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ABSTRACT 

Background and Aims: Acetaminophen (APAP) overdose causes mitochondrial damage and 

acute liver injury. Alanine and pyruvate are important substrates for the TCA cycle and 

increasing evidence points to a protective role for mitochondrial intermediary metabolism in 

APAP hepatotoxicity. We hypothesized that suppressing hepatic alanine and pyruvate 

metabolism by blocking alanine transaminase (ALT) and/or the mitochondrial pyruvate carrier 

(MPC) would impair mitochondrial metabolism in APAP toxicity and therefore exacerbate 

APAP-induced injury.  

Methods: We treated wild-type mice with the ALT inhibitor β-chloro-l-alanine (BCLA) before a 

toxic dose of APAP (300 mg/kg) and measured liver injury (serum ALT and lactate 

dehydrogenase [LDH], histology) and other parameters. We also generated liver-specific ALT2 

knockout (KO) mice, mitochondrial pyruvate carrier 2 (MPC) KO mice, and combined 

ALT2/MPC KO (CKO) mice, and compared injury, APAP-protein adducts, glutathione, c-Jun 

N-terminal kinase activation, Cyp2e1 expression, and serum metabolomics among genotypes.  

Results: BCLA reduced hepatic ALT activity up to 65% but did not affect injury. ALT2 deletion 

also had no effect on APAP hepatotoxicity. Similarly, MPC deletion alone had no effect. 

However, combined ALT2 and MPC loss significantly worsened injury (p = 0.005 for LDH for 

WT vs. CKO; p = 0.07 for % necrosis), increased plasma pyruvate content (p = 0.032), altered 

the plasma abundance of several amino acids, and decreased basal hepatic glutathione (p = 

0.053). Importantly, the exacerbation of injury in CKO mice was not associated with increased 

APAP-protein adducts. 
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Conclusions: The MPC and ALT systems are critical redundant mechanisms to conserve 

mitochondrial metabolism and limit APAP toxicity. ALT activity is more than a passive 

biomarker of injury in this context.   

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 17, 2022. ; https://doi.org/10.1101/2022.06.14.495517doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.14.495517
http://creativecommons.org/licenses/by-nc-nd/4.0/


INTRODUCTION 

Acetaminophen (APAP) is one of the most widely used antipyretic and analgesic drugs in 

the world. In a cross-sectional survey of the US population, >20% of both adults and children 

reported use of APAP at least once in the preceding seven days1,2 and similar data have been 

reported for other countries3–5. However, APAP overdose can cause serious liver injury, 

sometimes leading to acute liver failure (ALF) and death6.  

 Mitochondrial dysfunction is the central driver of APAP hepatotoxicity7–9. Cytochrome 

P450 enzymes (P450s), particularly CYP2E1, convert APAP to the reactive intermediate N-

acetyl-p-benzoquinone imine (NAPQI)7, which depletes glutathione and then preferentially binds 

to mitochondrial proteins10,11. The mitochondrial protein alkylation leads to reduced 

mitochondrial respiration12 and increased production of reactive oxygen species13,14. The 

resulting oxidative stress then promotes phosphorylation and activation of the c-Jun N-terminal 

kinases (JNK) 1/215,16, which translocate to mitochondria and further reduce mitochondrial 

respiration via SHP1-mediated inhibition of Src7,17. Eventually, the mitochondrial permeability 

transition occurs18, mitochondria swell and their membranes rupture19, and mitochondrial 

proteins are released into the cytosol. Among the proteins released, certain endonucleases can 

cleave nuclear DNA20. The damaged hepatocytes ultimately die by necrosis9,21,22. Not 

surprisingly then, mounting evidence indicates that conserving mitochondrial flux of pyruvate is 

protective in APAP toxicity by supporting mitochondrial metabolism22–24. Specifically, it was 

recently reported that mice deficient in pyruvate dehydrogenase kinase 4 (Pdk4-/-) have 

constitutive activation of pyruvate dehydrogenase (PDH), which converts pyruvate to acetyl-

CoA for progression into the TCA cycle, and exhibit reduced liver injury after APAP overdose24. 
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Most mitochondrial pyruvate is generated in the cytosol as a product of glycolysis and 

taken up via the mitochondrial pyruvate carrier (MPC) complex in the inner mitochondrial 

membrane25 (Fig. 1). However, pyruvate can also be generated through other reactions, including 

transamination of alanine catalyzed by the alanine aminotransferases (ALT) 1 and 225. ALT1 

generates pyruvate from alanine in the cytosol for uptake via the MPC similar to glycolysis, 

while ALT2 resides in the mitochondrial matrix and converts alanine to pyruvate directly within 

mitochondria. Either way, once in the mitochondrial matrix, pyruvate can be oxidized by PDH or 

carboxylated by pyruvate carboxylase (PC) to feed the TCA cycle and studies have demonstrated 

that both these anaplerotic and cataplerotic pathways are critical for the overall maintenance of 

TCA cycle flux and metabolic homeostasis26,27.  

ALT activity has been measured in serum as a biomarker of liver injury since the 1950s28. 

Though its physiological functions are rarely considered in the context of liver disease, we 

recently demonstrated a role for ALT2 in the development of hyperglycemia in diabetic mice29. 

Here, we hypothesized that ALT2 is beneficial in APAP hepatotoxicity due to its function as an 

intra-mitochondrial source of pyruvate and because of the importance of maintaining 

mitochondrial metabolism during APAP-induced injury. We tested this hypothesis using both 

pharmacologic and genetic approaches. We also explored the roles of combined loss of MPC 

and/or ALT activity on the response to APAP. These studies unveiled functional redundancy 

between the ALT and MPC proteins, but also demonstrated that complete loss of pyruvate-

alanine cycling exacerbates APAP toxicity in mice.  

 

METHODS 
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Animals. Male C57BL/6J mice between the ages of 7 and 8 weeks were purchased from 

the Jackson Laboratory (Bar Harbor, ME, USA). Mice that lack ALT2 were generated by the 

Knockout Mouse Project Repository (KOMP) (project ID CSD24977) using the “knockout first” 

approach wherein the LacZ/Neo cassette constitutively blocks expression of the gene until it is 

removed by flp recombinase. This construct also contained exon 4 of the Gpt2 gene, which 

encodes ALT2, flanked by LoxP sites. We purchased frozen sperm from Gpt2 germline 

heterozygous mice from KOMP and established a colony of mice by in vitro fertilization. 

C57BL/6 mouse embryonic stem cells containing a ‘‘knockout first’’ allele of Mpc2 were 

obtained from the European Conditional Mouse Mutagenesis Program (EUCOMM) 

(International Knockout Mouse Consortium [IKMC] project 89918, catalog no. MAE-1900). 

This construct contains a targeted allele of Mpc2 containing inserted cassettes for promoter-

driven LacZ and Neo cDNAs flanked by frt sites upstream of exon 3 of the Mpc2 gene, which is 

flanked by LoxP sites. Propagated ESCs were injected into developing embryos and then 

implanted into pseudopregnant females. Chimeric offspring were mated to establish germline 

transmission. 

The Mpc2 and Gpt2 transgenic lines were then independently intercrossed with mice 

expressing flp recombinase in a global manner (B6.Cg-Tg(ACTFLPe)9205Dym/J mice; Jackson 

Laboratory stock number: 005703) to remove the LacZ and Neo cassettes and generate floxed 

mice. Floxed mice were then crossed with transgenic mice expressing Cre under control of the 

albumin promoter (B6.Cg-Speer6-ps1Tg(Alb-cre)21Mgn/J; Jackson Laboratory stock number: 

003574) to create liver-specific knockout mice that have been previously described29,30. 

Combined liver-specific ALT2/MPC knockout (CKO) mice were then generated by intercrossing 
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the two liver-specific single gene knockouts. Littermate mice not expressing Cre (fl/fl mice) 

were used as controls. 

Animals were kept in a temperature-controlled 12 h light/dark cycle room with ad libitum 

access to food and water. For BCLA time course and dose-response experiments, fed WT mice 

were treated with BCLA dissolved in 1x phosphate-buffered saline (PBS) at the indicated doses 

or PBS vehicle alone and liver tissue was collected at the indicated time points. For APAP 

experiments, mice (n = 4–6 per group) were fasted overnight, then treated i.p. with 300 mg 

APAP per kg body mass (mg/kg) dissolved in 1x phosphate-buffered saline (PBS). Some WT 

mice were pre-treated i.p. with the specified doses of BCLA or PBS vehicle for the indicated 

times before APAP. Blood and liver tissue were collected at 6 h post-APAP. Some liver tissue 

pieces were fixed in 10% phosphate-buffered formalin for histology, while others were flash-

frozen in liquid nitrogen and stored at −80°C for later biochemical analyses. All study protocols 

were reviewed and approved by the Institutional Animal Care and Use Committees of the 

University of Arkansas for Medical Sciences and Washington University in St. Louis and are 

consistent with best practices in the Guide for the Care and Use of Laboratory Animals. 

 Biochemistry. Alanine aminotransferase (ALT) was measured in serum using a kit from 

Pointe Scientific, Inc. (Canton, MI, USA), according to the manufacturer’s instructions. Lactate 

dehydrogenase (LDH) was measured in serum as previously described31. For tissue ALT activity, 

frozen liver tissue was homogenized in 25 mM HEPES buffer with 5 mM EDTA (pH 7.4), 0.1% 

CHAPS, and protease inhibitors (luepeptin, pepstatin A, and aprotinin) using a bead 

homogenizer (Thermo Fisher Scientific, Waltham, MA). After centrifugation at 10,000 x g and 

4ºC for 5 min, ALT activity was measured in the supernatant using the kit from Pointe Scientific, 
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Inc., mentioned above. Protein concentration in the lysates was measured using the bicinchoninic 

acid (BCA) assay and the values were used to normalize hepatic ALT activity.  

 Histology. Formalin-fixed tissue was embedded in paraffin wax and 5 micron sections 

were mounted on glass slides for hematoxylin and eosin (H&E) staining and 

immunohistochemistry. H&E staining was performed using a standard protocol. 

 Western blotting. Western blotting was performed as we previously described (Clemens 

et al., 2022). Briefly, liver tissue was homogenized in 25 mmol/L HEPES buffer with 5 mmol/L 

EDTA, 0.1% CHAPS, and a mixture of the protease inhibitors leupeptin, pepstatin A, and 

aprotinin (pH 7.4; Sigma). Protein concentration was then measured using the BCA assay. After 

dilution in homogenization buffer, the samples were mixed with reduced Laemmli buffer 

(Bioworld, Dublin, OH, USA) and boiled for 1 min. Equal amounts of protein (50 μg) were 

added to each lane of a 4%–20% Tris-glycine gradient gel. After electrophoresis separation, 

proteins were transferred to polyvinylidene fluoride (PVDF) membranes and blocked with 5% 

milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T). The primary antibodies phospho-JNK 

(Cat. No. 4668) and JNK (Cat. No. 9252) were purchased from Cell Signaling Technology 

(Danvers, MA, USA) and used at 1:1,000 dilution in TBS-T with 5% milk. The Cyp2e1 antibody 

was purchased from Proteintech (Rosemont, IL, USA) (Cat. No. 19937-1-AP). Secondary 

antibodies were purchased from Li-Cor Biotechnology (Lincoln, NE, USA). Total protein was 

stained using the Revert Total Protein Stain kit from Li-Cor. All blots were imaged using a Li-

Cor Odyssey instrument.  

 Plasma metabolomics for amino acids and pyruvate. Amino acids and pyruvate were 

extracted from 20 μL of plasma with 200 μL of methanol containing Try-d8 (1600ng), Phe-d8 

(160ng), Tyr-d4 (160ng), Leu-d3 (320ng), Ile-13C6,15N (160ng), Met-d3 (160ng), Val-d8 
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(400ng), Glu-d3 (2400ng), Thr-13C4 (320ng), Ser-d3 (400ng), Asp-d3 (3200ng), Ala-d4 

(1600ng), Asn d3,15N2(3200ng), Gly-d2 (16000ng), Gln-13C5 (3200ng), Pro-d7 (800ng), Cit-

d4 (80ng), His 13C6 (400ng), Arg-13C6 (1600ng), Orn-13C5 (400ng), Lys-d8 (400ng), and 

pyruvic acid-13C5 (80 ng) as the internal standards for Try, Phe, Tyr, Leu, Ile, Met, Val, Glu, 

Thr, Ser, Asp, Ala, Asn, Gly, Gln, Pro, Cit, His, Arg, Orn, Lys, and pyruvic acid, respectively. 

The sample aliquots for pyruvic acid were derivatized with o-phenylenediamine to improve mass 

spectrometric sensitivity. Quality control (QC) samples were prepared by pooling aliquots of 

study samples and injected every four study samples to monitor instrument performances 

throughout these analyses. 

The analysis of amino acids and pyruvic acid was performed on a Shimadzu 20AD HPLC 

system and a SIL-20AC autosampler coupled to 4000Qtrap mass spectrometer (AB Sciex) 

operated in positive multiple reaction monitoring (MRM) mode. Data processing was conducted 

with Analyst 1.6.3 (Applied Biosystems). The relative quantification data for all analytes were 

presented as the peak ratio of each analyte to the internal standard. The Metabolomics Facility of 

Washington University School of Medicine performed the plasma metabolomic analysis.  

Statistical analyses. Normality was tested using the Shapiro-Wilk test. For normally 

distributed data, statistical significance was assessed using either Student’s t-test or one-way 

analysis of variance (ANOVA) with post-hoc Dunn’s test or Student-Newman-Keul’s to 

compare with the control group. For non-normally distributed data, the Mann-Whitney U-test or 

the Kruskal-Wallis test were used. All statistical analyses were performed using SigmaPlot 12.5 

software (Systat, San Jose, CA). In all cases, p<0.05 was considered significant. 
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RESULTS 

ALT2 deficiency alone has no effect on APAP hepatotoxicity. To test the role of ALT2 in 

APAP-induced liver injury, we first developed liver-specific ALT2 KO mice and loss of ALT2 

protein was confirmed by western blotting (Fig. 2A). These mice were viable and outwardly 

normal, as previously reported29. We then treated the ALT2 KO mice and wildtype littermates 

with APAP and measured liver injury 6 h later. This early time point was chosen because 

mitochondrial dysfunction is known to drive early APAP hepatotoxicity. To our surprise, there 

was no difference in injury between the ALT2 KO animals and their wild type littermates, as 

indicated by serum ALT, serum LDH, and histology (Fig. 2B-E), and ALT2 KO did not affect 

APAP bioactivation, as indicated by APAP-protein adducts (mean±SE: 1.7±0.08 vs. 1.6±0.05 

nmol/mg protein for WT vs. ALT2 KO, respectively). Although it may seem surprising that 

ALT2 KO did not itself reduce total serum ALT activity, that is consistent with the fact that 

ALT1 is the dominant isoform released into serum during liver injury32-34, accounting for >90% 

of total serum ALT34. Importantly, ALT1 release was unaffected in the KO mice (Fig. 2A). 

Altogether, our data indicate that ALT2 deletion alone has no effect on the severity of early 

APAP hepatotoxicity. 

 

β-chloro-l-alanine dose-dependently reduces ALT activity in the liver. It is possible that 

conversion of alanine to pyruvate by ALT1 in the cytosol compensates for loss of ALT2. Thus, 

we next wanted to test the effect of total ALT inhibition on APAP hepatotoxicity. BCLA is an 

alanine analog originally developed to study amino acid metabolism and enzyme catalysis and 

irreversibly inhibits ALT activity35. Although it is commonly used in vitro, little data are 

available describing its effects in vivo, much less within the liver. Therefore, to determine if 
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BCLA is an effective inhibitor of hepatic ALT activity in mice, we performed time course and 

dose-response studies (Fig. 3). First, we treated mice with 20 mg/kg BCLA and measured total 

ALT activity in the liver 4 h and 24 h later. While BCLA had no significant effect at 4 h, it did 

reduce enzyme activity compared to vehicle treatment at 24 h (Fig. 3A). Based on this, we chose 

to use 24 h pre-treatment moving forward. Next, we treated mice with increasing doses of BCLA 

(0, 20, 40, and 100 mg/kg) or with vehicle control and again measured hepatic ALT activity 24 h 

later. We also treated some mice with two doses of 100 mg/kg BCLA; the first dose 48 h before 

ALT measurement and the second 24 h before (100x2). BCLA dose-dependently decreased 

hepatic ALT activity (Fig. 3B), achieving maximum effect at the 100 mg/kg dose (either as a 

single or double pre-treatment). Based on these data, we chose 24 h and 48 h pre-treatments with 

100 mg/kg BCLA as our treatment paradigms to test the effect of ALT activity in APAP toxicity. 

  

 β-chloro-l-alanine reduces serum and liver ALT activity but does not protect after APAP 

overdose. To determine if combined ALT1 and ALT2 activity has a role in acute liver injury, we 

pre-treated mice with 100 mg/kg BCLA for either 24 or 48 h (as described above), administered 

300 mg/kg APAP to induce hepatotoxicity, and again measured liver injury 6 h post-APAP. 

Although the single, 24 h pre-treatment with BCLA reduced both serum and hepatic ALT 

activity >50%, it had no effect on serum LDH (Fig. 4A,B) nor on necrosis visualized and 

quantified by histology (Fig. 4C,D). Similar data were observed for the 48 h, two-dose pre-

treatment (Fig. 4E,F). In addition, BCLA pre-treatment had no effect on APAP bioactivation, as 

indicated by APAP-protein adducts in the liver (mean±SE: 0.98±0.06 vs. 0.98±0.05 nmol/mg 

protein for APAP+Veh vs. APAP+BCLA, respectively). Together, these data indicate that 
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pharmacologic inhibition of total hepatic ALT activity has little or no effect on APAP-induced 

acute liver injury in mice.   

 

Combined ALT2 and MPC complex deficiency worsens APAP hepatotoxicity. As 

described in the Introduction, pyruvate primarily enters the mitochondrial matrix via the MPC, a 

heterodimer in the inner mitochondrial membrane that is made up of the subunits MPC1 and 

MPC225,36,37. To determine if the MPC has a role in APAP toxicity, we next generated MPC2 

KO mice. Because the MPC subunits are mutually required for each other’s stability, deletion of 

MPC2 essentially leads to double knockout of MPC1 and MPC236. Therefore, we refer to these 

mice as simply MPC KO animals. We have previously shown that loss of the MPC in the liver is 

well tolerated and that compensation by ALT2-mediated pyruvate-alanine cycling allows these 

mice to circumvent the loss of the MPC in hepatocytes30. Therefore, we generated another, novel 

line of liver-specific combined ALT2-MPC KO (CKO) mice to further test for redundancy 

between these sources of mitochondrial pyruvate. Importantly, these mice actually have a triple 

KO phenotype, since they are deficient for ALT2, MPC2, and indirectly for MPC130.   

We then treated the WT littermates, MPC KO, and CKO mice with 300 mg/kg APAP and 

measured injury as before. While MPC KO alone did not alter APAP-induced liver injury 

compared to WT littermate controls, APAP toxicity was severely exacerbated in the CKO mice 

based on serum ALT and LDH activity (Fig. 5A,B) and histology (Fig. 5C,D). Importantly, this 

effect was not due to increased APAP bioactivation to NAPQI as there were was no significant 

difference in total glutathione between genotypes (Fig. 6A) and APAP-protein adducts were 

actually lower in the MPC KO and CKO animals (Fig. 6B). Notably, there were no differences in 

the levels of CYP2E1 – which is required for NAPQI formation – either (Fig. 5C,D), indicating 
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that the reduced adduct concentrations in the knockout mice were likely due to reduced P450 

activity rather than decreased expression. However, despite the reduced protein alkylation, the 

proportion of glutathione in the oxidized form was ≥3-fold greater in the CKO mice (Fig. 6E) 

and the amount of phosphorylated JNK was the same (Fig. 6F,G), indicating that a similar or 

greater degree of oxidative stress developed in the CKO animals.  

To assess the effects of MPC KO and CKO on pyruvate and the plasma metabolome, we 

measured pyruvate and amino acids in plasma after APAP injury. Plasma was chosen because 

cytosolic fractions would be the ideal specimen but it would be difficult to isolate those fractions 

from the liver without some contamination from mitochondrial small molecules like pyruvate, 

especially in the fragile APAP-injured liver, but it is reasonable to expect that some would be 

exported from the cytosol to blood. Plasma pyruvate was dramatically increased by APAP 

treatment in WT mice, which is consistent with mitochondrial damage and impaired metabolism, 

but this was not exacerbated by MPC KO (Fig. 7). In contrast, pyruvate concentrations were 

further increased 1.9-fold in CKO animals compared to WT controls after APAP treatment (Fig. 

7), which is consistent with prior reports that ALT activity is functionally compensating for loss 

of the MPC to support pyruvate metabolism in liver of mice30. 

Interestingly, at the time point assessed, APAP treatment had no effect on the plasma 

concentrations of amino acids (Fig. 7). Further, compared to wild-type controls, deletion of the 

MPC by itself had no significant effect on amino acids in plasma after APAP. In contrast, the 

abundance of several amino acids was affected in the CKO mice. Consistent with the loss of 

ALT2 and pyruvate-alanine cycling, combined loss of the MPC and ALT2 in CKO mice resulted 

in a marked increase in plasma alanine compared to WT and MPC KO (Fig. 7). Proline, tyrosine, 

and lysine were also increased, while tryptophan was decreased, in the CKO mice compared to 
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WT and MPC KO. Finally, CKO mice exhibited increased abundance of several amino acids that 

are intermediates in the urea cycle (aspartate, ornithine, and citrulline), potentially suggesting 

increased flux through this pathway to dispose of amino acids.  None of these effects except the 

increases in urea cycle intermediates were observed in the absence of APAP treatment (Fig. 8A). 

These metabolomic data are consistent with a significant disruption of pyruvate metabolism in 

the CKO mice after APAP overdose by inhibition of pyruvate-alanine cycling.  

 

Combined ALT2/MPC deficiency decreases total hepatic glutathione synthesis. 

Reduction of mitochondrial pyruvate content is a likely explanation for the increased injury in 

CKO mice. However, our observation that the injury was significantly worse in those animals 

despite even having much lower protein binding led us to consider that other mechanisms in 

addition to or resulting from pyruvate disruption may also be involved. Glutamate is one of the 

three amino acids that make up glutathione. Importantly, glutamate is synthesized in the 

mitochondrial matrix by ALT2 activity during the conversion of alanine to pyruvate. Prior work 

has also demonstrated that inhibition of the MPC complex enhances use of glutamine/glutamate 

in the TCA cycle to compensate for loss of pyruvate as a substrate38. Importantly, enhanced 

glutaminolysis was demonstrated in MPC1 KO cells and the effect would likely be even more 

pronounced in combined ALT2/MPC deficiency. Thus, we hypothesized that the greater injury 

in DKO mice despite reduced APAP-protein adducts is partially due to impaired glutathione 

synthesis in addition to disrupted pyruvate metabolism. To test that, we measured basal 

glutathione in liver tissue from untreated CKO mice and WT littermates. Consistent with our 

hypothesis, basal hepatic glutathione content was decreased 22% in the CKO animals (Fig. 8B). 

These data suggest that glutamine/glutamate is diverted away from glutathione synthesis and 
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toward the TCA cycle to compensate for loss of mitochondrial pyruvate. The latter would also 

explain why total pyruvate levels are unchanged in the CKO mice at baseline (Fig. 8A).  

 

DISCUSSION 

Since it was first applied clinically by Karmen et al. and De Ritis et al. in 195539,40, ALT 

has primarily been thought of as simply a biomarker of liver injury28. The roles of ALT enzymes 

in disease pathophysiology are rarely considered. However, these enzymes are critical for 

pyruvate-alanine cycling, which is important in maintenance of intermediary mitochondrial 

metabolism. Here, we explored the effects of ALT blockade in APAP toxicity and demonstrated 

that the ALT enzymes and the MPC likely share a critical role in limiting APAP-induced liver 

injury. 

 Increasing evidence indicates that conservation of mitochondrial metabolism is a possible 

therapeutic strategy to limit APAP hepatotoxicity. First, it has been demonstrated using NMR 

studies that the current standard-of-care treatment for APAP overdose, N-acetyl-l-cysteine 

(NAC), reduces APAP toxicity in part by maintaining mitochondrial energy metabolism by 

acting as a pyruvate precursor22,41,42. Second, treatment with exogenous pyruvic acid or ethyl 

pyruvate reduces NAPQI cytotoxicity in HepG2 cells23. Finally, Duan et al.24 recently observed 

that mice with constitutive PDH activation due to PDK4 deficiency are protected against APAP-

induced injury. Since alanine is a significant precursor for synthesizing pyruvate, this led us to 

the hypothesis that ALT-mediated pyruvate synthesis and/or pyruvate-alanine cycling are 

important endogenous mechanisms to limit APAP toxicity. While genetic deletion of ALT2 and 

pharmacologic inhibition of both ALT enzymes did not impact the severity of liver injury post-

APAP, our studies using CKO mice indicate that the MPC and ALT2 are redundant sources of 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 17, 2022. ; https://doi.org/10.1101/2022.06.14.495517doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.14.495517
http://creativecommons.org/licenses/by-nc-nd/4.0/


mitochondrial pyruvate, such that inhibiting either alone is insufficient to cause an observable 

effect on toxicity.  

 To ensure that the increased toxicity in CKO mice was not simply due to increased 

NAPQI formation and protein binding, we measured total glutathione and APAP-protein adducts 

in the liver after APAP overdose. To our surprise, far from being increased, adducts were 

actually decreased 65% in CKO mice compared to WT littermates, despite having greater injury 

and equivalent CYP2E1 levels. The reason for this is unclear, but again there are at least two 

possible explanations. First, disrupting mitochondrial pyruvate could result in reduced TCA 

cycle flux and therefore lower NADPH production. This would reduce CYP2E1 activity because 

NADPH is required in the P450 catalytic cycle to form NAPQI. Second, it is possible that stress 

caused by impaired mitochondrial function in CKO mice stimulates autophagy, which is known 

to remove APAP-protein adducts and thereby protect against APAP toxicity43. In either case, it is 

apparent that the compromising effects of combined ALT2 and MPC deficiency were so severe 

that they overcame the protective effect of lower adducts and ultimately caused greater injury.  

It is likely that, in addition to further disrupting mitochondrial function, ALT2/MPC KO 

impairs glutathione synthesis. Glutamate is a product of the conversion of alanine to pyruvate by 

the ALT reaction in the mitochondrial matrix that is absent in CKO mice (Fig. 1). Prior work has 

also demonstrated that glutamine/glutamate flux into the TCA is increased in hepatocytes lacking 

the MPC44, potentially as a compensatory mechanism to maintain TCA cycle activity. Tompkins 

et al.38 previously demonstrated that treatment with the MPC inhibitor UK-5099 moderately 

decreased basal glutathione levels in Hepa1-6 cells, while both UK-5099 and genetic deletion of 

MPC1 dramatically reduced glutathione re-synthesis in primary hepatocytes after depletion with 

buthionine sulfoximine. Indeed, we observed that basal hepatic glutathione levels in our CKO 
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mice were decreased to a similar extent as in the UK-5099-treated cells in the Tompkins study. 

While the modest basal glutathione depletion may or may not be enough on its own to drive 

greater injury, impaired re-synthesis of glutathione after APAP-induced depletion would 

certainly render the CKO animals more vulnerable to oxidative stress at later time points, when 

glutathione levels would normally recover. This has been observed before in female mice45 and 

Fas receptor-deficient mice46. Furthermore, it would explain why JNK phosphorylation – which 

is stimulated by the early oxidative stress and peaks around 2-3 h after APAP overdose47,48 – was 

the same between the CKO and littermate controls at 6 h in our study despite greater glutathione 

oxidation in the CKO animals. Thus, overall, our results indicate that pyruvate is not only 

important to conserve mitochondrial function during APAP hepatotoxicity, but is also a 

glutamate-sparing TCA intermediate that supports glutathione levels.   

 

CONCLUSIONS 

Here, we have demonstrated that pyruvate-alanine cycling and the MPC complex are 

critical redundant systems to limit APAP toxicity, likely by conserving mitochondrial 

metabolism as well as glutathione synthesis. The data reinforce the well-known central role of 

mitochondria in APAP toxicity and add to our growing understanding of the importance of 

deranged pyruvate metabolism in the pathophysiology of acute liver injury. Enhancing pyruvate 

availability or metabolism may represent a promising novel approach to treat APAP 

hepatotoxicity.  
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FIGURES 

Figure 1. Schematic of mitochondrial pyruvate metabolism. Pyruvate (Pyr) is produced in the 

cytosol from glycolysis (via phosphoenolpyruvate [PEP]), lactate, and alanine (Ala). It is then 

transported into mitochondria through the mitochondrial pyruvate carrier (MPC) complex. Pyr 

can also be generated directly within mitochondria from Ala. Once inside, Pyr is converted to 

acetyl-CoA, which feeds into the tricarboxylic acid (TCA) cycle, generating NADH, NADPH, 

and FADH2. Other amino acids, such as glutamine (Gln) and glutamate (Glu), can also enter the 

TCA cycle via α-ketoglutarate (a-KG) or other intermediaries. Other important reactions not 

shown: Conversion of TCA cycle intermediate oxaloacetate to PEP which can then return to Pyr 

or be used for gluconeogenesis. Other abbreviations: Ala, alanine; ALT, alanine 

aminotransferase; MPC, mitochondrial pyruvate carrier; PC, pyruvate carboxylase; PHD, 

pyruvate dehydrogenase; PEP, phosphoenolpyruvate; Pyr, pyruvate; TCA, tricarboxylic acid 

cycle.  

Figure 2. ALT2 deficiency does not affect APAP hepatotoxicity. ALT2 KO and wild type 

(WT) littermate controls were treated with 300 mg/kg APAP to induce liver injury. Hepatic 

ALT1 and ALT2 levels and serum ALT1 were determined by immunoblotting, and serum ALT 

and LDH activity were measured at 6 h post-APAP by kinetics. (A) ALT1 and 2 immunoblots. 

(B) Serum ALT activity. (C) Serum LDH activity. (D) H&E-stained liver sections. (E) Percent 

necrosis from histology. Data are expressed as mean±SE for n = 4 mice per bar. APAP increased 

liver injury. *p < 0.05 for APAP vs. Veh. NS = Not significant.  

Figure 3. BCLA reduces total hepatic ALT activity. Mice were treated with the specified 

doses of BCLA for the indicated times. Total hepatic ALT activity was measured in liver lysates. 

(A) Hepatic ALT activity at 4 and 24 h after treatment with 20 mg/kg BCLA. (B) Hepatic ALT 
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activity at 24 h after treatment with the indicated doses of BCLA. Data are expressed as 

mean±SE for n = 3-6 mice per bar. *p<0.05 vs. Veh or 0 dose.  

Figure 4. BCLA does not affect APAP hepatotoxicity. Mice were pre-treated for 24 h with a 

single dose of 100 mg/kg BCLA (panels A-D) or for 48 h with two doses of 100 mg/kg BCLA 

spread 24 h apart (panels E-F), followed by 300 mg/kg APAP to induce liver injury. Serum ALT 

and LDH and tissue ALT and necrosis were measured at 6 h post-APAP. (A) Serum enzymes. 

(B) Hepatic ALT activity. (C) H&E-stained liver sections. (D) Percent necrosis from histology. 

(E) Serum enzymes from 48 h pre-treatment experiment. (F) Hepatic ALT activity from 48 h 

pre-treatment experiment. Data are expressed as mean±SE for n = 5-6 mice per bar. *p<0.05 vs. 

Veh or APAP+Veh. 

Figure 5. The ALT and MPC systems are critical and redundant to limit APAP 

hepatotoxicity. MPC2 KO mice, combined ALT2-MPC KO mice (CKO), and wild type (WT) 

littermates were treated with 300 mg/kg APAP to induce liver injury. ALT and LDH were 

measured in serum and necrosis was quantified in tissue. (A) Serum ALT. (B) Serum LDH. (C) 

H&E-stained liver sections. (D) Percent necrosis from histology. Data are expressed as mean±SE 

for n = 4 mice per bar. *p < 0.05 for the indicated comparisons. 

Figure 6. The increased injury in CKO mice is not due to increased APAP bioactivation. 

MPC2 KO (MPC2-/-) mice, combined ALT2-MPC KO mice (CKO), and wild type (WT) 

littermates were treated with 300 mg/kg APAP to induce liver injury. Some WT mice were 

treated with vehicle only (Veh). Total hepatic glutathione (GSH+GSSG) and oxidized 

glutathione (GSSG), APAP-protein adducts (APAP-protein), and JNK phosphorylation were 

measured at 6 h post-APAP. (A) Total liver glutathione. (B) APAP-protein adducts. (C) CYP2E1 

immunoblot and total protein stain. (D) Densitometry for CYP2E1. (E) Percentage of glutathione 
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in the oxidized form (F) Immunoblots for phosphorylated and total JNK. (G) Densitometry for 

JNK blots. Data are expressed as mean±SE for n = 4 mice per bar.  *p < 0.05 vs. Veh. #p < 0.05 

vs. WT APAP. ^p < 0.05 vs. MPC-/- mice.  

Figure 7. Pyruvate metabolism is disrupted in APAP toxicity and worsened with ALT2-

MPC CKO. MPC2 KO (MPC2-/-) mice, combined ALT2-MPC KO mice (CKO), and wild type 

(WT) littermates were treated with 300 mg/kg APAP to induce liver injury. Some WT mice were 

treated with vehicle-only (Veh). Serum metabolomics was done by mass spectrometry. Data are 

expressed as mean±SE for n = 4 mice per bar. *p<0.05 vs. WT Veh. #p<0.05 vs. MPC KO. 

^p<0.05 vs. all other groups.  

Figure 8. Combined ALT2-MPC2 deficiency decreases basal glutathione in the liver. MPC2 

KO (MPC2-/-) mice and wild type (WT) littermates were fasted for 6 h to stabilize metabolite 

levels and serum metabolomics was done by mass spectrometry. (A) Results for amino acids and 

pyruvate. (B) Results for total hepatic glutathione. Data are expressed as mean±SE for n = 6 

mice per bar. *p<0.05 vs. WT. 
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