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ABSTRACT

Background: Acetaminophen (APAP) is a popular analgesic, but overdose causes acute liver injury 
and sometimes death. Decades of research have revealed that mitochondrial damage is central in the 
mechanisms of toxicity in rodents, but we know much less about the role of mitochondria in humans. 
Due to the challenge of procuring liver tissue from APAP overdose patients, non-invasive mechanistic 
biomarkers are necessary to translate the mechanisms of APAP hepatotoxicity from rodents to patients. 
It was recently proposed that the mitochondrial matrix enzyme glutamate dehydrogenase (GLDH) 
can be measured in circulation as a biomarker of mitochondrial damage. Early observations revealed 
that damaged mitochondria release their contents into the cytosol. It follows that those mitochondrial 
molecules become freely detectable in blood after cell death. On the other hand, intact mitochondria 
would not release their matrix contents and can be removed from serum or plasma by high-speed 
centrifugation. However, a recent study cast doubt on the interpretation of GLDH as a mitotoxicity 
biomarker by demonstrating that neither high-speed centrifugation nor repeated freezing and thawing 
to lyse mitochondria alter GLDH activity in serum from mice with drug-induced liver injury. 
Aim: Here, we briefly review the evidence for mitochondrial damage in APAP hepatotoxicity and 
demonstrate that removal of intact mitochondria by centrifugation does not alter measured GLDH 
activity simply because GLDH within the mitochondrial matrix is not accessible for measurement. In 
addition, we show that freezing and thawing is insufficient for complete lysis of mitochondria. 
Relevance for Patients: Our literature review and data support the interpretation that circulating 
GLDH is a biomarker of mitochondrial damage. Such mechanistic biomarkers are important to 
translate preclinical research to patients.

Acetaminophen (APAP) is a widely used drug, but overdose causes severe centrilobular 
hepatocyte necrosis. It is currently the leading cause of acute liver failure in the US [1]. 
Decades of research using rodent models of APAP hepatotoxicity have indicated that 
mitochondrial damage and dysfunction are central in the molecular mechanisms of injury 
[2-4]. Ultrastructural evidence of mitochondrial damage was observed by electron microscopy 
in the 1980s [5]. Soon after, biochemical assays demonstrated loss of mitochondrial 
respiration [6] and development of mitochondrial oxidative stress [7]. The 1990s brought 
data on mitochondrial protein alkylation [8], and imaging studies in the 2000s revealed loss 
of mitochondrial membrane potential [9], which linked to peroxynitrite formation inside 
of the mitochondria [10]. Later, it was demonstrated that rats, which are less susceptible 
to APAP hepatotoxicity than mice, have much lower mitochondrial protein alkylation than 
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mice even at higher doses [11]. Furthermore, an isomer of APAP, 
N-acetyl-m-aminophenol (AMAP), is less toxic in mice or mouse 
hepatocytes, correlating with the virtual absence of mitochondrial 
protein adducts after AMAP compared to APAP [12,13]. On the 
other hand, AMAP is more toxic to human hepatocytes than to 
mouse hepatocytes because the reactive metabolite of AMAP 
binds more to mitochondrial proteins in the human cells [13]. 
Those data demonstrate that mitochondrial protein binding is 
critical. More importantly, multiple interventions intended to 
either directly (cyclosporine A, Mito-Tempo, cyclophilin D KO) 
or indirectly (e.g., JNK inhibitors) reduce the mitochondrial 
dysfunction protect against APAP toxicity [9,14-20]. In addition, 
interventions designed to enhance the mitochondrial damage 
also increase injury [21]. Altogether, the data demonstrating that 
mitochondrial damage is necessary for APAP hepatotoxicity are 
clear and overwhelming. 

Before the 2010s, little effort was made to translate the basic 
mechanisms of APAP hepatotoxicity identified in animal models 
to humans, beyond the early glutathione depletion and protein 
binding. We attempted to do that beginning in 2010 using samples 
from APAP overdose patients [22]. However, we faced a major 
challenge: We only had access to blood samples from these 
patients. In most cases, a liver biopsy is not necessary to make 
a diagnosis of APAP hepatotoxicity, so it is rare in the USA. We 
developed an alternative strategy: We used mouse models of 
centrilobular hepatocyte necrosis with and without mitochondrial 
dysfunction (APAP and furosemide [FS] overdose, respectively) 
and compared mitochondrial macromolecules in circulation to 
identify some that were specific for mitochondrial damage. Our 
hypothesis was that during significant mitochondrial damage, 
molecules from the mitochondrial matrix are released into the 
cytosol and then, following necrotic cell death, into the circulation. 
When we analyzed blood samples from mice, we found that 
mitochondrial DNA (mtDNA) and glutamate dehydrogenase 
(GLDH) were significantly elevated in plasma or serum from 
APAP-treated animals but not from FS-treated mice [22]. These 
data are consistent with the idea that mtDNA and GLDH can serve 
as mechanistic biomarkers for mitochondrial damage in patients 
with APAP hepatotoxicity. We then measured those biomarkers in 
plasma or serum from APAP overdose patients with liver injury 
and found that they were dramatically elevated in those patients 
compared to healthy volunteers [22]. On that basis, we concluded 
that mitochondrial damage does indeed occur in humans, similar 
to our observations in mice. We then confirmed these findings 
in a larger cohort of patients and found that higher serum levels 
of these biomarkers are modestly predictive of poor outcome, 
indicating that mitochondria could be a driver of the injury in 
humans [23]. In addition, other groups detected GLDH and 
mtDNA in serum from APAP overdose patients as well [24,25]. 
Finally, we found additional evidence of mitochondrial damage 
in cultured primary human hepatocytes [26] and in metabolically 
competent human HepaRG cells [27]. Importantly, mitochondrial 
dysfunction followed reactive metabolite formation and protein 
binding on mitochondria and preceded cell death in both primary 
human hepatocytes and the HepaRG cells [26,27].

In a recent article, Church et al. [28] concluded that GLDH is 
not a biomarker of mitochondrial damage after all. They drew that 
conclusion primarily from three major observations. First, GLDH 
was significantly elevated in serum from FS-treated mice in their 
hands. Second, GLDH activities correlated with ALT levels in 
serum from both APAP- and FS-treated mice. Third, and most 
importantly, neither centrifugation to pellet intact mitochondria nor 
repeated freezing and thawing to disrupt mitochondrial membranes 
affected GLDH activity in their samples [28]. However, although 
the authors did detect an increase in circulating GLDH activity 
in FS-treated mice in contrast to our earlier results, that increase 
was still much less than the elevation in their APAP-treated mice, 
with a GLDH/ALT ratio five-fold lower in the FS mice [28]. 
Overall, that is consistent with our fundamental observation that 
GLDH is lower in FS hepatotoxicity than in APAP hepatotoxicity. 
Furthermore, it is not surprising that GLDH correlates with ALT, 
since release of both ALT and GLDH would require cell necrosis 
and loss of plasma membrane integrity regardless of whether or 
not the mitochondria are still intact. Finally, the idea that high-
speed centrifugation should reduce the measured GLDH activity 
if mitochondria are intact assumes that the GLDH assay can 
measure GLDH trapped within the mitochondrial matrix. In fact, 
the inner mitochondrial membrane tightly regulates movement 
of metabolic substrates in and out of the matrix, and one such 
substrate is α-ketoglutarate (αKG). Importantly, αKG is in most 
GLDH assay reagents (including the reagents used by Church 
et al.) and is required for measurement of GLDH activity. Thus, 
it is unlikely that the GLDH assay can detect matrix-localized 
GLDH in the first place. In addition, while repeated freezing and 
thawing is widely used to disrupt the plasma membrane of cells, it 
is less effective to disrupt sub-cellular organelles and the authors 
did not report that they verified breakage of the mitochondrial 
membranes in their experiments. 

To determine if common GLDH assays can detect GLDH within 
the mitochondrial matrix and to test the effect of freezing and 
thawing, we performed a simple experiment with freshly isolated 
mitochondria that we obtained from the liver of an untreated 
wild-type mouse by differential centrifugation, as we previously 
described [29]. We re-suspended the isolated mitochondria in 1× 
phosphate-buffer saline (PBS) with 4 g/dL bovine serum albumin 
(BSA) to mimic serum, divided the suspension into six equal 
aliquots, and then mixed the aliquots 1:1 with PBS-BSA with or 
without 0.25% Triton X-100 to disrupt mitochondrial membranes 
(3 aliquots each). After incubating the samples on ice for 30 min, 
we centrifuged them at 20,000×g for 10 min at 4°C to pellet any 
remaining intact mitochondria and verified mitochondrial lysis in 
the detergent-treated samples by visual inspection. We then re-
suspended the pellets again and measured GLDH in the suspensions 
using the same method that we use to measure GLDH in serum 
and plasma samples [22,23]. Importantly, incubation with detergent 
increased mean GLDH activity 332±30% (Figure 1), demonstrating 
that most GLDH within intact mitochondria cannot be measured 
using a standard GLDH assay. We then subjected these same 
samples to three freeze-thaw cycles and re-measured GLDH. While 
freezing and thawing further increased activity in the detergent-
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treated samples, the difference in values before and after freeze-
thaw in the absence of detergent was not statistically significant 
(Figure 1) (P = 0.159; one-way analysis of variance (ANOVA) with 
post-hoc Holm-Sidak test for multiple comparisons). Together, 
these data indicate that the methods used by Church et al. [28] may 
not be ideal to test their hypothesis. In addition, our results indicate 
that specimen processing to remove intact mitochondria may not be 
necessary before freezing even when using GLDH as a biomarker 
of mitotoxicity, as we suggested previously [30]. 

One caveat in our experimental design is that we used 
mitochondria isolated from the liver of a healthy mouse. It is 
possible that mitochondria from damaged tissue would yield 
somewhat different results. For example, stressed mitochondria 
may be more susceptible to lysis from freezing and thawing. In fact, 
the latter would be consistent with our data showing that freezing 
and thawing had a greater effect in the presence of detergent. On 
the other hand, the method of isolating mitochondria that we used 
is undoubtedly traumatic and may already stress the organelles 
to an extent that is similar to hepatotoxicity. Many additional 
experiments would be needed to test those possibilities in detail. 

Although we disagree with their conclusion that GLDH is 
not a mitochondrial damage biomarker based on our data, the 

study by Church et al. [28] is nevertheless very interesting. Their 
observations that some mitochondria develop ultrastructural 
changes consistent with damage in FS hepatotoxicity and that 
mitophagy may be even more extensive in the FS model than 
in the APAP model indicate that mitophagy may be another 
reason for the lower GLDH release after FS treatment. Far from 
invalidating our earlier observations, we interpret these results as 
providing additional evidence that GLDH is in fact a biomarker 
of damaged mitochondria, especially when taken together with 
the results we have presented here. Essentially, their data indicate 
that having more damaged mitochondria within hepatocytes leads 
to greater serum GLDH, while having less (whether that is due 
to less initial mitochondrial damage or more efficient removal 
of damaged mitochondria) results in lower GLDH values. These 
important data demonstrate that we need to consider both the initial 
mitochondrial damage and later mitochondrial turnover when 
developing and characterizing mechanistic mitochondrial damage 
biomarkers. They also indicate that FS-induced hepatotoxicity in 
mice could be a useful model to study the role of mitophagy in 
drug-induced liver injury. 

Together, our prior work and the results reported by Church 
et al. [28] indicate that the ratio of GLDH to ALT can provide 
insight into the role of mitochondrial damage in liver injury. 
We believe this can be useful in translational research when 
investigating mechanisms of disease, and in early drug 
development to test if mitochondria are potential therapeutic 
targets. In clinical practice and for regulatory purposes, GLDH 
may also be useful to distinguish liver from muscle as a source of 
elevated ALT in patients with muscle disease [31], though it is not 
yet clear how the combination of ALT and GLDH compares with 
the combination of ALT and creatine kinase that is already widely 
used in clinical laboratories for that purpose. Overall, we conclude 
that serum GLDH remains a useful biomarker of mitochondrial 
damage for translational studies of acute liver injury. 

Acknowledgments

This work was supported in part by a Pinnacle Research Award 
from the AASLD Foundation (MRM) and by National Institutes 
of Health grants R01 DK102142 and P30 GM118247 (HJ).

Conflicts of Interest

The authors declare no competing conflicts of interest.

References

[1] Stravtiz RT, Lee WM. Acute Liver Failure. Lancet 
2019;394:869-81.

[2] Jaeschke H, McGill MR, Ramachandran A. Oxidant Stress, 
Mitochondria, and Cell Death Mechanisms in Drug-Induced 
Liver Injury: Lessons Learned from Acetaminophen 
Hepatotoxicity. Drug Metab Rev 2012;44:88-106.

[3] Ramachandran A, Jaeschke H. A Mitochondrial Journey 
Through Acetaminophen Hepatotoxicity. Food Chem 
Toxicol 2020;140:111282.

Figure 1. Glutamate dehydrogenase (GLDH) activity assays cannot 
measure GLDH within intact mitochondria. Mitochondria were 
freshly isolated by differential centrifugation from the combined 
right and caudate liver lobes of an untreated wild-type mouse. The 
mitochondria were then re-suspended in 1× phosphate buffered saline 
(PBS) containing 4 g/dL bovine serum albumin and divided equally 
into six aliquots. The aliquots were then mixed 1:1 with PBS+bovine 
serum albumin with (+) or without (−) 0.25% Triton X-100 and 
incubated on ice for 30 min. GLDH activity was then measured in each 
suspension. After the initial measurement, the samples were frozen 
and thawed 3 times and GLDH was re-measured. Data show mean±SE 
for n=3 aliquots. Dots show actual values. Bars with different letters 
are significantly different from one other based on one-way ANOVA 
with post-hoc Holm-Sidak test for multiple comparisons. P<0.05 is 
considered significant.



64 McGill and Jaeschke | Journal of Clinical and Translational Research 2021; 7(1): 61-65

 DOI: http://dx.doi.org/10.18053/jctres.07.202101.005

[4] McGill MR, Hinson JA. The Development and 
Hepatotoxicity of Acetaminophen: Reviewing Over a 
Century of Progress. Drug Metab Rev 2020;52:472-500.

[5] Placke ME, Ginsberg GL, Wyand DS, Cohen SD. 
Ultrastructural Changes during Acute Acetaminophen-
Induced Hepatotoxicity in the Mouse: A Time and Dose 
Study. Toxicol Pathol 1987;15:431-8.

[6] Meyers LL, Beierschmitt WP, Khairallah EA, Cohen SD. 
Acetaminophen-Induced Inhibition of Hepatic 
Mitochondrial Respiration in Mice. Toxicol Appl 
Pharmacol 1988;93:378-87.

[7] Jaeschke H. Glutathione Disulfide Formation and Oxidant 
Stress During Acetaminophen-Induced Hepatotoxicity 
in Mice in Vivo: The Protective Role of Allopurinol. J 
Pharmacol Exp Ther 1990;255:935-41.

[8] Qiu Y, Benet LZ, Burlingame AL. Identification of the 
Hepatic Protein Targets of Reactive Metabolites of 
Acetaminophen in Vivo in Mice Using Two-Dimensional 
Gel Electrophoresis and Mass Spectrometry. J Biol Chem 
1998;273:17940-53.

[9] Kon K, Kim JS, Jaeschke H, Lemasters JJ. Mitochondrial 
Permeability Transition in Acetaminophen-Induced 
Necrosis and Apoptosis of Cultured Mouse Hepatocytes. 
Hepatology 2004;40:1170-9.

[10] Cover C, Mansouri A, Knight TR, Bajt ML, Lemasters JJ, 
Pessayre D, et al. Peroxynitrite-Induced Mitochondrial 
and Endonuclease-Mediated Nuclear DNA Damage in 
Acetaminophen Hepatotoxicity. J Pharmacol Exp Ther 
2005;315:879-87.

[11] McGill MR, Williams CD, Xie Y, Ramachandran A, 
Jaeschke H. Acetaminophen-Induced Liver Injury in Rats 
and Mice: Comparison of Protein Adducts, Mitochondrial 
Dysfunction, and Oxidative Stress in the Mechanism of 
Toxicity. Toxicol Appl Pharmacol 2012;264:387-94.

[12] Tirmenstein MA, Nelson SD. Subcellular Binding 
and Effects on Calcium Homeostasis Produced by 
Acetaminophen and a Nonhepatotoxic Regioisomer, 
3’-Hydroxyacetanilide, in Mouse Liver. J Biol Chem 
1989;264:9814-9.

[13] Xie Y, McGill MR, Du K, Dorko K, Kumer SC, Schmitt TM, 
et al. Mitochondrial Protein Adducts Formation and 
Mitochondrial Dysfunction during N-Acetyl-M-
Aminophenol (AMAP)-Induced Hepatotoxicity in 
Primary Human Hepatocytes. Toxicol Appl Pharmacol 
2015;289:213-22.

[14] Gunawan BK, Liu ZX, Han D, Hanawa N, Gaarde WA, 
Kaplowitz N. c-Jun N-terminal Kinase Plays a Major Role in 
Murine Acetaminophen Hepatotoxicity. Gastroenterology 
2006;131:165-78.

[15] Latchoumycandane C, Goh CW, Ong MM, Boelsterli UA. 
Mitochondrial Protection by the JNK Inhibitor Leflunomide 
Rescues Mice from Acetaminophen-Induced Liver Injury. 
Hepatology 2007;45:412-21.

[16] Ramachandran A, Lebofsky M, Baines CP, Lemasters JJ, 
Jaeschke H. Cyclophilin D Deficiency Protects Against 
Acetaminophen-Induced Oxidant Stress and Liver Injury. 
Free Radic Res 2011;45:156-64.

[17] Huo Y, Win S, Than TA, Yin S, Ye M, Hu H, et al. Antcin 
H Protects Against Acute Liver Injury Through Disruption 
of the Interaction of c-Jun-N-Terminal Kinase with 
Mitochondria. Antioxid Redox Signal 2017;26:207-20.

[18] Du K, Farhood A, Jaeschke H. Mitochondria-Targeted 
Antioxidant Mito-Tempo Protects Against Acetaminophen 
Hepatotoxicity. Arch Toxicol 2017;91:761-73.

[19] Akakpo JY, Ramachandran A, Duan L, Schaich MA, 
Jaeschke MW, Freudenthal BD, et al. Delayed Treatment 
with 4-Methylpyrazole Protects Against Acetaminophen 
Hepatotoxicity in Mice by Inhibition of c-Jun n-Terminal 
Kinase. Toxicol Sci 2019;170:57-68.

[20] Hu J, Lemasters JJ. Suppression of Iron Mobilization from 
Lysosomes to Mitochondria Attenuates Liver Injury after 
Acetaminophen Overdose in Vivo in Mice: Protection by 
Minocycline. Toxicol Appl Pharmacol 2020;392:114930.

[21] Ramachandran A, Lebofsky M, Weinman SA, 
Jaeschke H. The Impact of Partial Manganese Superoxide 
Dismutase (SOD2)-Deficiency on Mitochondrial Oxidant 
Stress, DNA Fragmentation and Liver Injury during 
Acetaminophen Hepatotoxicity. Toxicol Appl Pharmacol 
2011;251:226-33.

[22] McGill MR, Sharpe MR, Williams CD, Taha M, Curry SC, 
Jaeschke H. The mechanism Underlying Acetaminophen-
Induced Hepatotoxicity in Humans and Mice Involves 
Mitochondrial Damage and Nuclear DNA Fragmentation. 
J Clin Invest 2012;122:1574-83.

[23] McGill MR, Staggs VS, Sharpe MR, Lee WM, Jaeschke H, 
Acute Liver Failure Study Group. Serum Mitochondrial 
Biomarkers and Damage-Associated Molecular Patterns 
are Higher in Acetaminophen Overdose Patients with Poor 
Outcome. Hepatology 2014;60:1336-45.

[24] Dear JW, Clarke JI, Francis B, Allen L, Wraight J, Shen J, 
et al. Risk Stratification after Paracetamol Overdose using 
Mechanistic Biomarkers: Results from Two Prospective 
Cohort Studies. Lancet Gastroenterol Hepatol 2018;3:104-13.

[25] Marques PE, Amaral SS, Pires DA, Nogueira LL, 
Soriani FM, Lima BH, et al. Chemokines and Mitochondrial 
Products Activate Neutrophils to Amplify Organ 
Injury During Mouse Acute Liver Failure. Hepatology 
2012;56:1971-82.

[26] Xie Y, McGill MR, Dorko K, Kumer SC, Schmitt TM, 
Forster J, et al. Mechanisms of Acetaminophen-Induced 
Cell Death in Primary Human Hepatocytes. Toxicol Appl 
Pharmacol 2014;279:266-74.

[27] McGill MR, Yan HM, Ramachandran A, Murray GJ, 
Rollins DE, Jaeschke H. HepaRG cells: A Human Model 
to Study Mechanisms of Acetaminophen Hepatotoxicity. 
Hepatology 2011;53:974-82.



 McGill and Jaeschke | Journal of Clinical and Translational Research 2021; 7(1): 61-65 65

 DOI: http://dx.doi.org/10.18053/jctres.07.202101.005

[28] Church RJ, Schomaker SJ, Eaddy JS, Boucher GG, 
Kreeger JM, Aubrecht J, et al. Glutamate Dehydrogenase 
as a Biomarker for Mitotoxicity; Insights from Furosemide 
Hepatotoxicity in the Mouse. PLoS One 2020;15:e0240562.

[29] McGill MR, Du K, Xie Y, Bajt ML, Ding WX, Jaeschke H. 
The Role of the C-Jun N-Terminal Kinases 1/2 and 
Receptor-Interacting Protein Kinase 3 in Furosemide-
Induced Liver Injury. Xenobiotica 2015;45:442-9.

[30] Jaeschke H, McGill MR. Serum Glutamate Dehydrogenase-
Biomarker for Liver Cell Death or Mitochondrial 
Dysfunction? Toxicol Sci 2013;134:221-2.

[31] Schomaker S, Potter D, Warner R, Larkindale J, King N, 
Porter AC, et al. Serum Glutamate Dehydrogenase 
Activity Enables Early Detection of Liver Injury in 
Subjects with Underlying Muscle Impairments. PLoS One 
2020;15:e0229753.


