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Database screening as a strategy 
to identify endogenous candidate 
metabolites to probe and assess 
mitochondrial drug toxicity
Mery Vet George De la Rosa 1, Dipali Patel 1, Marc R. McCann 2, Kathleen A. Stringer 2,3,4 & 
Gus R. Rosania 1*

Adverse drug reactions (ADRs) are considered an inherent risk of medication use, and some ADRs 
have been associated with off-target drug interactions with mitochondria. Metabolites that reflect 
mitochondrial function may help identify patients at risk of mitochondrial toxicity. We employed 
a database strategy to identify candidate mitochondrial metabolites that could be clinically useful 
to identify individuals at increased risk of mitochondrial-related ADRs. This led to l-carnitine 
being identified as the candidate mitochondrial metabolite. l-carnitine, its acetylated metabolite, 
acetylcarnitine and other acylcarnitines are mitochondrial biomarkers used to detect inborn errors 
of metabolism. We hypothesized that changes in l-carnitine disposition, induced by a “challenge 
test” of intravenous l-carnitine, could identify mitochondrial-related ADRs by provoking variation 
in l-carnitine and/or acetylcarnitine blood levels. To test this hypothesis, we induced mitochondrial 
drug toxicity with clofazimine (CFZ) in a mouse model. Following CFZ treatment, mice received an 
l-carnitine “challenge test”. CFZ-induced changes in weight were consistent with previous work 
and reflect CFZ-induced catabolism. l-carnitine induced differences in whole blood acetylcarnitine 
concentrations in a manner that was dependent on CFZ treatment. This supports the usefulness 
of a database strategy for the discovery of candidate metabolite biomarkers of drug toxicity and 
substantiates the potential of the l-carnitine “challenge test” as a “probe” to identify drug-related 
toxicological manifestations.

Adverse drug reactions (ADRs) often result from drug effects unrelated to the drug’s primary mechanism of 
action. Even though ADRs are considered an inherent risk of medication use, they can have detrimental conse-
quences to patients and pose a major burden on the United States healthcare  system1–3. Most drugs are designed 
to directly activate or inhibit specific molecular targets involved in pathological processes, yet many ADRs have 
been found to be toxicological manifestations of off-target drug interactions affecting the structure and function 
of cellular organelles, such as  mitochondria4–6. Healthy, fully functional mitochondria are vital for metabolic 
homeostasis because they are essential for both energy metabolism and the management of catabolic and anabolic 
processes; they also participate in a variety of signaling  pathways7–9. Presently, there are no clinically utilized 
specific biomarkers of mitochondrial toxicity, and such testing is not required by the United States Food and 
Drug Administration (FDA) as part of the drug approval  process10,11. This is the case despite that numerous 
investigations have shown that mitochondrial dysfunction is a major mechanism of drug-induced  injury11–13.

Nevertheless, a number of studies have demonstrated gene-mitochondrial disease associations that have 
led to the development of early clinical diagnosis assays which are used for routine newborn testing to identify 
inborn errors in  metabolism14,15. Existing databases of centralized information, such as Gene Expression Omni-
bus (GEO), Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG), could be used to 
accelerate and improve the discovery of potential targets, biomarkers, and tracers that could aid in the assess-
ment of mitochondrial-related  ADRs16–18. The strategy of database screening has been used in various fields 
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of study including to identify cancer-associated gene products and has resulted in the discovery of a prostate 
cancer-related gene, PAGE-1/GAGE-B19, a Ewing’s sarcoma-associated gene, XAGE-120, and a number of dif-
ferentially expressed transcripts in breast  cancer21 and glioblastoma  multiforme22. It has also been valuable in 
the identification of biomarkers for different diseases such as  endometriosis23. However, these strategies have 
not been used to identify candidate metabolic biomarkers of mitochondrial-related ADRs.

To address this need, we developed a well-defined methodological approach to identify mitochondria-specific 
metabolites that could be clinically employed to probe and assess mitochondrial drug toxicity. We proceeded to 
identify a candidate metabolic biomarker that met all a priori criteria, followed by in vivo evaluation in a mouse 
model to corroborate the database screening algorithm and establish its feasibility for clinical use.

Results
A systematic algorithm based on rational, a priori criteria was developed for discovering mitochondrial-specific, 
candidate metabolites (Fig. 1 and Supplementary Table S1 online). Initially, 32,798 genes were identified by the 
National Center for Biotechnology Information’s (NCBI) Gene database, 30,652 were categorized as eukaryotes 
genes, 1348 bacterial, 521 of archaea and 277 as virus (Supplementary Fig. S1 online). Only the 30,652 genes 
categorized as eukaryote were considered further. After screening for “eukaryote” mitochondrial genes, use of the 
GeneID reduced the list of relevant mitochondrial genes from 30,652 to 2682 which also accounted for duplicate 
entries (Supplementary Fig. S1 online). This step also permitted the building of a dataset with a gene symbol, 
gene description and gene synonyms for all similar genes that were present in the original list.

Use of the Braunschweig Enzyme Database (BRENDA) identified enzymes encoded by the remaining 2682 
genes; 1461 enzymes were identified. The other 1221 genes were eliminated from further consideration since 
they were found to encode for protein structural components. The 1461 enzymes were combined into one data 
set that included the substrate and product of each enzymatic reaction. All duplicate compounds that were found 
to be substrates or products in multiple reactions were removed. This step resulted in 735 candidate compounds. 
We then used the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https:// www. genome. jp/ kegg/) 
to categorize the compounds by molecular weight (MW ≤ 1000 Daltons)24,25 which reduced the remaining 735 
candidates to 398 (Fig. 1). Of the 398 remaining candidate compounds, the Universal Protein Resource (UNI-
PROT) database (https:// www. unipr ot. org/) confirmed that 96 were exclusively present in the mitochondria. 
The results from each step of the database screening methodology and data reduction steps are summarized 
in Fig. 1 and the rationale and process for each of the steps is summarized in Supplementary Table S2 online.

Of the final 96 compounds, seven were found in the US Pharmacopeia, 34 compounds were in Drug Bank 
and only five were found to be FDA approved for human use. Three of these compounds were in all three data-
bases (Fig. 2a), which made them finalist candidates: trimethylglycine (betaine; HMDB0000043), l-carnitine 
(HMDB0000062), and quinol (hydroquinone; HMDB0002434; Fig. 2). Figure 2b shows the physiochemical and 
pharmacokinetic properties of the three final compounds.

A comprehensive evaluation of published research was used to rank the relevance of the final selected com-
pounds as biomarkers based on their known association with ADR’s, mitochondrial function, and known animal 
and human physiological blood concentrations (Supplementary Table S3 online). Accordingly, l-carnitine was 
selected as the most clinically feasible candidate as it is available as an FDA approved formulation for intravenous 
injection  (Carnitor®, Leadiant Biosciences, Gaithersburg, MD; USA). l-carnitine is converted to acetylcarnitine 
via carnitine acetyltransferase (EC 2.3.1.7) in mitochondria (Fig. 3), acetylcarnitine is also the most abundant 
acylcarnitine, which made it the metabolite of choice for further testing as a metabolic tracer of mitochondrial 
metabolism.

In vivo l-carnitine challenge
l-carnitine was evaluated to assess the validity of our database strategy and its feasibility for clinical use as a 
marker of mitochondrial-related ADR using CFZ-treated mice as a model. The results from these experiments 
are depicted in Figs. 4 and 5 and Supplementary Figs. S2–S4 online.

In urine, the amount of both l-carnitine and its primary metabolite, acetylcarnitine (HMDB0000201), was 
not different between the two treatment groups (Fig. 3).

Following tail vein injection of l-carnitine (1000 mg/kg), vehicle and CFZ treated mice had similar l-carnitine 
levels in whole blood (Fig. 5a). However, the mean (SD) whole blood acetylcarnitine concentrations were lower 
in CFZ treated mice at 30 min (*p = 0.0138), 60 min (**p = 0.0024), and 120 min (*p = 0.0465) compared with 
vehicle treated mice. Pre-treatment and levels at 10 min (p = 0.379) were not different (Fig. 5b).

Discussion
As reported herein, use of a database screening and process of elimination strategy, led to the identification of 
96 candidate mitochondrial metabolites that could be measured in blood to provide useful readouts of drug-
induced changes in mitochondrial function. Further selection based on clinical relevance and in vivo evaluation 
revealed l-carnitine as a highly feasible candidate for clinical use based on a priori criteria. Measured changes of 
acetylcarnitine levels following an intravenous injection of l-carnitine in animals exposed to a “mitochondriot-
oxic” drug corroborated the usefulness of the database approach for strategically identifying those endogenous 
metabolites that could serve as candidate biomarkers for detecting changes in metabolism induced by drugs that 
target a specific organelle. Of noteworthy significance, the existing information that was publicly available in 
databases allowed for a systematic process of elimination, which led to a concise list of clinically feasible human 
metabolite candidates for use as functional tracers of mitochondrial metabolic health.

Mitochondria possess diverse structural components and functional features which can be targeted by a 
compound and lead to  toxicity26,27. These interactions can be caused by different types of drugs and occur in 

https://www.genome.jp/kegg/
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different sites and pathways (Fig. 6). These targets include inhibition of mitochondrial DNA (mtDNA) transcrip-
tion of electron transport chain (ETC) complexes and enzymes required for any of the steps of glycolysis and 
β-oxidation, the depletion of l-carnitine and Coenzyme A (CoA), uncoupling of oxidative phosphorylation, 
and interference with one or more of the complexes in the respiratory chain, affecting the ETC. Early signals of 
many of these processes are difficult to detect in the blood.

Figure 1.  Methodology workflow diagram of the databases used to search for the candidate mitochondrial 
metabolites. The final 96 candidate metabolites were subjected to additional evaluation criteria which included 
assessment of physiochemical and pharmacokinetic properties and feasibility for clinical use. The workflow 
follows unified modeling language and includes the established a priori criteria used for each step. The rationale 
and the process for each step can be found in Supplementary Table S2 online.
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While assessment of ADR-associated mitochondrial dysfunction is not currently part of the drug approval 
process, a blood assay that could be used to report drug-induced changes in mitochondrial function could be 
valuable. Mitochondria contain their own genome which can affect the probability of ADRs but the mitochon-
drial genome is not easily accessible in the clinical  situation27,28. Rather, a circulating metabolite like l-carnitine, 
that could reflect the underlying cellular and molecular mechanisms that predisposes individuals to unintended 
perturbation of mitochondrial metabolic function by a medication, would be most clinically achievable and 
feasible. To this end, the algorithm developed herein could be clinically used to probe and assess a range of dif-
ferent adverse drug effects on the metabolic status of other organelles in addition to mitochondria (Fig. 1 and 
Supplementary Table S2 online).

The identified three final compounds were all mitochondrial metabolites. To pinpoint the most ideal candi-
date, we assessed information about the pharmacokinetic and physiochemical properties from different databases 
(Fig. 2b). l-carnitine is FDA approved for the treatment of carnitine deficiency and is available as an intravenous 

Figure 2.  Final metabolite candidates following application of a database screening methodology. (a) Venn 
diagram shows the number of the final 96 compounds that were present in at least one of the three databases 
searched for physiochemical and pharmacokinetic properties: the FDA Orange Book (https:// www. fda. gov/ 
drugs/ drug- appro vals- and- datab ases/ orange- book- data- files), Drug Bank (https:// go. drugb ank. com/) and 
the US Pharmacopeia (https:// www. usp. org/). Only three compounds were present in all three databases. (b) 
Table of relevant physicochemical and pharmacokinetic properties of the three final candidate metabolites. 
HBD = Hydrogen Bond Donor; HBA = Hydrogen Bond Acceptor; LogP represents the logarithm (base 10) 
of the partition coefficient (P), the ratio of the compound’s organic (oil)-to-aqueous phase concentrations; 
Vol = volume. Chemical structures in (b) were created in ChemDraw V20.0 (PerkinElmer Informatics, Waltham, 
MA USA).

Figure 3.  Generation of acetylcarnitine from l-carnitine occurs via carnitine acetyltransferase (CAT; EC 
2.3.1.7). In mitochondria, the production of acetylcarnitine is catalyzed by CAT from l-carnitine and acetyl-
CoA, a product of beta-oxidation and substrate for the tricyclic acid (TCA) cycle. In the setting of a surplus of 
l-carnitine as would occur from an l-carnitine “challenge test”, and a reduced supply of acetyl-CoA secondary 
to clofazimine-induced metabolic stress (e.g., catabolism), the production of acetylcarnitine may be reduced 
compared to a non-catabolic state. Figure created by BioRender.com.

https://www.fda.gov/drugs/drug-approvals-and-databases/orange-book-data-files
https://www.fda.gov/drugs/drug-approvals-and-databases/orange-book-data-files
https://go.drugbank.com/
https://www.usp.org/
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(IV) formulation  (Carnitor®, Leadiant Biosciences, Gaithersburg, MD USA). Trimethylglycine, also known as 
betaine, is available as an FDA approved oral formulation  (CYSTADANE®, Recordati Rare Diseases Inc, Lebanon, 
NJ, USA) that is used for the treatment of homocystinuria to decrease high homocysteine blood levels; currently, 
there is no IV formulation. As such, trimethylglycine was removed as a candidate. Quinol (hydroquinone) is 
an aromatic organic phenol which participates in the mitochondria Q cycle. This is the process by which the 
electrons are transferred from ubiquinol to cytochrome c, which results in the net movement of protons across 
the inner mitochondrial  membrane29. Even though quinol has a critical role in the electron transport chain, as 
a therapeutic, it is used in combination with fluocinolone and tretinoin as an FDA-approved topical treatment 
for melasma; it is not available in a formulation for injection. In terms of the in vivo assay system that we chose 
to test the usefulness of l-carnitine, CFZ is an FDA-approved, weakly basic, red-pigmented, phenazine antibi-
otic that is included in the WHO List of Essential Medications as part of the standard treatment for  leprosy30,31. 
It is highly lipophilic and is characterized by an unusually long elimination half-life (up to 70 days), which is 
associated with extensive accumulation of the drug in the  body31,32. While CFZ is well tolerated, in addition to 
its adverse impact on mitochondrial  function32, it imposes considerable metabolic stress on the host secondary 
to induction of a catabolic  state33–36. Following 8-weeks of CFZ treatment we subjected mice to the l-carnitine 
challenge test (1000 mg/kg given as a single IV injection). Although we did not detect a CFZ-induced change 
in whole blood concentrations of l-carnitine, the-l-carnitine challenge test induced differences in whole blood 
acetylcarnitine concentrations in CFZ-treated mice. Specifically, in CFZ treated mice, acetylcarnitine concentra-
tions were significantly lower when compared to vehicle treated mice (Fig. 5b). Typically, high dose l-carnitine 
supplementation leads to a proportional increase in blood levels of both l-carnitine and acetylcarnitine, the 
primary acetylated form of l-carnitine37,38. The function of this shuttle and l-carnitine are essential for the 
transport of long-chain fatty acids into the mitochondria. In normal, healthy individuals, skeletal muscle stores 

Figure 4.  The mole fraction of l-carnitine and acetylcarnitine in the urine 24 h after a bolus IV l-carnitine 
injection were not changed by clofazimine (CFZ) treatment. (a) The urine mole fraction of l-carnitine in CFZ 
(orange) and vehicle treated (blue) mice was 0.73 and 0.76, respectively (p = 0.87). (b) The urine mass ratio of 
acetylcarnitine in CFZ treated and vehicle treated mice was 0.6 and 0.76, respectively (p = 0.11). Data are the 
mean (SD) of two metabolic cages each housing 5 mice/group. Mole fraction of l-carnitine and acetylcarnitine 
was calculated by dividing the amount of l-carnitine or acetylcarnitine recovered in urine collected over 24 h 
following the administration of the l-carnitine challenge dose.

Figure 5.  Whole blood l-carnitine and acetylcarnitine concentrations (µM) in clofazimine (CFZ) and vehicle 
treated mice following the l-carnitine “challenge test” (1000 mg/kg). (a) Following tail vein injection of 
l-carnitine, vehicle and CFZ treated mice had similar l-carnitine levels in whole blood. (b) Following tail vein 
injection, CFZ treated mice had lower acetylcarnitine levels at 30 min (*p = 0.0138), 60 min (**p = 0.0024), and 
120 min (*p = 0.0465) compared with vehicle treated mice. Pre-treatment levels and at 10 min (p = 0.379) the 
difference was not significant. Data are the mean (SD) of 10 mice/group.
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97% of total body l-carnitine, while l-carnitine in blood accounts for only 0.1% of total body l-carnitine39. In the 
tissue compartment (including skeletal muscle) the generation of acetylcarnitine relies on the availability of two 
substrates-l-carnitine and acetyl-CoA (Fig. 3). The enzyme, CAT (EC 2.3.1.7), converts them to acetylcarnitine 
and CoA. A possible explanation for the decline in acetylcarnitine production in response to l-carnitine sup-
plementation in CFZ-treated mice is a reduction in the availability of acetyl-CoA for acetylcarnitine generation 
secondary to CFZ-induced catabolism. High energy demand leads to consumption of acetyl-CoA leaving less 
reserve available for the production of  acetylcarnitine40. This finding highlights the importance of measuring 
acetylcarnitine. A number of studies have relied on the measurement of acetylcarnitine and acylcarnitines as 
markers for different disease states and drug-induced  ADRs41. The differences induced in acetylcarnitine blood 
levels by the l-carnitine “challenge test” in CFZ versus vehicle treated mice point to the feasibility of its use as a 
“probe” to identify drug-related mitochondrial and medication-induced toxicological manifestations.

We acknowledge that there are limitations to this study. First, we acknowledge that a database search method-
ology (which was conducted ~ 2 years ago) may not yield the exact same results today, in part, because the content 
of databases and website formats change over time. To combat this limitation, we have made the resulting data 
files publicly available. We also recognize that clofazimine is only one of many drugs that can affect mitochon-
drial function through a variety of different mechanisms. We acknowledge that the interaction between other 
mitochondriotoxic drugs and l-carnitine/acetylcarnitine transport, metabolism and disposition pathways could 
be very different from those that occur during CFZ treatment. This study was also limited to mice of the same 
genetic background. It therefore does not fully account for all the variation in l-carnitine and acetylcarnitine 
transport, metabolism and disposition that may characterize an entire population with different genetics, ages, 
and exposures to different environmental conditions that might lead to a more varied response to either CFZ 
or to an l-carnitine challenge test.

Despite these limitations, our prospective study identified functional biomarkers of mitochondrial toxicity 
that could be used to stratify individuals at increased ADR  risk42. The findings described here serve as a starting 
point in the development of a test to probe the relationship between baseline metabolic stress and drug-related 
mitochondrial toxicity that could help determine which patients may be at risk. To further refine these meas-
urements, a more detailed assessment of the distribution of l-carnitine and acetylcarnitine in response to the 

Figure 6.  Mechanisms and pathways in mitochondria that are adversely affected by drugs. (a–c) I. mtDNA 
damage or depletion: damage to mtDNA by drugs (e.g., high dose  acetaminophen44, zidovudine) impairs 
mtDNA replication and thus mitochondrial protein synthesis. (a–c) II. Inhibition of beta-oxidation of fatty 
acids: drugs like ibuprofen and amiodarone, inhibit either the enzymes involved in beta-oxidation or the ETC 
resulting in accumulation of fatty acids due to impaired beta oxidation. (a–c) III. Depletion of carnitine and 
CoA: the generation of certain CoA and/or l-carnitine esters by drugs like valproic acid, decreases the levels 
of these, hindering the mechanism of β-oxidation. (a–c) IV. Inhibition of ATPase: drugs like amiodarone 
and NSAIDs like diclofenac can cause oxidative phosphorylation uncoupling, causing a reduction in ATP 
production. (a–c) V. Electron transport chain (ETC) inhibition: inhibition of respiratory chain enzyme 
complex activities by drugs (e.g., propofol, tamoxifen) blocks electron transfer along the ETC. Inhibition of 
the mitochondrial ETC induces cell death through the generation of reactive oxygen species. Figure 5a was 
created with BioRender.com, all chemical structures in Fig. 5c were created in ChemDraw V20.0 (PerkinElmer 
Informatics).
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l-carnitine challenge test, could also be elaborated using an isotope labeled l-carnitine analog. Such a metabolic 
tracer could yield additional information about drug-induced changes to endogenous l-carnitine and acetylcar-
nitine stores, transport, and utilization.

Methods
Database screening methodology
The study was carried out following an a priori algorithm (Fig. 1) which was specifically designed to identify 
mitochondrial-related metabolites that could be clinically employed to probe and assess mitochondrial drug 
toxicity and direct the development of an in vivo and clinically-relevant “challenge test”. A set of criteria was 
established for each step of the workflow and each database that was screened (Supplementary Table S3 online); 
candidate metabolites were included or excluded from further consideration based on these criteria. For the 
methodology, we used four different databases in sequential order for the initial portion of the analysis: The 
National Center for Biotechnology Information’s (NCBI) Gene database (https:// www. ncbi. nlm. nih. gov/ gene), 
The Braunschweig Enzyme Database (BRENDA) (https:// www. brenda- enzym es. org/), the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) database (https:// www. genome. jp/ kegg/), and the Universal Protein Resource 
(UNIPROT) database (https:// www. unipr ot. org/). The resulting candidates were then subjected to evaluation by 
three criteria that were assessed using; Drug Bank (https:// go. drugb ank. com/), the FDA Orange Book (https:// 
www. acces sdata. fda. gov/ scrip ts/ cder/ ob/ index. cfm), and the United States Pharmacopeia (USP; https:// www. usp. 
org/). The rationale for the use of each database, the sequence of evaluation and the inclusion/exclusion criteria 
for each candidate are outlined in Supplementary Table S2 online.

In vivo l-carnitine challenge experiment
The main candidate metabolite identified by our database strategy was evaluated using a mouse model of mito-
chondrial drug toxicity. The animal protocol was approved by the University of Michigan’s Institutional Animal 
Care and Use Committee (protocol number PRO00009404) and animal care was provided in accordance with 
the NIH Guide for the Care and Use of Laboratory Animals. We also complied with the ARRIVE  guidelines43.

An l-carnitine “challenge” was used to provoke drug-related mitochondrial toxicological manifestations. 
(Fig. 7). Male C57BL/6 mice were treated with CFZ, an FDA approved medication known to cause mitochon-
drial  dysfunction36, by its addition to chow for 8-weeks (~ 40 mg/kg) as previously  described36. Following CFZ 
treatment, mice were injected with a high dose (1000 mg/kg) of l-carnitine, referred to as the “challenge test”. 
Metabolic functions were tracked, including weight, food and water consumption, and urine production. The 
amount of l-carnitine and acetylcarnitine in urine is shown in mole fraction. These values were calculated by 
dividing the amount of l-carnitine or acetylcarnitine recovered after 24 h in urine by the starting dose of the 
l-carnitine challenge injected. Pooled urine samples (5 mice/per sample) were collected at 24 h using metabolic 
cages  (Techniplast®). Whole bloodsamples were collected via the saphenous vein (BL, 10 min, 30 min, 60 min, 
120 min) and the retro-orbital plexus by removal of the eye while under anesthesia (inhaled isoflurane) for 
the terminal timepoint (240 min) then flash frozen in liquid nitrogen. At the study termination, mice were 
euthanized according to IACUC guidelines (Policy on Human Care and Use of Laboratory Animals Approved 
Animal Welfare Assurance Number, D16–00072 (A3114–01)). Sodium-heparin preserved whole blood and 
centrifuge-clarified urine samples were stored (− 80 °C) until the time of assay. l-carnitine and acetylcarnitine 
concentrations were measured using a quantitative liquid chromatography–mass spectrometry (LC/MS) assay.

Figure 7.  In vivo l-carnitine challenge test methodology and treatment groups. Figure was created with 
BioRender.com.

https://www.ncbi.nlm.nih.gov/gene
https://www.brenda-enzymes.org/
https://www.genome.jp/kegg/
https://www.uniprot.org/
https://go.drugbank.com/
https://www.accessdata.fda.gov/scripts/cder/ob/index.cfm
https://www.accessdata.fda.gov/scripts/cder/ob/index.cfm
https://www.usp.org/
https://www.usp.org/
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Quantification of l-carnitine and acetylcarnitine in blood and urine
Briefly, to determine l-carnitine and acetylcarnitine concentrations in mouse blood and urine, water (490 μL) was 
added into 10 μL blood or urine. Internal standard solution (5 μL; l-carnitine-13C, D3 and acetylcarnitine-D3, 
5 μg/mL in acetonitrile, Thermo Fisher Scientific) was added to the diluted blood or urine samples and mixed 
for 30 min at room temperature. Finally, 150 μL of acetonitrile was added to precipitate macromolecules. The 
mixture was vortexed for 10 min and centrifuged (3000g for 10 min at 4 °C). The supernatant was transferred to 
the autosampler vials for LC–MS/MS analysis. Additional details about the assay can be found in the supplement.

To construct calibration curves for l-carnitine and acetylcarnitine, 5 μL internal standard solution was added 
into 100 μL of 12 nonzero mixed standards, which were prepared in water, and mixed for 30 min at room tem-
perature. Then, 150 μL of Acetonitrile was added into 50 μL of the mixture. After vortexed and centrifuged with 
the conditions for samples, the standard solutions were injected to LC–MS/MS. By plotting the peak area ratio of 
l-carnitine or acetylcarnitine to the internal standard versus the sample concentration. The concentration range 
evaluated was from 1 to 5000 ng/ml. Quality control solutions were prepared from separate weighted powder to 
the concentration of 10, 250, 2500 ng/ml in water. Then, quality control samples were obtained from mixing of 
a diluted blood sample with above solution at 1:1 (v/v). Quality control samples were run before, in the middle 
and after the samples to evaluate the accuracy and intra-batch precision of the developed method.

Data processing and statistical analysis
GraphPad Prism Version 9.3.1 (GraphPad Software, San Diego, CA, USA) was used for all statistical analysis. All 
data are presented as mean ± SD. Significance between different treatment groups, vehicle treated vs CFZ treated, 
was assessed by two-tailed unpaired Student’s t-test for the urine mole fraction, weight, food consumption, water 
consumption, urine volume and muscle mass. Significance between different treatment groups in whole blood 
l-carnitine and acetylcarnitine concentrations over time was assessed by a mixed-effects model with a Šidák 
multiple comparison correction. Statistical difference was considered at p < 0.05.

Conclusions
This study, using a database search strategy, aimed to identify candidate mitochondrial metabolites that could be 
clinically useful to identify individuals at increased risk of mitochondrial-related ADRs. Mitochondrial impair-
ment by drugs may involve interference with many different pathways and mechanisms, all of which can lead to 
unexpected ADRs. Clinical use of an l-carnitine challenge test with subsequent measurement of mitochondrial 
metabolites like acetylcarnitine, could be an important early step to identify occult medication-induced mito-
chondrial toxicity.

Data availability
The datasets generated and/or analysed during the current study are available in the University of Michigan’s 
Deep Blue data repository, https:// doi. org/ 10. 7302/ gnx4- gs93.
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