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Abstract

Acetaminophen (APAP) overdose disrupts hepatocellular lysosomes, which release ferrous iron 

(Fe2+) that translocates into mitochondria putatively via the mitochondrial calcium uniporter 

(MCU) to induce oxidative/nitrative stress, the mitochondrial permeability transition (MPT), 

and hepatotoxicity. To investigate how MCU deficiency affects mitochondrial Fe2+ uptake and 

hepatotoxicity after APAP overdose, global MCU knockout (KO), hepatocyte specific (hs) MCU 

KO, and wildtype (WT) mice were treated with an overdose of APAP both in vivo and in vitro. 

Compared to strain-specific WT mice, serum ALT decreased by 88 and 56%, respectively, in 

global and hsMCU KO mice at 24 h after APAP (300 mg/kg). Hepatic necrosis also decreased 

by 84 and 56%. Intravital multiphoton microscopy confirmed loss of viability and mitochondrial 

depolarization in pericentral hepatocytes of WT mice, which was decreased in MCU KO mice. 

CYP2E1 expression, hepatic APAP-protein adduct formation, and JNK activation revealed that 

APAP metabolism was equivalent between WT and MCU KO mice. In cultured hepatocytes after 
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APAP, loss of cell viability decreased in hsMCU KO compared to WT hepatocytes. Using fructose 

plus glycine to prevent cell killing, mitochondrial Fe2+ increased progressively after APAP, as 

revealed with mitoferrofluor (MFF), a mitochondrial Fe2+ indicator. By contrast in hsMCU 

KO hepatocytes, mitochondrial Fe2+ uptake after APAP was suppressed. Rhod-2 measurements 

showed that Ca2+ did not increase in mitochondria after APAP in either WT or KO hepatocytes. In 

conclusion, MCU mediates uptake of Fe2+ into mitochondria after APAP and plays a central role 

in mitochondrial depolarization and cell death during APAP-induced hepatotoxicity.
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1. Introduction

Acetaminophen (APAP) overdose produces severe liver injury, evidenced by serum alanine 

aminotransferase (ALT) release and hepatic necrosis, and is the leading cause of acute 

liver failure in North America (Larson, 2007; Hinson et al., 2010). Although extensively 

studied, the mechanisms of APAP-induced liver injury remain incompletely understood. 

At a therapeutic dosage, a small portion of APAP is metabolically activated by CYP450 

enzymes to generate the toxic metabolite, N-acetyl-p-benzoquinone imine (NAPQI), which 

is conjugated with and detoxified by GSH (James et al., 2003). With an overdose of APAP, 

hepatic GSH becomes exhausted, and excess NAPQI leads to oxidative stress, mitochondrial 

dysfunction, onset of the mitochondrial permeability transition (MPT), and hepatocellular 

death (Kon et al., 2004; Hanawa et al., 2008).

Iron plays a critical role in oxidative stress in many injuries, including to the liver, heart, 

and central nervous system (Pucheu et al., 1993; Ghate et al., 2015; Wang et al., 2015). 

Previous studies identified the lysosomal/endosomal compartment as an important source 

of mobilizable chelatable iron in the liver (Lemasters, 2004; Kurz et al., 2007; Uchiyama 

et al., 2008; Kon et al., 2010). The electrogenic mitochondrial Ca2+ uniporter (MCU) is a 

transmembrane protein located in mitochondrial inner membrane, which also can transport 

Fe2+ into mitochondria during oxidative injury to hepatocytes (Flatmark and Romslo, 

1975; Uchiyama et al., 2008). Previous studies from our laboratory showed that APAP 
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disrupts lysosomes, which release ferrous iron (Fe2+) into the cytosol. Cytosolic Fe2+ then 

translocates into mitochondria likely by MCU to induce the MPT and killing in hepatocytes 

(Hu et al., 2016a; Hu and Lemasters, 2020). Here, to implicate specifically MCU in Fe2+ 

uptake into mitochondria during APAP hepatotoxicity, we used both global MCU knockout 

(KO) and hepatic specific (hs) MCU KO mice. Both in vivo and in vitro, MCU deficiency 

protected against APAP hepatotoxicity after APAP. Protection was associated with blockade 

of cytosolic iron movement into mitochondria. By contrast, Ca2+ did not accumulate inside 

mitochondria after APAP. Thus, MCU in hepatocytes plays a central role in mitochondria 

uptake of Fe2+ rather than Ca2+ after APAP, which drives MPT onset, and cell death.

2. Materials and Methods

2.1. Materials

Rhodamine 123 (Rh123), propidium iodide (PI), Rhod-2 AM and rat anti-F4/80 antibody 

were purchased from ThermoFisher Scientific (Waltham, MA); RPMI1640 from Gibco 

(Rockville, MD); glass bottom Petri dishes from MatTek Corp (Ashland, MA); rabbit 

anti-CYP2E1 antibody (Abcam, Waltham, MA), rabbit anti-MCU, rabbit anti-JNK and anti-

phospho-JNK (pJNK) antibodies from Cell Signaling Technology (Danvers, MA); and other 

reagent grade chemicals from Sigma-Aldrich (St. Louis, MO). Mitoferrofluor (MFF) was 

synthesized, as described (Kholmukhamedov et al., 2022). When used, MFF was dissolved 

in dimethyl sulfoxide (DMSO). For experiments, the final concentration of DMSO was 

0.1%. Vehicle for other agents was water or hormonally defined medium (HDM). Vehicle 

controls were performed in all experiments.

2.2. Animals

Male global MCU KO (CD-1 background, Texas A&M Institute for Genomic Medicine, 

College Station, TX), hsMCU KO (C57BL/6J background), Kupffer cell specific (ks) MCU 

KO (C57BL/6J background) and WT mice (8–12 weeks) were housed in an environmentally 

controlled room with a 12-h light/dark cycle and free access to food and water. After 

overnight fasting, mice were treated with vehicle (warm saline) or APAP (300 mg/kg, i.p.), 

and food was then made available. All experiments were conducted using animal protocols 

approved by the Institutional Animal Care and Use Committee.

2.3. Cre-lox breeding strategy and genotyping

To generate hsMCU KO mice, floxed MCU mice (MCUfl, Strain #029817, B6;129s-

Mcutm1.1Jmol/J, Jackson Laboratory, Bar Harbor, ME) were mated with alb-cre mice 

(Jackson Laboratory) to produce double heterozygotes with the floxed MCU (flox) 

and alb-cre alleles (MCUflox+/−,alb-cre+/−). MCUflox+/−, alb-cre+/− were mated to produce 

several genotypes, including MCUflox+/+,alb-cre+/? and MCUflox−/−,alb-cre +/?. Hepatocytes 

of MCUflox+/+,alb-cre+/? mice become deficient in MCU by an age of 4 weeks when cre 

recombinase on the albumin promoter begins to be expressed. MCUflox+/+,alb-cre −/− were 

used as controls. Primers for genotyping of hsMCU KO mice were as follows: for floxed 

mice, 5’CAG TTA TTC AGT TTA ATG CCG AAG G and 5’GCA AAT GTG CCA GCT 

TGG T; for alb-cre mice, 5’CCA GGC TAA GTG CCT TCT CTA CA and 5’AAT GCT 

TCT GTC CGT TTG CCG GT.
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Similarly, to generate ksMCU KO mice, MCUfl mice were mated with Clec4f-Cre-tdTomato 

mice (C57BL/6J-Clec4fem1(cre)Glass/J, Strain # 033296, Jackson Laboratory) to produce 

double heterozygotes with the floxed MCU (flox) and clec4f-cre alleles (MCUflox+/−,cre+/

−). MCUflox+/−,cre+/− were mated to further produce MCUflox+/+,cre+/? in which MCU is 

deficient in Kupffer cells. MCUflox+/+,cre −/− were used as controls. Primers for genotyping 

of ksMCU KO mice were as follows: for floxed mice, 5’CAG TTA TTC AGT TTA ATG 

CCG AAG G and 5’GCA AAT GTG CCA GCT TGG T; for clec4f-cre mice, 5’ACA CCG 

GCC TTA TTC CAA G and 5’CAA GAA GTC CAC AGG GTG GT.

2.4. Isolation and Culture of Mouse Hepatocytes

Hepatocytes were isolated from 20 to 25 g overnight-fasted male WT, global MCU 

KO and, hsMCU KO mice via collagenase perfusion through the inferior vena cava, as 

described previously (Uchiyama et al., 2008). Hepatocytes were resuspended in Waymouth’s 

medium MB-752/1 containing 2 mM L-glutamine, 10% fetal calf serum, 100 nM insulin, 

10 nM dexamethasone, 100 U/ml penicillin, and 100 μg/ml streptomycin, as previously 

described (Qian et al., 1997). Cell viability was greater than 85% by trypan blue exclusion. 

Hepatocytes were plated on 0.1% type 1 rat-tail collagen-coated 24-well microtiter plates 

(1.5 × 105 cells per well) or on glass bottom Petri dishes (3.0 × 105 cells per dish, Maktek 

Corporation, Ashland, MA). After attaching for 3 h in humidified 5% CO2, 95% air at 37°C, 

hepatocytes were washed once and placed in hormonally defined medium (HDM) consisting 

of RPMI 1640 supplemented with 240 nM insulin, 2 mM L-glutamine, 1 μg/ml transferrin, 

0.3 nM selenium, 100 U/ml penicillin, and 100 μg/ml streptomycin at pH 7.4.

2.5. Kupffer cell isolation

Kupffer cells (KCs) were isolated from male WT or ksMCU KO mice via collagenase in 
situ perfusion. In brief, livers were perfused through the inferior vena cava with HBSS, 

followed by 0.1% collagenase IV (sigma, St Louis, MO). The perfused liver was excised and 

transferred to a sterile petri dish, then minced with sterile forceps. The homogenized cell 

suspension was filtered through a 60-μm mesh. Hepatocytes were pelleted by centrifugation 

at 50 x g for 3 min and the supernatant was collected into a 50 ml conical tube. The cells 

were washed in HBSS and pelleted by centrifugation at 500 x g for 5 min. The pellet was 

resuspended in HBSS and layered onto a two layer 25%−50% Percoll gradient (Sigma, St. 

Louis, MO), and centrifuged at 1800 x g for 15 min with acceleration and brake turned 

off. Cells in the middle layer were collected and allowed to attach to cell culture plates in 

DMEM supplemented with 10% FBS and 1% Pen-Strep (Gibco, 15140112) in humidified 

5% CO2, 95% air for 30 min at 37°C. Nonadherent cells were removed by replacing the 

culture medium.

2.6. Immunocytochemistry

KCs were cultured on glass bottom Petri dishes (4.0 × 104 cells per dish) for 4 h. 

Subsequently, cells were fixed with 4% paraformaldehyde in phosphate-buffered saline 

(PBS) for 10 min, permeabilized with 0.2% Triton™ X-100 for 10 min, and blocked with 

1% bovine serum albumin (BSA) for 1 h at room temperature. The cells were then labeled 

with F4/80 monoclonal antibody (ThermoFisher, Waltham, MA) and/or MCU monoclonal 

antibody (Cell Signaling, Danvers, MA) at 1:100 dilutions in 0.1% BSA, incubated at 4°C 
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overnight, washed and then incubated with secondary antibody (Alexa Fluor 488 or Alexa 

Fluor 568, 1:1000) for 1 h at room temperature. Control dishes were probed only with the 

secondary antibody. After washing with PBS, cells were placed on the stage of a Zeiss LSM 

880 laser scanning confocal microscope (White Plains, NY). Green fluorescence Alexa 488 

was excited at 488 nm, and emission was collected at 490–560 nm. Red fluorescence Alexa 

568 was excited at 559 nm, and emission was imaged at 565–735 nm.

2.7. Fluorometric Assay of Cell Viability

Cell death was assessed using a NovoStar multiwell plate reader (BMG Lab Technologies, 

Offenburg, Germany), as previously described (Nieminen et al., 1992). Briefly, hepatocytes 

were incubated in HDM containing 30 μM propidium iodide (PI, ThermoFisher). PI 

fluorescence from each well was measured at excitation and emission wavelengths of 544 

nm and 620 nm (40-nm bandpass), respectively. For each well, fluorescence was first 

measured at 20 min after addition of PI (Initial) and then at various times after treatment 

with APAP (X). Experiments were terminated by permeabilizing plasma membranes with 

375 μM digitonin. After another 20 min, a final fluorescence measurement (Final) was 

collected. The percentage of nonviable cells (D) was calculated as D = 100(X -Initial)/

(Final - Initial). Cell killing assessed by PI fluorometry correlates closely with trypan blue 

exclusion and enzyme release as indicators of oncotic necrosis (Nieminen et al., 1992).

2.8. Loading of fluorophores

For in vitro studies, hepatocytes plated on cover glasses were incubated in HDM with 20 

mM Na-HEPES buffer (pH 7.4) to maintain pH. In some experiments to stabilize the plasma 

membrane after APAP exposure and prevent cell death, hepatocytes were incubated with 20 

mM fructose plus 5 mM glycine (Kon et al., 2004). To monitor mitochondrial membrane 

potential (ΔΨ) and chelatable Fe2+, cells were loaded with 300 nM Rh123 or TMRM (ΔΨ 
indicators) and 1 μM MFF or calcein acetoxymethyl ester (calcein-AM) (Fe2+ indicators) for 

30 min (Lemasters and Ramshesh, 2007; Kholmukhamedov et al., 2022). Cells were then 

washed once and incubated in HDM at pH 7.4 containing 100 nM Rh123 but no MFF or 100 

nM TMRM and 300 μM calcein free acid. To monitor mitochondrial Ca2+, hepatocytes were 

loaded with 10 μM Rhod-2 AM for 1 h. Cells were then washed 3 times and incubated in 

HDM-HEPES at pH 7.4.

2.9. Laser Scanning Confocal Microscopy

Hepatocytes loaded with various combinations of fluorophores were placed in an 

environmental chamber in 5% CO2, 95% air at 37°C on the stage of a Zeiss LSM 880 

laser scanning confocal microscope (White Plains, NY) equipped with a 63X oil-immersion 

objective lens. Green fluorescence of Rh123 was excited at 488 nm, and emission was 

collected at 490–560 nm. Red fluorescence (PI, Rhod-2) was excited at 559 nm, and 

emission was imaged at 565–735 nm.

2.10. Intravital Multiphoton Microscopy

For intravital microscopy at 24 h after vehicle or APAP injection, mice were anesthetized 

with ketamine/xylazine and connected to a small animal ventilator via a respiratory tube 
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(20-gauge catheter) inserted into the trachea. Rh 123 (2 μmol/mouse) plus PI (0.4 μmol/

mouse) were infused via polyethylene-10 tubing inserted into the femoral vein over 10 min. 

After infusion of the fluorescent probes, individual mice were laparotomized and placed in a 

prone position. The liver was gently withdrawn from the abdominal cavity and placed over 

a #1.5 glass coverslip mounted on the stage of an inverted Olympus Fluoview 1200 MPE 

multiphoton microscope (Olympus, Center Valley, PA) equipped with a 60X 1.3 NA silicone 

oil-immersion objective lens and a Spectra Physics Mai Tai Deep Sea tunable multiphoton 

laser (Newport, Irvine, CA). Non-descanned green and red fluorescence were separated 

using 495–540 nm and 575–630 nm band pass filters. Green Rh123 and red PI fluorescence 

was imaged simultaneously using 800-nm multiphoton excitation. During image acquisition, 

the respirator was turned off for 5–10 sec to eliminate breathing movement artifacts. Images 

were collected 25 μm from the liver surface. Pericentral areas were identified by the 

sinusoidal configuration under the microscope.

2.11. Image Analysis

For in vitro studies, Rh123 and MFF fluorescence was quantified using Adobe Photoshop 

CS4 (San Jose, CA, USA). Briefly, cells were outlined, and mean fluorescence intensity was 

determined by histogram analysis of the appropriate red and green channels. Background 

values were obtained from images collected while focusing within the coverslip and were 

subtracted from mean fluorescence of each field. For in vivo studies, punctate green Rh123 

fluorescence in hepatocytes represented polarized mitochondria, whereas dimmer diffuse 

fluorescence signified mitochondrial depolarization. Depolarized areas were quantified in 

10 random fields using IP Lab version 3.7 software (BD Biosciences, Rockville, MD) by 

dividing depolarized areas by total cellular area of the images. Nonviable PI-positive cells, 

indicated by red nuclear fluorescence, were also counted in ten random fields per liver. 

Image analysis was performed in a blind fashion.

2.12. Alanine aminotransferase

At 24 h after vehicle or APAP injection, mice were anesthetized with ketamine/xylazine 

(100 and 10 mg/kg, respectively, i.p.), and blood was collected from the inferior vena cava. 

Serum ALT was measured using a commercial kit (Pointe Scientific, Canton, MI).

2.13. Histology

Livers were fixed by immersion in 4% paraformaldehyde in PBS. Area percent of necrosis 

was quantified in hematoxylin and eosin (H&E)-stained paraffin sections with IP Lab 

software (BD Biosciences, Rockville, MD).

2.14. Western blotting

Protein was extracted from liver tissue, as previously described (Shi et al., 2012). 

Equivalent amounts of protein were resolved on NuPAGE Bis-Tris 4%−12% polyacrylamide 

gels, transferred to PVDF membranes, and probed with primary antibodies (1:1000 

dilution): rabbit anti-MCU antibody (Danvers, MA), rabbit anti-CYP2E1 antibody, rabbit 

anti-JNK antibody, rabbit anti-phospho-JNK (pJNK) antibody, and rabbit anti β-actin. The 

secondary antibody was HRP-conjugated anti-rabbit IgG (1:10000 dilution). Membranes 
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were developed by the Enhanced Chemiluminescence Detection System (Thermo Fisher 

Scientific) and imaged using a Caresteam 4000 PRO image station (Woodbridge, CT). 

Whole gel images and loading controls for Western blots are shown in Suppl. Fig. 1 and 2.

2.15. NAPQI-protein adduct assay

NAPQI-protein adducts were measured using HPLC with electrochemical detection, as 

previously described (McGill et al., 2012).

2.16. Statistical analysis

Data are presented as means ± standard error. Differences between groups were analyzed 

by the Student’s t-test or ANOVA followed by Tukey’s multiple comparison procedure, as 

appropriate, using p<0.05 as the criterion of significance. Images shown are representative 

of three or more experiments.

3. Results

3.1. Creation of hepatocyte MCU-deficient and Kupffer cell MCU-deficient mice

hsMCU mice were bred by crossing alb-cre mice with floxed MCU mice. Western blots 

confirmed the absence of MCU protein expression in isolated hepatocytes from both global 

MCU KO and hsMCU KO mice (Fig. 1A, Suppl. Fig. 1A and 2A). However MCU protein 

remained expressed in the kidneys of hsMCU KO (Fig. 1B, Suppl. Fig. 1B and 2B). 

Similarly, ksMCU KO mice were bred by crossing Clec4f-Cre-tdTomato mice with floxed 

MCU mice. Immunocytochemistry confirmed the absence of MCU protein expression in the 

KCs of ksMCU KO mice (Fig 1C).

3.2. Decreased acetaminophen-induced ALT release and liver necrosis in global MCU 
deficient and hepatocyte specific MCU deficient mice but not Kupffer cell specific MCU 
deficient mice

Liver injury after APAP overdose was assessed from ALT release and necrosis. At 24 h after 

overdose of APAP (300 mg/kg), serum ALT was 5,166 ± 886 U/L in strain specific WT 

mice compared to 605 ± 210 U/L in global MCU KO mice (Fig. 2A). From our previous 

studies, the normal reference range for serum ALT in control mice is 30–35 U/L (Hu et al., 

2016b). In vehicle-treated mice, liver histology was normal (Fig. 2B, top, left). At 24 h after 

APAP, necrosis with a pericentral distribution was 37 ± 7% of cross-sectional areas in strain 

specific WT mice (Fig. 2B, top right) compared to 6 ± 3% in global MCU knockout mice 

(Fig. 2B, bottom left).

In hsMCU WT mice (MCU-expressing littermates of hsMCU KO mice), overdose of APAP 

increased serum ALT to 9,398 ± 3,075 U/L at 24 h, indicating severe liver injury (Fig. 3A). 

By contrast in hsMCU KO mice, ALT decreased to 4,104 ± 403 U/L after APAP. In hsMCU 

WT mice, hepatic necrosis was 54 ± 7 % after APAP versus 23 ± 2% in hsMCU KO mice 

(Fig. 3B, top and bottom left, arrows and Fig. 3C).

To assess the role of MCU in Kupffer cells in APAP-induced hepatotoxicity, we also treated 

ksMCU KO mice with APAP. However, ALT and hepatic necrosis between ksMCU KO 
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and the corresponding WT mice at 24 h after overdose APAP were very similar and not 

statistically significantly different (Fig. 3A, B and C).

3.3. Decreased acetaminophen-induced cell killing in MCU deficient hepatocytes in vitro

APAP-induced killing of primary cultured hepatocytes was determined by PI fluorescence 

assay. When mouse hepatocytes were exposed to 10 mM APAP (toxic dose for mouse 

hepatocytes in vitro), loss of cell viability began at 4 h and increased to 60% and 80% after 

6 and 10 h (Fig. 4), as observed previously (Kon et al., 2004). In MCU KO hepatocytes, 

cell killing was significantly less after APAP at all time points between 4 and 10 h (Fig. 4), 

confirming an important role for MCU in APAP hepatotoxicity.

3.4. Suppression of mitochondrial iron uptake, mitochondrial depolarization, and cell 
death in MCU-deficient hepatocytes treated with acetaminophen

To further assess the role of MCU in the translocation of chelatable iron into mitochondria 

during APAP hepatotoxicity, hsMCU KO and WT mouse hepatocytes were co-loaded 

with Rh123 and MFF. Rh123 is a cationic, green-fluorescing dye that is an indicator of 

mitochondrial ΔΨ. In our previous studies, calcein-AM was used to monitor mitochondrial 

iron uptake in rat hepatocytes (Uchiyama et al., 2008; Zhang and Lemasters, 2013). 

However, the cold-loading/warm incubation strategy to load calcein into mitochondria 

is species-dependent, and mitochondria of mouse hepatocytes label poorly with calcein. 

Accordingly, MFF was used here to detect mitochondrial Fe2+ in mouse hepatocytes. Like 

Rh123, cationic MFF also accumulates electrophoretically in mitochondria driven by ΔΨ, 

but unlike Rh123, MFF binds covalently to sulfhydryls of intramitochondrial proteins and is 

not released after mitochondrial depolarization. MFF is specific for Fe2+ (and Cu2+). Other 

multivalent cations, including calcium, do not quench MFF (Kholmukhamedov et al., 2022). 

Increased Fe2+ after APAP was distinguished from increased Cu2+ using desferal, which 

chelates iron but not copper (Hu et al., 2016a). In these experiments, 20 mM fructose and 

5 mM glycine were added to the medium to prevent plasma membrane permeabilization 

and necrotic cell death after APAP (Kon et al., 2004). In hsMCU WT hepatocytes treated 

with APAP, mitochondrial MFF fluorescence was bright at 0 h but subsequently became 

progressively quenched, beginning within 4 h and becoming virtually complete after 12 

h (Fig. 5A and C). Dipyridyl (DPD), an Fe2+ chelator, partially restored quenched MFF 

fluorescence. (Fig. 5A). As mitochondrial Fe2+ loading (MFF quenching) progressed, 

mitochondrial depolarization (loss of Rh123) began to occur at 6 h and was complete within 

12 h (Fig. 5A).

By contrast, in hsMCU KO hepatocytes, mitochondrial MFF quenching and mitochondrial 

depolarization were suppressed after APAP (Fig. 5B). Fluorescence quantification revealed 

that MFF fluorescence after APAP decreased 30 ± 9% at 12 h in hsMCU KO hepatocytes 

compared to 84 ± 1 % in the WT hepatocytes (Fig. 5C). By comparison, MFF fluorescence 

in C57BL/6 WT hepatocytes not treated with APAP decreased 20.4 ± 4% (data not shown). 

Calculation of Fe2+ concentration based on MFF fluorescence is not presently possible and 

is the topic of future technique development. Rh123 fluorescence after APAP decreased 40 

± 4% at 12 h in hsMCU KO hepatocytes compared to 91 ± 2% in the WT hepatocytes (Fig. 
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5D). These results indicate that MCU in hepatocytes mediates mitochondrial iron uptake, 

which leads to depolarization after APAP.

3.5. Mitochondrial Ca2+ did not increase in wildtype and MCU-deficient hepatocytes after 
acetaminophen

To monitor mitochondrial Ca2+ uptake during APAP hepatotoxicity, hepatocytes were 

co-loaded with Rh123 and Rhod-2 AM. The AM ester of Rhod-2 is cationic, which 

promotes its uptake and de-esterification inside mitochondria. Confocal microscopy of 

Rh123 and Rhod-2 colocalization confirms the accumulation of Rhod-2 predominantly 

into mitochondria (Fig. 6). In our previous study, red mitochondrial Rhod-2 fluorescence 

increased when mitochondrial Ca2+ uptake occurred after thapsigargin treatment 

(Kholmukhamedov et al., 2022). In the present experiments, mitochondrial Rhod-2 

fluorescence failed to increase in both hsMCU WT and KO hepatocytes after APAP, 

indicating that APAP did not increase of mitochondrial Ca2+ (Fig. 6). Nonetheless, APAP 

was causing MCU-dependent mitochondrial dysfunction in MCU-expressing hepatocytes, as 

shown by depolarization (loss of Rh123 fluorescence) within 6 h after APAP in hsMCU 

WT hepatocytes (Fig. 6A) but not in hsMCU KO hepatocytes (Fig. 6B). Fluorescence 

quantification revealed that Rhod-2 fluorescence did not increase in WT hepatocytes after 

APAP but instead decreased by 64 ± 5% over 10 h (Fig. 6C). By comparison, in hsMCU KO 

hepatocytes, Rhod-2 fluorescence decreased by 34 ± 7% (p<0.05 vs WT) (Fig. 6C). Rh123 

fluorescence after APAP decreased 36 ± 2% at 10 h in hsMCU KO hepatocytes compared to 

88 ± 3% in the WT hepatocytes (Fig. 6D).

3.6. Increased cytosolic chelatable iron after acetaminophen in MCU-deficient 
hepatocytes

To investigate whether iron mobilization into the cytosol of MCU-deficient hepatocytes 

happens during APAP hepatotoxicity, hepatocytes were co-loaded with TMRM and calcein-

AM. TMRM is a red-fluorescing indicator of mitochondrial polarization like Rh123 

(Chacon et al., 1994). Calcein-AM becomes de-esterified in the cytosol to release calcein 

free acid. Quenching of calcein fluorescence signifies an increase of cytosolic chelatable 

Fe2+ (Rauen et al., 2004; Uchiyama et al., 2008). When MCU-deficient hepatocytes were 

exposed to 10 mM APAP, green cytosolic calcein fluorescence decreased 63 ± 6% at 4 

h (Fig. 7). A similar decrease of calcein fluorescence after APAP exposure at 4 h was 

observed previously in wildtype hepatocytes (Kon et al., 2010). Taken together, the MFF and 

calcein findings show chelatable Fe2+ increases in the cytosol but not the mitochondria in 

MCU-deficient hepatocytes after APAP treatment.

3.7. MCU deficiency does not alter APAP metabolism

CYP2E1 is the principal enzyme responsible for the conversion of APAP to its active 

hepatotoxic metabolite, NAPQI (Lee et al., 1996). To investigate whether the protective 

effect against APAP-induced hepatic injury in MCU depletion resulted from decreased 

CYP2E1 expression, liver extracts were prepared 2 h after 300 mg/kg APAP administration 

(before development of toxicity) for Western blotting. CYP2E1 expression in both global 

MCU KO and hsMCU KO mice was similar to WT mice (Fig. 8A and B, Suppl. Fig. 1C and 

D, Suppl. Fig. 2C and D).
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Protein adduct formation is an important initiating event for mitochondrial dysfunction 

during APAP metabolism (Jaeschke et al., 2012a; Ramachandran and Jaeschke, 2019). Next, 

we measured APAP-protein adduct formation at 2 h after APAP administration, a time 

corresponding to the peak of adduct formation (McGill et al., 2012). APAP-protein adducts 

were undetectable in mice treated with vehicle (data not shown). After APAP administration, 

APAP-protein adducts increased to 0.36 ± 0.06 and 0.34 ± 0.02 nmol/mg protein in livers of 

WT and global MCU KO mice, respectively, which was not significantly different (Fig. 8C).

Previous studies showed that APAP activates JNK signaling to promote mitochondrial 

dysfunction and cell death (Hanawa et al., 2008; Han et al., 2010). Accordingly, we assessed 

JNK and phospho-JNK (p-JNK) by Western blotting at 2 h after APAP. The ratio of 

p-JNK/JNK was 0.90 ± 0.01 and 0.89 ± 0.03 after APAP in WT and global MCU KO 

groups, respectively, which was not statistically significant (Fig 8D and E, Suppl. Fig. 1E 

and F). In untreated mice, pJNK was virtually undetectable (data not shown) (Hu et al., 

2016b).

3.8. Less mitochondrial dysfunction in vivo after acetaminophen in MCU-deficient mice 
compared to wildtype mice

Mitochondria dysfunction is closely related to liver injury (Hu et al., 2016a; Hu et 

al., 2016b; Ramachandran and Jaeschke, 2019). Therefore, we assessed mitochondrial 

polarization status in vivo by intravital multiphoton microscopy of Rh123 fluorescence at 

24 h after vehicle or APAP treatment. In untreated mice, green fluorescence of Rh123 was 

punctate in virtually all hepatocytes, indicating mitochondrial polarization (Fig. 9, top left), 

as shown previously (Hu et al., 2016b). In WT mice after APAP treatment, Rh123 staining 

became diffuse and dim in many hepatocytes, indicating mitochondrial depolarization (Fig. 

9, top right, above dashed line). Some nuclei of hepatocytes with depolarized mitochondria 

became labeled with red-fluorescing PI, signifying loss of cell viability (data not shown). By 

contrast, in global MCU KO mice after APAP treatment, fewer hepatocytes had depolarized 

mitochondria (Fig. 9, bottom left, area to left of dashed line). Quantitation of the depolarized 

areas showed that depolarization increased to 56 ± 5% of cross-sectional area in WT mice 

after APAP, but in global MCU KO mice the area of mitochondrial depolarization after 

APAP was 17 ± 4% (p < 0.01 vs APAP alone) (Fig. 9, bottom right).

4. Discussion

Acetaminophen (APAP) overdose causes liver injury involving mitochondrial depolarization 

and onset of the MPT (Kon et al., 2004). The MPT is caused by opening of permeability 

transition pores in the mitochondrial inner membrane in response to a variety of 

stimuli, including increased intramitochondrial Ca2+ and ROS formation. After MPT 

onset, immediate mitochondrial depolarization occurs, followed by ATP depletiondependent 

necrosis (Lemasters et al., 2009).

Iron is a critical catalyst for ROS formation. Previous studies showed that lysosomal 

disruption after APAP leads to release of Fe2+, which then translocases into mitochondria to 

promote the MPT and cell death (Kon et al., 2010; Hu et al., 2016a). Ru360 and minocycline 

are MCU inhibitors and protect cells from chemical hypoxia, ischemia-reperfusion, and 
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other stresses (Moore, 1971; Saggu et al., 2012; Schwartz et al., 2013; Zhang and 

Lemasters, 2013). Ru360 and minocycline also prevent cell killing and iron translocation 

into mitochondria after APAP, suggesting that Fe2+ uptake into mitochondria via MCU 

contributes to APAP hepatotoxicity (Hu et al., 2016a; Hu and Lemasters, 2020).

Here, we used MCU deficient mice to evaluate directly the role of MCU in APAP 

hepatotoxicity. Cell killing of in vitro cultured MCU-deficient hepatocytes after APAP 

was substantially slower compared to WT hepatocytes, confirming that MCU contributes 

to APAP hepatotoxicity (Fig. 4). In an in vivo global MCU KO mouse model of APAP 

overdose hepatotoxicity, serum ALT and liver necrosis at 24 h after APAP decreased by 

about 80%, which indicates that MCU promotes APAP-induced hepatotoxicity in vivo. Also 

in hsMCU KO mice, ALT and hepatic necrosis after APAP were decreased. However, the 

protection was not as great as in global MCU KO mice. A possible reason is differences 

in the background of the different MCU-deficient mouse stains, since sensitivity to APAP-

induced hepatotoxicity is well established to be strain-dependent (Smith et al., 2016). The 

background of global MCU KO mice was CD-1, whereas the background of floxed MCU 

mice, alb-cre mice, and hsMCU KO mice was C57BL/6. Previously, the inbred mouse strain, 

C57BL/6, was found to be more sensitive to diet-induced liver disease than the outbred 

CD-1 mice (Fengler et al., 2016; Muhammad-Azam et al., 2019). Similarly, our data showed 

higher sensitivity of C57BL/6 to APAP, since hsMCU WT mice on a C57BL/6 background 

had more ALT release and necrosis than global MCU WT mice on a CD-1 background 

(Fig. 2 and 3). Accordingly, the greater protection against APAP injury in global MCU KO 

mice than hsMCU KO mice may be due to less injury to protect against in the former. The 

different strains of mice may also have different levels of iron, which might also lead to 

different levels of liver injury.

Although APAP metabolism is predominantly in hepatocytes, MCU in other cell types may 

also contribute to APAP hepatotoxicity. Kupffer cells are liver resident macrophages that 

are involved in uptake, processing, and export of iron (Scott and Guilliams, 2018). Kupffer 

cells and other cells of the innate immune system can help propagate and extend APAP liver 

injury, although this is controversial (Jaeschke et al., 2012b). It was previously shown that 

deletion of Kupffer cells with clodronate liposomes increased APAP-induced liver injury 

(Ju et al., 2002). Consistent with these findings, when MCU was knocked out selectively 

in Kupffer cells, ALT release and necrosis were unchanged after overdose APAP treatment 

(Fig. 3 C and D). Thus, the difference of liver injury between global MCU KO and hsMCU 

KO mice cannot be attributed to deficiency of MCU in Kupffer cells of global MCU KO 

mice.

In prior studies, we showed that APAP causes lysosomal breakdown and leakage, leading 

to entry of Fe2+ into the cytosol, as shown by fluorescence quenching of Fe2+-indicating 

calcein (Kon et al., 2010). Such quenching signifying increased cytosolic Fe2+ also occurred 

in MCU-deficient hepatocytes after APAP (Fig 7.). To visualize iron mobilization into 

mitochondria, we used confocal microscopy of a newly developed mitochondrial iron 

indicator, MFF (Hu et al., 2016a; Kholmukhamedov et al., 2022). MFF is a Fe2+-quenched 

red-fluorescing cationic dye that accumulates electrophoretically into mitochondria and 

then binds covalently to proteins. Thus, MFF is retained after mitochondrial depolarization 
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unlike previous mitochondrial Fe2+ indicators. Hence, quenching of red MFF fluorescence 

is specific for increased mitochondrial chelatable Fe2+ independent of ΔΨ. Suppression 

of MFF quenching in hsMCU KO hepatocytes compared to WT hepatocytes treated with 

10 mM APAP (Fig. 5) is consistent with our previous findings that the MCU inhibitor, 

Ru360, inhibits mitochondrial MFF quenching after APAP (Hu et al., 2016a). Iron uptake 

in isolated mitochondria was also observed previously, which was inhibited by Ru360, a 

blocker of MCU (Flatmark and Romslo, 1975; Schwartz et al., 2013; Sripetchwandee et al., 

2014). Overall, these findings show that MCU is an important pathway for iron uptake into 

mitochondria during APAP hepatotoxicity.

MCU also transports Ca2+ into mitochondria. Previous studies reported impaired calcium 

homeostasis during in APAP-induced hepatotoxicity in vivo that is time- and dose dependent 

(Corcoran et al., 1987) (Burcham and Harman, 1988). Another in vitro study showed 

instead that no sustained change in cytosolic free Ca2+ occurs as irreversible APAP-induced 

toxicity to hepatocytes progresses (Harman et al., 1992). To monitor Ca2+ movement into 

mitochondria in WT and hsMCU KO hepatocytes during APAP hepatotoxicity, we loaded 

Ca2+-indicating Rhod-2 into mitochondria, again using glycine plus fructose to prevent onset 

of cell death that might otherwise confound the measurements. In both WT and hsMCU 

hepatocytes, mitochondrial Rhod-2 fluorescence did not increase after APAP treatment, 

despite mitochondrial depolarization, a consequence of MPT onset, as visualized with 

Rh123. Rhod-2 fluorescence also did not increase in hsMCU KO hepatocytes after 10 mM 

APAP, indicating that 10 mM APAP did not increase mitochondrial Ca2+ in either WT or 

KO hepatocytes (Fig. 6). Thus, protection against APAP-induced mitochondrial dysfunction 

in MCU-deficient hepatocytes was mainly related to the blockage of iron movement into 

mitochondria.

Previous studies showed that APAP overdose increases the proportion of APAP metabolized 

to NAPQI by cytochrome P450 2E1 (CYP2E1) (Ramachandran and Jaeschke, 2019). 

NAPQI can be detoxified by glutathione, but after an overdose excessive NAPQI binds 

to mitochondrial proteins to form APAP protein adducts that trigger an initial oxidant 

stress (Nguyen et al., 2021), which cause the amplification of ROS and peroxynitrite 

formation in mitochondria as a crucial step in APAP-induced hepatotoxicity (Saito et al., 

2010). Therefore, we explored whether the decreased APAP hepatotoxicity in MCU KO 

and hsMCU KO mice was due to an alteration of APAP metabolism. At 2 h after APAP 

before onset of hepatocellular necrosis, CYP2E1 expression in MCU KO and hsMCU KO 

liver extracts was comparable to WT livers (Fig. 8A and B). APAP protein adducts were 

undetectable in untreated control mice (data not shown) but became markedly increased 

at 2 h after APAP treatment. Notably, APAP protein adduct formation did not decrease 

in MCU-deficient livers (Fig. 8C). Thus, MCU deficiency does not alter hepatic APAP 

metabolism.

JNK activation is also involved in APAP-induced liver injury due to increased ROS 

generation. Activated pJNK translocates to mitochondria during APAP hepatotoxicity, an 

event that further enhances ROS generation and contributes to MPT onset and cell death 

(Hanawa et al., 2008). Our data confirmed that early JNK activation occurred at 2 h after 

APAP in WT mice. However, MCU deficiency did not significantly alter JNK activation 

Hu et al. Page 12

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2024 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Fig. 8D and E). Thus, decreased APAP hepatotoxicity in MCU-deficient mice cannot be 

explained by inhibition of JNK activation or any other event upstream of mitochondria.

Previous studies implicated that MPT is an important mechanism underlying mitochondrial 

dysfunction in APAP-induced hepatotoxicity (Kon et al., 2004; Reid et al., 2005). Toxic 

doses of APAP induce mitochondrial depolarization both in cultured mouse hepatocytes 

and in vivo in mouse livers (Kon et al., 2004; Hu et al., 2016b). The iron chelator, 

starch-desferal, and the MCU inhibitor, minocycline, decreased hepatic mitochondrial 

depolarization and cell death in vivo in mice after APAP, suggesting that the MPT is 

likely triggered by iron uptake into mitochondria through MCU (Hu and Lemasters, 2020). 

Here using intravital multiphoton microscopy, we showed that mitochondrial depolarization 

decreased in MCU-deficient mice compared to WT mice at 24 h after 300 mg/kg APAP 

administration (Fig. 9), results that confirm and extend the conclusion that MCU plays an 

important role in hepatic mitochondrial dysfunction induced by overdose of APAP.

The key question how the mitochondrial uptake of Fe2+ mediates the MPT remains to be 

answered. In general, Fe2+ is considered a catalyst for the Fenton reaction and initiation 

of lipid peroxidation (LPO). However, the extent of LPO is limited after APAP overdose 

and considered insufficient to cause cell death (Du et al., 2016). In contrast, there is strong 

evidence for formation of peroxynitrite, a reaction product of the superoxide radical and 

the nitric oxide radical, selectively in the mitochondrial matrix (Cover et al., 2005). Direct 

experimental support for the critical role of peroxynitrite in APAP-induced cell death comes 

from the observation that partial Mn-SOD-deficient mice showed a dramatic increase in 

injury compared to WT animals (Ramachandran et al., 2011) and that mitochondria-specific 

SOD mimetics eliminated nitrotyrosine protein adducts and prevented APAP-induced liver 

injury (Du et al., 2017; He et al., 2023). Based on these findings, it was shown that 

iron chelation blocked nitrotyrosine formation and effectively protected against APAP 

hepatotoxicity independent of LPO (Adelusi et al., 2022), which is consistent with Fe2+ 

acting as a catalyst for peroxynitrite-mediated protein nitration (Campolo et al., 2014). Thus, 

under normal circumstances mitochondrial Fe2+ uptake promotes mitochondrial dysfunction 

through protein nitration not LPO (Adelusi et al., 2022). However, in case of an iron 

overload, both Fe2+-catalyzed protein nitration and LPO contribute to the MPT and cell 

death (Adelusi et al., 2022).

Taken together, our results indicate that MCU mediates translocation into mitochondria 

of Fe2+ released from lysosomes after APAP. Fe2+ entering mitochondria via MCU 

promotes mitochondrial depolarization due to the MPT, bioenergetic failure, and ultimately 

hepatocellular death. Although MCU is a transporter of Ca2+, protection afforded by MCU 

deficiency against APAP could not be attributed to inhibition of mitochondrial Ca2+ uptake. 

Future studies will focus on development and optimizing conditions for drugs that target 

MCU to minimize APAP hepatotoxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

•OH hydroxyl radical

ΔΨ membrane potential

ALT alanine aminotransferase

APAP acetaminophen

BSA bovine serum albumin

DPD dipyridyl

GSH glutathione

HDM hormonally defined medium

MCU mitochondrial calcium uniporter

MFF mitoferrofluor

MPT mitochondrial permeability transition

NAPQI N-acetyl-p-benzoquinone imine

PBS phosphate-buffered saline

PI propidium iodide

PT permeability transition

Rh123 rhodamine 123

ROS reactive oxygen species
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• Mitochondrial calcium uniporter (MCU) deficiency decreases acetaminophen 

(APAP) liver injury

• MCU deficiency suppresses mitochondrial iron uptake after APAP

• Mitochondrial Ca2+ does not increase after APAP

• APAP metabolism is not different between wildtype and MCU deficient mice

• Mitochondrial Fe2+ uptake via MCU is in the chain of causation leading to 

APAP hepatotoxicity
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Fig. 1. MCU expression in global, hepatocyte specific and Kupffer cell specific MCU knockout 
mice.
In A, hepatocytes from hsMCU KO, global MCU KO, and WT mice were examined by 

Western blotting for MCU expression. In B, liver and kidney tissue from hsMCU KO and 

WT mice were examined by Western blotting for MCU expression. MCU was undetectable 

in hepatocytes from both hsMCU KO and global MCU KO livers (A). MCU protein 

expression in kidney was not different in hsMCU KO mice compared to corresponding WT 

mice (B). In C, Kupffer cells were isolated from WT or ksMCU KO mice, as described in 
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Materials and Methods. Fluorescence immune-cytochemistry with antibodies against MCU 

and F4/80 (macrophage/Kupffer cell marker) was performed. MCU antibody showed MCU 

expression in Kupffer cells of WT mice (top row) but not ksMCU KO mice (bottom row).
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Fig. 2. Serum ALT and liver necrosis decreased in global MCU-deficient mice compared to 
wildtype mice after acetaminophen administration.
Mice were administered 300 mg/kg APAP or vehicle, as described in Materials and 

Methods. Serum ALT (A) and liver necrosis (B) were assessed at 24 h after APAP. Values 

are means ± SE from four or more mice per group. Black arrows identify necrotic areas. 

Area percent of necrosis was quantified in liver sections by image analysis of 10 random 

fields per liver. Necrosis in the vehicle-treated group was absent and not plotted. *, p< 0.01 

vs WT group.
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Fig. 3. Serum ALT and liver necrosis in hepatocyte specific MCU-deficient and Kupffer cell 
specific MCU-deficient mice compared to wildtype mice after acetaminophen administration.
Mice were treated with 300 mg/kg APAP or vehicle, as described in Materials and Methods. 

Serum ALT (A) and liver necrosis (B and C) were assessed at 24 h after APAP. Values are 

means ± SE from four or more mice per group. Black arrows identify necrotic areas. Area 

percent of necrosis was quantified in liver sections by image analysis of 10 random fields 

per liver. Necrosis in vehicle group was absent and not plotted. *, p< 0.01 vs WT group.
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Fig.4. Acetaminophen-induced cell killing in wildtype and global MCU deficient mouse 
hepatocytes.
WT and global MCU KO mouse hepatocytes were exposed to 10 mM APAP. Cell viability 

was determined by PI fluorometry. *, p<0.05 vs. WT from 3 independent isolations.
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Fig. 5. Suppression of mitochondrial iron uptake and depolarization in hepatocyte specific MCU-
deficient hepatocytes after acetaminophen treatment.
WT and hsMCU KO hepatocytes were exposed to 10 mM APAP in the presence of 20 

mM fructose plus 5 mM glycine to prevent cell death after APAP-induced disruption of 

mitochondrial metabolism. In A and B, hepatocyes were loaded with 300 nM Rh123 and 

1 μM MFF for confocal imaging, as described in Materials and Methods. After 12 h, 20 

mM DPD was added. In C and D, average mitochondrial MFF and Rh123 fluorescence 
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of individual hepatocytes after background subtraction was quantified at 4–12 h as the 

percentage of fluorescence at 0 h. *, p<0.01 vs WT (n=3 hepatocytes per group).
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Fig. 6. Lack of an increase of mitochondrial Ca2+ in wildtype hepatocytes and hepatocyte specific 
MCU-deficient hepatocytes after acetaminophen.
Hepatocytes were exposed to 10 mM APAP as described in Fig. 5. In A and B, hepatocytes 

were loaded with 300 nM Rh123 and 10 μM Rhod-2 AM for confocal imaging before APAP, 

as described in Materials and Methods. In C and D, average mitochondrial Rhod-2 and 

Rh123 fluorescence of individual hepatocytes after background subtraction was quantified 

at 2–10 h as the percentage of fluorescence at 0 h. *, p<0.05 vs WT (n=3 hepatocytes per 

group).
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Fig 7. Increased cytosolic Fe2+ in MCU-deficient hepatocytes after acetaminophen.
Hepatocytes were exposed to 10 mM APAP as described in Fig. 5. Hepatocytes were 

loaded with 300 nM TMRM and 1 μM Calcein-AM before APAP and then incubated in the 

presence of 300 μM calcein-free acid for confocal imaging, as described in Materials and 

Methods.
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Fig. 8. Unchanged acetaminophen metabolism after MCU depletion.
Mice were administered 300 mg/kg APAP or vehicle, as described in Materials and 

Methods. Livers were harvested after 2 h. A, CYP2E1 expression was detected by Western 

blotting. Shown is a representative blot of CYP2E1 in WT and global MCU KO mouse 

liver tissue. B, a representative blot of CYP2E1 in WT and hsMCU KO mouse liver tissue 

is shown. C, APAP-protein adducts were measured by HPLC. D, JNK and p-JNK were 

detected by Western blotting. E, p-JNK/JNK ratios were determined by densitometry. Values 

are means ± SE (n= 3–5/group).
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Fig. 9. Decreased mitochondrial depolarization after acetaminophen in MCU deficient compared 
to wildtype mice.
Mice were administered 300 mg/kg APAP or vehicle. At 24 h after APAP, Rh123 

was infused, and hepatic Rh123 fluorescence was visualized by intravital multiphoton 

microscopy, as described in Materials and Methods. Shown are representative images of WT 

mice treated with vehicle (top left), WT mice treated with APAP (top right), and MCU KO 

mice treated with APAP (bottom left). Bar is 50 μm. Punctate labeling of Rh123 signifies 

mitochondrial polarization, whereas dim and diffuse cellular staining denotes mitochondrial 

depolarization. White dashed lines denote the border between hepatocytes with polarized 

and depolarized mitochondria. In bottom right, the average percentage of hepatocytes 

with depolarized mitochondria is plotted from 10 random fields for 3 livers per group. 

Depolarization was absent in vehicle-treated livers and is not plotted. *p < 0.01 vs. WT.
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