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Abstract

Acetaminophen (APAP) overdose causes liver injury and acute liver failure, as well as acute
kidney injury, which is not prevented by the clinical antidote N-acetyl-L-cysteine (NAC). The
absence of therapeutics targeting APAP-induced nephrotoxicity is due to gaps in understanding the
mechanisms of renal injury. APAP metabolism through Cyp2E1 drives cell death in both the liver
and kidney. We demonstrate that Cyp2E1 is localized to the proximal tubular cells in mouse and
human kidneys. Virtually all the Cyp2E1 in kidney cells is in the endoplasmic reticulum (ER), not
in mitochondria. By contrast, hepatic Cyp2E1 is in both the ER and mitochondria of hepatocytes.
Consistent with this subcellular localization, a dose of 600 mg/kg APAP in fasted C57BL/6J mice
induced the formation of APAP protein adducts predominantly in mitochondria of hepatocytes, but
the ER of the proximal tubular cells of the kidney. We found that reactive metabolite formation
triggered ER stress-mediated activation of caspase-12 and apoptotic cell death in the kidney. While
co-treatment with 4-methylpyrazole (4MP; fomepizole) or the caspase inhibitor Ac-DEVD-CHO
prevented APAP-induced cleavage of procaspase-12 and apoptosis in the kidney, treatment with
NAC had no effect. These mechanisms are clinically relevant because 4MP but not NAC also
significantly attenuated APAP-induced apoptotic cell death in primary human kidney cells. We
conclude that reactive metabolite formation by Cyp2E1 in the ER results in sustained ER stress
that causes activation of procaspase-12, triggering apoptosis of proximal tubular cells, and that
4MP but not NAC may be an effective antidote against APAP-induced kidney injury.
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INTRODUCTION

Acetaminophen (APAP) is a safe analgesic and antipyretic drug commonly used as a

pain reliever and fever reducer. However, an APAP overdose is often associated with
hepatotoxicity and is the major cause of acute liver failure (ALF) in the U.S. (Fisher and
Curry, 2019; Hodgman and Garrard, 2012; Jaeschke, 2015). Though the liver is the main
target organ for toxic APAP ingestions, a high overdose can also cause renal dysfunction and
acute kidney injury (AKI) (Akakpo et al., 2020; Hengy et al., 2009; McClain et al., 1988).
Although AKI is common in ALF patients and affects both short- and long-term outcomes,
it generally does not cause chronic kidney disease (Tujios et al., 2015). Interestingly, there

is also evidence indicating that renal failure can develop in APAP overdose patients without
liver failure suggesting a direct effect of APAP on the kidney (Campbell and Baylis, 1992;
Eguia and Materson, 1997). Moreover, the only available treatment for an APAP overdose

is N-acetyl-L-cysteine (NAC), which does not protect against APAP-induced nephrotoxicity
in mice (Slitt et al., 2004) and no benefit has been reported in patients (Mazer and Perrone,
2008; Mour et al., 2005). Thus, there are no clinical interventions that can prevent or
improve APAP-induced AKI. The main reason for this is the lack of a clear understanding of
the mechanisms of APAP nephrotoxicity.

Drug metabolism by cytochrome P450 2E1 (Cyp2E1) is an important step in APAP-induced
injury to renal proximal tubules leading to the formation of the reactive metabolite, N-
acetyl-p-benzoquinone imine (NAPQI) (Akakpo et al., 2020; Hart et al., 1995; Hu et al.,
1990). This metabolic activation of APAP leads to extensive GSH depletion and then
covalent binding of NAPQI to proteins, which initiates nephrotoxicity (Akakpo et al., 2020;
Hart et al., 1994). APAP-induced cell death in the liver is almost exclusively necrosis
(Gujral et al., 2002); however, in isolated tubular epithelial cells, cell death may also involve
apoptosis (Lorz et al., 2005). The detailed mechanistic steps between the Cyp2E1-mediated
formation of NAPQI protein adducts and the induction of cell death in the kidney /n vivo
need to be clarified.

Mitochondrial dysfunction has been suggested to play a central role in APAP-induced
apoptotic renal cell death (Shen et al., 2020; Wei et al., 2023). However, further
examination of the molecular signaling of APAP nephrotoxicity also found that the
mitochondrial pathway was not activated during APAP-induced cell death, and no
dissipation of mitochondrial membrane potential, mitochondrial Bax translocation, or
release of cytochrome C was detected /7 vitro (Lorz et al., 2005). Consistently, we found
that while APAP protein adducts are formed in the whole kidney tissue homogenates,
mitochondrial adducts are not produced (Akakpo et al., 2020). Notably, APAP can promote
ER stress-mediated apoptosis in primary cultures of murine proximal tubular epithelial cells
through caspase-12 without mitochondrial dysfunction (Lorz et al., 2004). Moreover, the
activity of Cyp2E1 has recently been demonstrated to be predominantly localized to the

ER of human kidneys (Arzuk et al., 2022). Thus, a mechanistically distinct mode of ER
stress-mediated renal apoptotic cell death during APAP nephrotoxicity may be more relevant
to the mouse and human pathology.
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Apoptosis is a compensatory form of programmed cell death that is mediated by several
signaling pathways, which can be activated by proapoptotic agents (Ortiz et al., 2003). We
have previously demonstrated that significant oxidative metabolism of APAP occurs in the
kidneys which is prevented via Cyp2E1 inhibition by 4-methylpyrazole (4MP, fomepizole)
(Akakpo et al., 2020). 4MP is an FDA-approved antidote against methanol and ethylene
glycol poisoning in humans because it is a potent inhibitor of alcohol dehydrogenase
(McMartin, 2010). 4MP is now being evaluated as a new therapeutic option in a phase

I11 clinical trial to manage acute liver injury in patients after APAP overdose (Akakpo et
al., 2022b). However, the effect of 4MP against APAP-induced ER stress and apoptotic
signaling in the kidney /n vivo has not been investigated. Hence, our study was designed
to compare the protective effect of 4MP and NAC, which is the standard of care, on
APAP-induced renal apoptosis in the human-relevant mouse model and in primary human
kidney cells. In addition, we assessed why there is a fundamentally different mechanism
of cell death in the kidney compared to the liver, despite the same metabolic activation of
APAP by Cyp2EL.

MATERIALS AND METHODS

Animals and experimental design

All animal experiments were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Kansas Medical Center (Protocol number: 21-12-212;
approved on 1/18/2022) and conducted in accordance with the National Institute of Health
and the National Research Council for the care and use of laboratory animals’ guidelines.
Eight to ten-week-old male C57BL/6J mice (average body weight of 20-25 g) were
purchased from Jackson Laboratories (Jackson Lab, Harbor, Maine) and acclimated for 5
days. Before experiments, animals were fasted overnight and then treated intraperitoneally
with 10 ml/kg saline alone or 600 mg/kg APAP (Sigma-Aldrich, St. Louis, MO) dissolved in
warm saline. The high overdose of APAP is necessary to induce not only the liver but also
acute kidney injury consistent with the observation in patients (Akakpo et al., 2020). Some
mice were pretreated with 3 mg/kg Ac-DEVD-CHO (Bajt et al., 2001; Boyle et al., 2013)
30 min before APAP treatment. Additional groups of mice received a cotreatment of APAP
with 50 mg/kg 4MP (Sigma-Aldrich) (Akakpo et al., 2020) or 500 mg/kg NAC (Akakpo

et al., 2019). Animals were euthanized under isoflurane anesthesia at 6 or 24 h post-APAP
followed by collection of blood, kidney, and liver samples. All chemicals were dissolved in
warm saline.

Biochemical measurements

Heparinized mouse blood samples were centrifuged at 20,000xg for 3 min at 4°C to collect
plasma. To assess the extent of kidney injury, blood urea nitrogen (BUN) was measured
using a QuantiChrom™ Urea Assay kit from BioAssay Systems (Hayward, CA). To assess
the extent of liver injury, alanine aminotransferase (ALT) activity was measured with a kit
purchased from Point Scientific Inc (Canton, MI). Cell death in cultured cells was assessed
by lactate dehydrogenase (LDH) release, as described in detail (Bajt et al., 2004).
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After kidney and liver tissue collections, samples were fixed in 10% formalin for 16 hours.
Fixed tissue samples were then embedded in paraffin and 5 um sections were cut. To
evaluate the extent of tubular and glomerular damage in the kidney and assess the extent of
necrotic cell death in the liver, sections were stained with hematoxylin & eosin (H&E). DNA
fragmentation was assessed in tissue sections by the terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labeling (TUNEL) assay with the in-situ Death Detection Kit, AP
(Roche Diagnostics, Indianapolis, IN).

Primary human kidney cell isolation and treatments

Normal human kidney (NHK) cells were isolated by the PKD Biomarkers and Biomaterials
Core at KUMC as described in detail (Wallace and Reif, 2019). Kidney tissues were
obtained from nephrectomy specimens by the surgery department or from the Midwest
Transplant Network (Kansas City, MO). The use of de-identified surgically discarded tissues
complies with federal regulations and was approved by the Institutional Review Board (IRB)
at KUMC. NHK were seeded on collagen-coated plates in DMEM/F12 + P/S + ITS + 10%
FBS and allowed to attach and proliferate in a humidified 5% CO, incubator (at 37°C) for

2 days. The adherent NHK cells were washed with sterile phosphate-buffered saline (PBS)
and a starvation media consisting of DMEM/F12 + P/S + ITS + 0.5% FBS was added for 3
hours. NHK cells were either treated with 1, 5, or 10 mM APAP with or without 2 mM 4MP,
20 mM NAC (Akakpo et al., 2021), 20 pM Ac-DEVD-CHO for 24 or 48 h (Gyrd-Hansen et
al., 2006) or 100, 200, and 300 uM TUDCA. All drugs were dissolved in saline.

Immunostaining

Immunostaining of mouse and human kidney samples was performed on paraffin-embedded
tissue sections cut at 5 um thickness. Briefly, tissues were first deparaffinized, dehydrated,
and then blocked with 5% normal goat serum. Then, overnight incubation was performed
with the following primary antibodies: anti-Cyp2E1 (Cat. # ab28146, Abcam, Boston, MA),
anti-SGLT2 (Cat. # 20802, Bicell Scientific St. Louis, MO), Santa Cruz, Dallas, TX). The
next day, sections were washed in PBS before application of the secondary antibodies,
Alexa Fluor 594-conjugated goat anti-rabbit antibody and Alexa Fluor 488-conjugated goat
anti-mouse antibody (Cat. # A11037 & A-11001), ThermoFisher Scientific, Waltham, MA).
Once nuclei were stained with a DAPI-containing mounting medium (Life Technologies),
slides were imaged on an inverted fluorescence microscope. NHK cells were fixed using 4%
formalin for 10 min before washing with cold PBS 3 times. The cells were then blocked in
1% BSA in PBS for 30 min at room temperature before incubation with anti-Cyp2E1 (Cat.
# ab28146, Abcam) and anti-SGLT-2 (Cat. # (Cat. # 20802, Bicell Scientific) antibodies at
4°C overnight. The next day, goat anti-mouse secondary antibody linked to Alexa Fluor 488-
and Alexa Fluor 594-conjugated goat anti-rabbit antibodies were added for 60 min at room
temperature, followed by imaging on a Nikon Eclipse Ti2 Inverted microscope.

Western blotting

Tissue samples were homogenized in ice cold isolation buffer (pH 7.4) containing 220
mM mannitol, 70 mM sucrose, 2.5 mM HEPES, 10 mM EDTA, 1 mM EGTA, and 0.1%
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bovine serum albumin. This was followed by total protein measurements with the BCA
assay from Pierce Scientific (Waltham, Ma). Western blotting was then carried out with the
following antibodies to cytochrome P450 2E1 (Abcam rabbit polyclonal antibody, Cat. #
ab28146), NGAL (Santa Cruz, Cat. # Sc-515876), B-actin (Cell Signaling, Cat. # 4967), PDI
(Santa Cruz, Cat. #Sc-74551), GRP78 (Santa Cruz, Cat. # Sc-166490), CHOP (Santa Cruz,
Cat. # Sc-166682), pro caspase-12 and cleaved caspase-12 (Cell Signaling, Cat. #35965),
porin (Abcam, cat. #ab14734), and calreticulin (Cell Signaling, Cat. #12238). Anti-rabbit
or anti-mouse 1gG horseradish peroxidase coupled secondary antibodies (Santa Cruz
Biotechnology) (1:5000 dilution), coupled with the ECL kit from Amersham (Piscataway,
NJ) were then used for detection of protein bands by chemiluminescence on the LI-COR
Odyssey imaging system (LI-COR Biosciences).

Subcellular fractionation and isolation of mitochondria and ER

Mitochondria and ER were isolated from mouse and human tissue homogenates by
ultracentrifugation. Briefly, freshly collected liver and kidney tissue samples were minced
and homogenized in ice-cold isolation buffer (pH 7.4, containing 22 mM mannitol, 70

mM sucrose, 2.5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 10 mM
EDTA, 1 mM ethylene glycol tetra acetic acid, and 0.1% bovine serum albumin). Cell debris
was removed by spinning the homogenate at 2,500 g for 10 min. The resultant supernatant
was centrifuged at 20,000 x g for 10 min to pellet mitochondria which was then subjected
to 3 rounds of a washing step in the ice-cold buffer. After centrifugation, the supernatant
was ultracentrifuged at 100,000 x g for 1 h, to pellet the ER, which was also subjected to 3
additional washes in the ice-cold buffer at 100,000 x g for 60 min. Both mitochondrial and
microsomal fractions were flash-frozen and stored at —80°C.

Quantitation of APAP protein adducts

Measurements of APAP-CY'S derived from APAP protein adducts were performed as
previously described (Akakpo et al., 2020; McGill et al., 2013). Briefly, mitochondrial and
microsomal fractions of the kidney and liver were filtered through a Bio-Spin 6 column
from Bio-Rad (Hercules, CA) to remove low molecular weight metabolites that could
interfere with the detection of APAP protein adducts (McGill et al., 2013). Isolated APAP-
CYS residues were analyzed by high-pressure liquid chromatography with a Coularray
electrochemical detector from ESA Biosciences (Chelmsford, MA).

Statistical analysis

SPSS Statistics 25 (IBM Co., Armonk, NY) was used to perform all statistical analyses.
One-way analysis of variance (ANOVA), followed by Student-Newman-Keul’s test was used
to test significance between multiple groups. Statistical analysis between two groups was
performed with the Student’s two-tailed t-test. If the data were not normally distributed,

the Kruskal-Wallis test (non-parametric ANOVA) followed by Dunn’s Multiple Comparison
Test was used. We considered differences with values of P< 0.05 values to be statistically
significant.
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To determine whether apoptosis was a relevant mechanism of cell death in the kidney,
initial experiments utilized mice treated with a severe overdose of 600 mg/kg APAP for 24
h along with the water-soluble caspase inhibitor Ac-DEVD-CHO (3 mg/kg). In addition,
animals were treated with either 50 mg/kg 4MP or 500 mg/kg NAC to compare protection
with these interventions against APAP-induced hepatotoxicity and nephrotoxicity. Plasma
ALT activity as an indicator of liver injury increased dramatically after APAP (Figure 1A).
Treatment with NAC or 4MP effectively prevented the injury but the caspase inhibitor had
no effect on elevated plasma ALT levels (Figure 1A) suggesting that liver injury was not
due to apoptosis. In contrast, the increased levels of BUN, an indicator of kidney injury,
due to APAP were not affected by NAC but reduced to baseline by 4MP and the caspase
inhibitor (Figure 1B). Since it has been suggested that neutrophil gelatinase-associated
lipocalin (NGAL) is a more reliable and sensitive biomarker of AKI as opposed to BUN and
creatinine in animal and clinical studies (Medic et al., 2016; Schrezenmeier et al., 2017),
we examined renal NGAL levels. Compared with the vehicle group, the group receiving
APAP had significantly upregulated expression of NGAL protein in the kidney (Figure 1C).
Pretreatment with Ac-DEVD-CHO almost completely prevented this increase in NGAL,
reiterating the importance of caspase-mediated apoptosis in APAP-induced renal injury.
Interestingly, treatment with 4MP also replicated the protection seen with caspase inhibitor,
while NAC had no effect on the APAP-induced NGAL upregulation in the kidney (Figure
1D). These data demonstrate that Ac-DEVD-CHO selectively prevents kidney injury but has
no effect on liver toxicity after an APAP overdose.

The histological evaluation confirmed the findings from the biomarkers with H&E staining
demonstrating varying degrees of tubular injury including tubular dilation or rupture and
brush border destruction in animals treated with APAP (Figure 2A). Apoptotic features
were also evident in proximal tubular cell death as highlighted by distinct nuclear TUNEL
staining (Figure 3A) when compared to the control tissue (Figure S1A). These histological
features in the kidney caused by APAP overdose were significantly attenuated with both
4MP and Ac-DEVD-CHO treatments while NAC was not renal protective (Figures 2A, 3A).
In contrast, APAP-induced severe liver injury as indicated by the extensive necrotic cell
death (N) in the areas around the central veins (CV) (Figure 2B) accompanied by extensive
nuclear DNA fragmentation that occurred in areas of necrosis characterized by diffuse
TUNEL staining within the whole cell (Figure 3B). In contrast to the kidney, Ac-DEVD-
CHO failed to protect against APAP-induced liver injury while NAC or 4MP treatments
significantly reduced APAP-induced hepatic injury (Figures 2B, 3B). These histological data
confirm disparate modes of cell death in the liver and kidney after an APAP overdose /n
vivo and suggest that Ac-DEVD-CHO has a potent role in protecting against APAP-induced
apoptotic cell death, which exclusively occurs in the kidney’s proximal tubules.

ER stress-associated caspase-12 dependent apoptosis in proximal tubular epithelial cells.

Although our data confirmed /n vivo previous studies suggesting apoptotic cell death in
isolated tubular epithelial cells (Lorz et al., 2005), the mechanistic reasons why APAP
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induces apoptosis in the kidney and necrosis in the liver remain unclear. /n vitro studies

on murine proximal tubular epithelial cells revealed that APAP incubation can induce cell
death with features of ER stress-mediated apoptosis without activation of the mitochondrial
pathways as evidenced by the absence of cytosolic cytochrome ¢ or Smac/DIABLO (Lorz
et al., 2004). Thus, we explored whether this held true /n vivo and whether it could explain
the protection by 4MP in kidney cells after APAP. As shown in Figure 4A, 600 mg/kg
APAP moderately increased the expression of ER stress markers such as PDI, and GRP78,
in the kidney. This was significantly reduced by AC-DEVD-CHO pretreatment. Although
AC-DEVD-CHO pretreatment induced a slight reduction of PDI and GRP78 expression,
the additional ER stress marker, CHOP, was significantly decreased. Interestingly, 4MP
also significantly reduced the expression of CHOP as opposed to NAC (Figure 4B,C),
suggesting that ER stress-mediated apoptosis was involved in APAP nephrotoxicity /in vivo.
Caspase-12 is an ER-localized caspase that can be activated in response to sustained ER
stress (Nakagawa et al, 2000). Our /17 vivo experiments revealed that APAP treatment did
not affect procaspase-12 expression but enhanced procaspase-12 cleavage indicating its
activation, which was again completely blocked by Ac-DEVD-CHO pretreatment (Figure
4A). Notably, caspase-12 cleavage products persisted in mice treated with APAP+NAC but
were absent after 4MP cotreatment and pretreatment with Ac-DEVD-CHO (Figure 4A,D).
These results, confirmed by densitometry analysis (Figure 4E), support the conclusion that
the severe APAP overdose caused ER stress through the formation of protein adducts and
triggered ER stress-mediated apoptotic cell death in the kidney /n vivo, which can be
effectively blocked by both 4MP and Ac-DEVD-CHO but not NAC.

4-MP inhibits microsomal and mitochondrial APAP protein adduct formation

APAP protein adduct formation is a critical mechanism of APAP-induced hepatic (Jollow
et al., 1973) and also renal injury (Akakpo et al., 2020; Emeigh-Hart et al., 1991). To

assess whether variance in the subcellular localization of APAP protein adducts may be
driving differential cell death pathways in the kidney and the liver, we measured protein
adducts in the ER and the mitochondria in both the kidney and the liver 4 h after APAP.

The representative chromatograms in Figure 5 demonstrate that APAP-CYS can be detected
in the liver (Figure 5A) and is significantly higher in the mitochondrial fraction compared
to the ER (Figure 5B). Consistent with our previous report, APAP-CYS adducts peaks

were almost undetectable in renal mitochondrial fractions while the levels were higher in
the microsomal fraction (Figure 5A, B). Notably, 4MP effectively protected against adduct
formation in the liver mitochondrial and microsomal fractions while also inhibiting adduct
formation in renal microsomal fractions (Figure 5A, B). These results are consistent with
the hypothesis that subcellular localization of protein adducts after APAP drives the mode of
cell death, with mitochondrial adducts in the liver inducing mitochondrial dysfunction and
necrotic cell death and ER adducts in the kidney causing ER stress and apoptosis. These
data also indicate that 4MP protects against APAP nephrotoxicity by selectively inhibiting
ER-localized Cyp2E1 in the kidney, which subsequently prevents protein adduct formation
in vivo and thus blocks the induction of ER stress-mediated apoptotic cell death.
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Cyp2E1 is selectively expressed in microsomes of proximal tubular epithelial cells.

Given the differential formation of APAP protein adducts in the kidney versus the liver,

we investigated Cyp2E1 protein expression and its subcellular localization in both organs
(Figure 6). We first localized Cyp2E1 in control liver and kidney tissue sections from
C57BL/6J mice by immunohistochemistry staining (Figure 6A). Our data revealed that
Cyp2E1 expression was predominantly localized in cells surrounding the central veins in
the liver as shown earlier (Akakpo et al., 2022a; Umbaugh et al., 2021), while staining was
predominantly seen in the cortex of the Kidney (Figure 6A). Since the cortex is enriched

in proximal tubular cells, we performed co-staining of Cyp2E1 and SGLT-2, a glucose
transporter exclusively expressed in the renal proximal convoluted tubules (Figure 6B).

The fluorescence staining signal of Cyp2E1 overlapped with the SGLT-2 signal confirming
that renal proximal tubular cells are the primary cells expressing Cyp2EL1 in the kidney.

To further localize Cyp2E1 within subcellular compartments from the liver and kidney,

we used a subcellular fractionation experimental approach of fresh tissue with western

blot detection of Cyp2EL1 protein levels in microsomal and mitochondrial fractions. This
experiment revealed that while both the liver and the kidney tissues expressed Cyp2E1, only
renal microsomal (Figure 6D) and not mitochondrial fractions (Figure 6 C,D) expressed
Cyp2E1. We used B-actin as a loading control as this protein is present in most cellular
compartments including mitochondria (Jayashankar and Rafelski, 2014) and microsomes
(Pain et al., 2023). In contrast, the liver expressed CYP2EL in both the mitochondria (Figure
6C) and the ER (Neve and Ingelman-Sundberg, 1999). These data indicate that in the kidney
cortex, renal proximal tubular epithelial cells predominantly express Cyp2E1 in the ER
where local production of APAP protein adducts initiates ER stress and apoptotic cell death.
This contrasts with the liver, where despite Cyp2E1 localization to both the mitochondria
and ER, adduct formation is significantly higher in the mitochondria (Figure 5B), which
initiates distinct necrotic cell death pathways (Ramachandran and Jaeschke, 2019).

4MP protects against APAP-induced apoptotic cell death in primary human kidney cells

The next series of experiments evaluated whether the mechanism of APAP-induced kidney
cell death we uncovered in the mouse /7 vivo is relevant for the human pathophysiology.
As shown in Figure 7A, human kidney tissue expresses Cyp2E1, and co-staining of human
kidney tissue with CYP2E1 and SGLT2 revealed that Cyp2E1 is also exclusively localized
to the proximal tubular cells of human kidneys (Figure 7B). This is further reiterated in
high-magnification images of isolated human primary kidney cells co-stained for Cyp2E1
and SGLT2 (Figure 8A). To test the susceptibility of human tubular cells to APAP, a dose-
response treatment was performed in the isolated primary kidney cells (NHK). Exposure of
NHK cells to APAP demonstrated a concentration-dependent loss of LDH with the 10 mM
concentration causing the highest cell death at 24 h (Figure 8C,D) and 48 h (Figure 8D,E).
Next, we evaluated the effects of 4MP, Ac-DEVD-CHO, and NAC after APAP treatment

in NHK cells. Our data revealed that in the presence of 2 mM 4MP, or 20 UM Ac-DVED-
CHO, APAP-induced cell death in these human kidney cells was significantly reduced
with 4MP and completely prevented by the caspase inhibitor (Figure 9A,B). Analogous

to the NAC effect in the mouse kidney, treating human cells with 20 mM NAC did not
provide any protection against APAP-induced cell death. To determine whether reducing ER
stress could alleviate caspase 12 activation and apoptosis, NHK cells were co-treated with
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APAP and the molecular chaperone tauroursodeoxycholic acid (TUDCA), which is an ER
stress inhibitor (Kusaczuk, 2019). Treating human cells with 100, 200 or 300 uM TUDCA
provides significant protection against APAP-induced cell death (Figure 10A,B). These data
indicate that 4MP and a caspase inhibitor but not NAC can have a protective role against
APAP-induced acute Kidney injury in primary human kidney cells.

DISCUSSION

Kidney damage in the context of APAP overdose has emerged as a clinically relevant
problem (Akakpo et al., 2020; Blantz, 1996; Eguia and Materson, 1997; Hengy et al.,
2009). Our previous analysis of a cohort of APAP overdose patients treated at the Banner-
University Medical Center in Phoenix revealed no kidney dysfunction after moderate liver
injury but severe liver injury in APAP overdose patients correlated with kidney dysfunction
(Akakpo et al., 2020). Consistent with these clinical observations, we observed kidney
injury only after a high overdose of APAP (600 mg/kg) but not after a moderate but

still hepatotoxic overdose (300 mg/kg) (Akakpo et al., 2020). Therefore, studies of the
mechanisms of kidney injury required the use of a high overdose. Investigation of the
early mechanistic events in the kidney after an APAP overdose also indicated that while
significant metabolism of APAP occurs in the kidney, mitochondrial adducts and c-Jun N-
terminal kinase (JNK) activation were absent, in contrast to the liver (Akakpo et al., 2020).
Importantly, NAC does not protect against APAP-induced nephrotoxicity suggesting that
mechanisms of renal cell death are distinct from those of the liver (Jones and Vale, 1993;
Slitt et al., 2004; Strehle and Haar, 2023). Previously, we investigated the effect of liposomal
encapsulated GSH (control: free GSH) on recovering GSH levels after fasting in the liver,
kidney and spleen (Wendel and Jaeschke, 1982). We showed that GSH administration
(equivalent to Cys, Gly and Glu) can recover kidney GSH levels within 60 min clearly
demonstrating that a supply of cysteine can stimulate GSH synthesis in the kidney. Thus,
the kidney is clearly able to re-synthesize GSH in depleted tissue, but this may be under

a different type of regulation than in the liver. Interestingly, clinical evidence indicates that
while an APAP overdose can cause liver injury in patients, renal failure can also occur
without liver failure (Campbell and Baylis, 1992; Eguia and Materson, 1997). However,
the lack of liver failure does not preclude the occurrence of liver injury since the majority
of APAP overdose patients recover after liver injury without developing liver failure. In
any case, these effects observed in the clinic have not been replicated in animal models.

In this paper, we demonstrate that Cyp2E1-mediated generation of NAPQI, protein adduct
formation, and sustained ER stress induced by the severe APAP overdose are the principal
events that trigger kidney injury. However, NAPQI can also bind to GSH to form APAP-
GSH, and while important for the detoxification of NAPQI, APAP-GSH has also been
implicated in the formation of a novel nephrotoxic compound (Stern et al., 2005). Another
potential mechanism of renal toxicity is related to APAP bioactivation by prostaglandin
endoperoxidase synthetase (PGES) in the medulla (Mugford and Tarloff, 1997). Together, an
increase in these mechanisms may potentiate the development of kidney failure in patients
without liver failure. These data emphasize the clinical relevance of better understanding
the mechanisms of APAP-induced nephrotoxicity and the need to identify new therapeutic
targets.
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APAP-induced liver injury

In the liver, the injury process after an APAP overdose is initiated by the formation

of NAPQI, which binds mitochondrial proteins (Ramachandran and Jaeschke, 2019).
Mitochondrial dysfunction ensues due to inhibition of the electron transport chain and the
formation of reactive oxygen species (Nguyen et al., 2021). Mitochondrial protein adduct
and reactive oxygen generation are prerequisites for early activation of INK (Nguyen et

al., 2021). Then, phosphorylated JNK translocates to the mitochondria (Hanawa et al.,
2008), which amplifies the mitochondrial oxidant stress and peroxynitrite formation (Saito
et al., 2010) resulting in the induction of mitochondrial permeability transition pore (MPTP)
opening (Kon et al., 2004). This triggers the release of mitochondrial intermembrane
proteins like endonuclease G and AlF, which translocate to the nucleus to cause nuclear
DNA fragmentation (Bajt et al., 2006). Importantly, several studies over the last decades
have clearly demonstrated that APAP-induced liver damage is due to programmed necrosis
(lorga and Dara, 2019; Jaeschke et al., 2019) and that apoptosis does not play a relevant

role after high or low overdoses of APAP in different strains of mice /n vivoor in cultured
mouse hepatocytes (Jaeschke et al., 2018). The lack of caspase activation and absence of
hepatocellular apoptosis as observed in both fed and in fasted mice also indicates that this
was not secondary necrosis (Gujral et al., 2002). In addition, no evidence of apoptosis was
observed in primary human hepatocytes (Xie et al., 2014) or metabolically competent human
HepaRG cells (McGill et al., 2011) after different doses of APAP. Furthermore, there was no
apoptosis detectable in APAP overdose patients (McGill et al., 2012). Yet, it remains to be
determined if the cascades of events primarily identified in the liver after an APAP overdose,
also occur in the kidney.

APAP-induced kidney injury

Previous analysis of renal biopsies in patients with APAP toxicity and renal insufficiency
have often described the occurrence of acute tubular epithelial cell necrosis (Blantz, 1996;
Hengy et al., 2009; Eguia and Materson, 1997). Although tubular necrosis is seen in
humans, that does not rule out early apoptosis, which subsequently evolves into necrosis
(secondary necrosis) (Jaeschke and Lemasters, 2003). However, a key distinction between
primary and secondary necrosis is the continued presence of caspase activation with
secondary necrosis (Bajt et al., 2000). Apoptosis is a programmed form of cell death that
may offer the opportunity for novel therapeutic interventions (Ortiz et al., 2001, 2003).

An alternative mitochondrial intrinsic pathway of apoptosis can be activated by DNA
damage (Lossi, 2022). This pathway involves members of the Bcl-2 family that regulate
mitochondrial Bax translocation and cytochrome c release. Recent studies have claimed
that APAP causes mitochondrial dysfunction and mitochondrial-mediated apoptosis in the
kidney, based solely on increased protein expression levels of pro-apoptotic genes like
Bax, and caspase-3 as well as changes in expression of anti-apoptotic genes like Bcl-2 or
mitochondrial membrane potential analysis (Shen et al., 2020; Wei et al., 2023). However,
additional examination of the molecular mechanism of kidney damage revealed that the
mitochondrial pathway was not activated during APAP-induced cell death as no loss of
the mitochondrial membrane potential, as well as no mitochondrial Bax translocation or
release of cytochrome ¢ was detected /n7 vivo (Lorz et al., 2005). In cultured murine
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tubular epithelial cells, APAP triggered apoptosis through a caspase-mediated mechanism
that involves caspase-9 and caspase-3 (Lorz et al., 2004). There was no mitochondrial
release of cytochrome ¢ and Smac/DIABLO while ER stress was suggested to mediate

cell death in this /n vitro study (Lorz et al., 2004). However, in mice, caspase-12 only
localizes to the ER and has been implicated in an ER stress pathway that induces apoptosis
(Nakagawa et al., 2000). In primary cultures of murine proximal tubular epithelial cells,
APAP induced caspase-12 mediated apoptosis without mitochondrial dysfunction /n vitro
(Lorz et al., 2004). These data suggest that the intrinsic mitochondrial pathway is less likely
to be involved in APAP-induced apoptosis in the kidney. Consistently, our /n7 vivo data now
demonstrate that APAP triggered an ER stress as indicated by CHOP, GRP78, and PDI
induction as well as caspase-12 activation. The caspase inhibitor Ac-DEVD-CHO attenuated
the ER stress, eliminated caspase-12 activation and kidney injury /in vivo, and effectively
prevented tubular cell death /7 vitro. In contrast to the kidney, Ac-DEVD-CHO did not affect
liver injury, which is consistent with previous studies using moderate overdoses of APAP
(Gujral et al., 2002). Importantly, 4MP also prevented caspase-12 activation and inhibited
kidney injury /n vivoand cell death in isolated renal epithelial cells. However, the standard
of care for APAP overdose, NAC, did not prevent caspase-12 activation and kidney injury
in vivoand in isolated human tubular cells even though this dose of NAC eliminated APAP-
induced liver injury. However, the ER stress inhibitor, TUDCA, minimized cytotoxicity
induced by APAP in NHK cells. This reinforces the important role of ER stress in the
pathophysiology of APAP-induced apoptosis in the kidney. These data also suggest that
APAP-induced liver and kidney injury are independent of each other, and that ER stress
plays a key role in initiating APAP-induced kidney apoptotic cell death in a mouse model
and in human renal tubular cells. These events are effectively counteracted by 4MP but not
NAC.

Role of mitochondrial and microsomal Cyp2E1 in APAP toxicity in liver and kidney

The subcellular localization of Cyp2E1 in the mitochondria and microsomes has

been demonstrated over several decades, with the first reports emerging in 1997
(Anandatheerthavarada et al., 1997). While most studies used a subcellular fractionation
approach to detect Cyp2E1 expression in the liver (Neve and Ingelman-Sundberg, 1999,
2001), little is known about the subcellular localization of Cyp2E1 in the kidney. This is
important since Cyp2E1-mediated metabolism of APAP has been implicated as a primary
cause of AKI (Akakpo et al., 2020; Emeigh-Hart et al., 1991). After APAP overdose, the
reactive metabolite, NAPQI, formed by Cyp2E1 in mice can bind covalently to cellular
proteins to form APAP protein adducts in the kidney (Akakpo et al., 2020; Emeigh-Hart et
al., 1991; Hart et al., 1994). This is a key event that triggers liver (Jollow et al., 1973; McGill
et al., 2013) and kidney injury after an APAP overdose (Akakpo et al., 2020; Emeigh-Hart
et al., 1991). However, we demonstrate that APAP adducts can only be formed in renal ER
while both hepatic ER and mitochondria form adducts. Additionally, Cyp2E1 was mostly
expressed in renal ER and not in renal mitochondria, unlike the liver, which expresses the
enzyme in both organelles (Knockaert et al., 2011). This important finding is corroborated
by an independent study that used immunogold EM to localize Cyp2E1l in ER and not

in mitochondria of the kidney cells (Liu and Baliga, 2003). Procaspase-12 is expressed

at high levels on the cytoplasmic side of the ER of renal tubular epithelial cells and can
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be activated by sustained ER stress in mice (Hitomi et al., 2004; Nakagawa et al., 2000).
Importantly, caspase-12 activates caspase-3, which is the executioner of apoptosis (Hitomi
et al., 2004). This explains why Ac-DEVD-CHO, which is an effective caspase-3 inhibitor
(Bajt et al., 2001), effectively protected against ER stress-mediated apoptosis in the kidney.
It is worth noting that Ac-DEVD-CHO can also inhibit the activity of other caspases with
lower efficiency (Boyle et al., 2013). Thus, ER stress induced by renal APAP metabolism
of ER-localized Cyp2EL1 is likely the primary event responsible for the initiation phase of
an ER stress-induced apoptosis after a severe APAP overdose. These findings in mice using
a 600 mg/kg dose of APAP are relevant for human patients, which also only show kidney
dysfunction after severe injury caused by a high overdose of APAP (Akakpo et al., 2020).

N-acetylcysteine and 4-methylpyrazole in APAP-induced kidney injury

The current standard of care to treat APAP overdose patients is NAC, which has a limited
therapeutic window (Rumack and Bateman, 2012) and does not protect against kidney
toxicity in the mouse (Slitt et al., 2004), or in humans prompting the proposition of new
guidelines for clinical use of NAC in patients following APAP overdose (Strehle and Haar,
2023). The study conducted herein further demonstrate that 4MP is superior to NAC at
protecting human primary kidney cells against APAP-induced ER stress-mediated apoptotic
cell death of proximal tubules. NAC is a membrane-permeable cysteine precursor that may
passively (Pedre et al., 2021), but also actively (Hagos et al., 2017) deliver cysteine to
kidney tubular cells. Interestingly, IP injection resulted in significant renal clearance of NAC
by uptake and efflux transporters in mouse kidneys (Hagos et al., 2017). Thus, it remains
to be determined whether the lack of renal protection in APAP-poisoned mice is due to an
increased rate of NAC clearance after IP administration which may not adequately deliver
NAC to renal tubules in the kidney. After free NAC enters a cell, it is rapidly hydrolyzed

to release cysteine, which is the rate-limiting precursor of GSH synthesis. Moreover, NAC
is a prodrug that requires the enzymatic cleavage of the acetyl group via the specific
activity of the acylase to liberate free L-cysteine (Uttamsingh et al., 1998). An alternate
prodrug of L-cysteine, Ribose Cysteine (Rib-Cys), can also deliver the amino acid to the
cell by a non-enzymatic ring opening and solvolysis mechanism that differs from the

NAC mechanism of action (Roberts et al., 1992). Interestingly, Rib-Cys protects against
APAP-induced nephrotoxicity (Lucas et al., 2000; Slitt et al., 2005). Thus, further studies
are needed to determine whether intracellular Acylase | activity in proximal tubular cells
accounts for the greater efficacy of RibCys compared to NAC in renal protection against
APAP toxicity. Together, the tissue-specific differences that exist between the liver and the
kidney may be due to the membrane permeability and transport of NAC in renal cells, as
well as the potential inability of renal cells to hydrolyze NAC and release L-Cysteine, which
may, in turn, contribute to an altered GSH resynthesis pathway in renal cells. Importantly,
Cyp2E1 activity in mitochondrial and microsomal fractions is higher in the liver than in the
kidney, and its activity in the kidneys is higher in the ER than in mitochondria, where no
relevant activity was detected (Arzuk et al., 2022). This low Cyp2E1 activity is due to the
lack of Cyp2E1 localization to mitochondria which also explains the lack of renal APAP
protein adduct formation in the mitochondria as opposed to the ER.
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Summary and Conclusion

Treatment with a high overdose of APAP resulted in severe centrilobular necrosis in the
liver and tubular cleavage of procaspase-12 and apoptosis in the kidney (Figure 11) . These
findings are consistent with the fact that kidney dysfunction is only observed in patients with
severe liver injury implying a high overdose of APAP (Akakpo et al., 2020). NAC protected
against hepatic necrosis but could not prevent renal apoptosis (Figure 11). 4MP provided
significant protection against renal APAP protein adduct formation, which was localized to
the ER only. 4MP and Ac-DEVD-CHO significantly protected against APAP-induced ER
stress and procaspase-12 activation while NAC did not. Our data indicate that the severe
overdose of APAP led to sustained ER stress that is initiated by the Cyp2E1-mediated
NAPQI and protein adduct formation in the ER, which triggers the cleavage and activation
of procaspase-12, ultimately causing apoptotic cell death in the proximal tubular cells in the
kidney.
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ABBREVIATIONS
AlF apoptosis-inducing factor
AKI acute kidney injury
ALF acute liver failure
ALT alanine aminotransferase
APAP acetaminophen
BUN blood urea nitrogen
CHOP C/EBP Homologous Protein
Cyp2E1l cytochrome P450 2E1
ER endoplasmic reticulum
GRP78 glucose regulated protein 78
GSH glutathione
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H&E hematoxylin & eosin

JNK c-Jun N-terminal kinase

MPTP mitochondrial permeability transition pore

AMP 4-methylpyrazole

NAC N-acetyl-L-cysteine

NAPQI N-acetyl-p-benzoquinone imine

NGAL neutrophil gelatinase-associated lipocalin

PDI protein disulfide isomerase-Al

SGLT2 sodium-glucose cotransporter-2 (SGLT2)

Smac/DIABLO Second Mitochondria-derived Activator of Caspases/Direct
IAP-Binding protein with Low PI)

SOD superoxide dismutase

TUNEL terminal deoxynucleotidyl transferase-mediated dUTP nick
end-labelling assay

TUDCA Tauroursodeoxycholic acid
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Figure 1: Effect of inhibition of apoptosis on renal and hepatic injury after a severe APAP

overdose.

C57BL/6J mice were treated with 600 mg/kg APAP and sacrificed after 24 h for the
collection of blood and tissues. Groups of mice also received a co-treatment with 50 mg/kg
4MP, 500 mg/kg NAC, or 3 mg/kg Ac-DVED-CHO. Graphs are means = SEM for plasma
ALT activities (A) and Blood Urea Nitrogen (BUN) levels (B); n= 8 animals per group.
*P< 0.05 (compared to control). #P<0.05 (compared to APAP). Kidney homogenates were
subjected to western blotting for NGAL and B-actin (C) and (D). Samples are from 3

representative animals per group.
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Figure 2: Effect of apoptosisinhibition on kidney and liver histology.
Mice were treated with 600 mg/kg APAP or saline (10 ml/kg) by intraperitoneal (IP)

injection. Then, mice received an IP cotreatment of 50 mg/kg 4MP, 500 mg/kg NAC, 3
mg/kg Ac-DEVD-CHO, or vehicle. Mice were killed 24 h after APAP. Tissue sections
were stained for H&E to visualize kidney and liver morphology. Representative images of
H&E staining of kidney sections (right panels) in control show normal renal corpuscle,
glomerulus, and bowman’s capsule (yellow arrow) surrounded with intact tubules that are
lined with high cuboidal cells having rounded nuclei (blue arrow). In contrast, tissue from
APAP-dosed mice shows dilated intertubular cortical blood vessels dilated tubules, rupture
of brush border, and tubular necrosis (black star) with the accumulation of necrotic debris
within the collecting tubules (black arrow) (black arrowhead) (A) (x200). Representative
images of H&E staining of liver sections (left panels) are shown in control with normal
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hepatocytes filled with glycogen. In contrast, liver tissue from APAP-dosed mice displayed
dilation of central veins (CV) surrounding the portal triad (PT) and accumulation of red
blood cells. Centrilobular necrosis of the hepatocytes is highlighted in the image with a
dashed line (B) (x100). Representative image from 8 animals per group.
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Figure 3: Effect of Ac-DEVD-CHO on apoptotic cell death in the kidney and necrotic cell death
in theliver.

Mice were treated with 600 mg/kg APAP or saline (10 ml/kg) by intraperitoneal injection for
24 h. Then, mice received an IP co-treatment of 50 mg/kg 4MP, 500 mg/kg NAC or 3 mg/kg
Ac-DEVD-CHO. Representative TUNEL images of the kidney (left panels) showing distinct
nuclear TUNEL staining that are present in the APAP and APAP + NAC group but absent in
the APAP +Ac-DEVD-CHO and APAP +NAC group (A). Representative TUNEL images of
liver tissue (right panels) highlighting extensive nuclear DNA fragmentation that occurred in
areas of necrosis present in all groups but APAP +4MP (B) (all x100) stained with TUNEL
assay. Representative image from 8 animals per group.
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Figure 4: ER stressand ER-mediated apoptosisin the kidney after APAP overdose.
Mice were treated with 600 mg/kg APAP or saline (10 ml/kg) IP for 24 h. Then, mice

received a co-treatment of 50 mg/kg 4MP, 500 mg/kg NAC, or 3 mg/kg Ac-DEVD-CHO

IP. PDI, GRP78, CHOP, caspase-12, and cleaved caspase-12 protein expression was assessed
by western blot in kidney tissue homogenate at 24 h between control, APAP, and Ac-DEVD-
CHO treatment (A), in controls, APAP and APAP+4MP treated animals (B), after control,
APAP, and APAP+NAC (C) treatment and after APAP+4MP, APAP+NAC and Ac-DEVD-
CHO treatments (D). Samples are from 3 representative animals per group. *P < 0.05
(compared with control). #P < 0.05 (compared with APAP).
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Figure 5: Mitochondrial versus endoplasmic APAP protein adducts.
Mice were treated with 600 mg/kg APAP alone or with 50 mg/kg 4MP for 4 h. (A)

Representative chromatogram of APAP protein adducts in different subcellular fractions.
Traces indicate the 3 different potentials set at 180, 280, and 300 mV on the Coularray
electrochemical detector. (B) APAP protein adducts in the ER and in mitochondria. Data
represent means = SEM of 3 measurements per preparation (n = 6 animals per group).

*P < 0.05 (compared with liver mitochondrial fraction). P < 0.05 (compared with kidney
mitochondrial fraction). Statistical comparisons (* and #) are with the APAP group.
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Figure 6: Cyp2E1 expression in mouse liver and kidney.
Immunohistochemistry of Cyp2E1 in the kKidney and the liver (A) (x200). Co-staining

of SGLT-2 and Cyp2E1 on kidney tissue sections of control mice (magnification: x200

on the left and x600 on the right) (B). Kidney (C, D) and liver (C) homogenates from
untreated mice were subjected to western blot analysis to assess subcellular expression of
Cyp2E1. Representative image from 3 animals per group. Western blot samples are from 3
representative animals per group.
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Figure 7: Renal Cyp2E1 expression in the kidney of human tissue sections.
H&E and immunohistochemistry of Cyp2EL1 in the kidney (A) (x200). Immunofluorescence

co-staining of SGLT-2 and Cyp2E1 on kidney sections (magnification: x200 on the left and
x600 on the right) (B). Representative image from 3 male donors per group.
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Figure 8: Susceptibility of primary normal human kidney (NHK) cellsto APAP.
Cells were treated with 1 to 10 mM of APAP for 24 or 48 h. Immunofluorescence co-

staining of SGLT-2 and Cyp2EL1 on kidney section (x600 magnification) (A). Phase contrast
images of control and APAP-treated cells at 24 h (B) (x200). Dose-dependent LDH activity
in cells at 24 h (C). Phase contrast images of control and treated cells at 48 h (B) (x200).
Dose-dependent LDH activity in cells at 48 h (C). Bars represent means + SEM for three
separate treatments. *P < 0.05 versus control
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Figure 9: Effect of AMP, Ac-DEVD-CHO, and NAC in APAP-treated NHK cells.
Cells were treated with 10 mM APAP alone or in combination with 2 mM 4MP, 20 mM

NAC, or 20 uM Ac-DEVD-CHO. Phase contrast images of control and treated cells (A)
(x200). % LDH release into the culture medium. Bars represent means + SEM for three
separate experiments. *P < 0.05 versus control; *P < 0.05 versus APAP.
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Figure 10: Effect of TUDCA in APAP-treated NHK cells.

Cells were treated with 10 mM APAP alone or in combination with 100, 200, or 300 uM
TUDCA. Phase contrast images of control and treated cells (A) (x200). % LDH release into
the culture medium (B). Bars represent means + SEM for three separate experiments. *P <

0.05 versus control; #P < 0.05 versus APAP.
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Figure 11: Mechanisms of APAP-induced hepatic necrosis and renal apoptosis.
(A) Schematic illustrations of mitochondria-induced cell necrosis in the liver after APAP

overdose (B) ER stress-induced cell apoptosis in the kidney illustrations after APAP
overdose and (C) inhibition of APAP-induced acute kidney injury by 4MP but not NAC.
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