 knock-out models or cells treated with Nrf2 enhancers/activators (e.g. The toxicity of 

acetaminophen was determined in Nrf2 knock-out mouse model (Ma, 2013) and dimethyl fumarate 

can be used as an example of Nrf2 activator (Saito, 2013)). These experiments are expected to 

contribute novel knowledge to the literature.  
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2. Overall Conclusion 

Overall, the initially proposed four objectives as stated in Chapter I have been 

systematically tested in this thesis. In terms of “Objective 1: To characterize the concentration- 

and temporal- effects of p-cresol on markers of oxidative stress (2’, 7’-dichlorofluorescein, DCF 

formation), total cellular glutathione (GSH) depletion, and lactate dehydrogenase (LDH) release 

in HepaRG cells”, p-cresol caused both concentration- and time-dependent responses on DCF 

formation, GSH concentration, and LDH release in HepaRG cells at potentially toxicologically 

relevant conditions. With respect to “Objective 2: To compare the effects of p-cresol and other 

protein bound uremic toxins on toxicity markers in HepaRG cells”, p-cresol was demonstrated to 

be relatively more toxic than other tested uremic toxins on the above toxicity markers. In response 

to “Objective 3: To determine the metabolic activities of HepaRG cells in the production of major 

p-cresol conjugated metabolites (i.e. p-cresol sulfate and p-cresol glucuronide)”, the generations 

of p-cresol sulfate and p-cresol glucuronide were both concentration- and time-dependent in 

HepaRG cells; in addition, p-cresol glucuronide was identified to be the predominant metabolite 

of p-cresol under our experimental conditions in HepaRG cells. Lastly, regarding “Objective 4: 

To characterize the effects of exogenously-administered and in-situ generated p-cresol metabolites 

(i.e. p-cresol glucuronide) in the manifestation of toxicities in HepaRG cells”, although the 

exogenous administration of p-cresol sulfate and p-cresol glucuronide resulted in relatively high 

intracellular concentrations of these metabolites, both metabolites were significantly less toxic 

compared to p-cresol at equal-molar conditions. Moreover, selective inhibition of the 

glucuronidation pathway (without affecting p-cresol sulfate formation, while increasing p-cresol 

accumulation) using independent chemical inhibitors (i.e. L-borneol, amentoflavone, or 
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diclofenac) consistently resulted in further increases in LDH release associated with p-cresol 

exposure. 

These collective data addressed the overall hypothesis in my thesis. In conclusion, our 

novel data indicated that p-cresol was a relatively potent toxicant; however, glucuronidation was 

unlikely associated with the manifestation of its toxic effects in HepaRG cells. 
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