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Abstract Drug-induced liver injury (DILI) is a leading reason for preclinical safety attrition and post-

market drug withdrawals. Drug-induced mitochondrial toxicity has been shown to play an essential role

in various forms of DILI, especially in idiosyncratic liver injury. This study examined liver injury reports

submitted to the Food and Drug Administration (FDA) Adverse Event Reporting System (FAERS) for

drugs associated with hepatotoxicity via mitochondrial mechanisms compared with non-mitochondrial

mechanisms of toxicity. The frequency of hepatotoxicity was determined at a group level and individual

drug level. A reporting odds ratio (ROR) was calculated as the measure of effect. Between the two DILI

groups, reports for DILI involving mitochondrial mechanisms of toxicity had a 1.43 (95% CI 1.42e1.45;

P < 0.0001) times higher odds compared to drugs associated with non-mitochondrial mechanisms of

toxicity. Antineoplastic, antiviral, analgesic, antibiotic, and antimycobacterial drugs were the top five

drug classes with the highest ROR values. Although the top 20 drugs with the highest ROR values

included drugs with both mitochondrial and non-mitochondrial injury mechanisms, the top four drugs

(ROR values > 18: benzbromarone, troglitazone, isoniazid, rifampin) were associated with mitochondrial

mechanisms of toxicity. The major demographic influence for DILI risk was also examined. There was a

higher mean patient age among reports for drugs that were associated with mitochondrial mechanisms of

toxicity [56.1 � 18.33 (SD)] compared to non-mitochondrial mechanisms [48 � 19.53 (SD)]
onfidence interval; CNS, center nervous system; DILI, drug-induced liver injury; DNA, deoxyribonucleic acid;

System; FDA, US Food and Drug Administration; MedDRA, Medical Dictionary for Regulatory Activities;

cological Research-Liver Toxicity Knowledge Base; NSAID, nonsteroidal anti-inflammatory drugs; ROR,
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(P < 0.0001), suggesting that age may play a role in susceptibility to DILI via mitochondrial mechanisms

of toxicity. Univariate logistic regression analysis showed that reports of liver injury were 2.2 (odds ratio:

2.2, 95% CI 2.12e2.26) times more likely to be associated with older patient age, as compared with re-

ports involving patients less than 65 years of age. Compared to males, female patients were 37% less

likely (odds ratio: 0.63, 95% CI 0.61e0.64) to be subjects of liver injury reports for drugs associated with

mitochondrial toxicity mechanisms. Given the higher proportion of severe liver injury reports among

drugs associated with mitochondrial mechanisms of toxicity, it is essential to understand if a drug causes

mitochondrial toxicity during preclinical drug development when drug design alternatives, more clini-

cally relevant animal models, and better clinical biomarkers may provide a better translation of drug-

induced mitochondrial toxicity risk assessment from animals to humans. Our findings from this study

align with mitochondrial mechanisms of toxicity being an important cause of DILI, and this should be

further investigated in real-world studies with robust designs.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Severe drug-induced liver injury (DILI) is a rare, potentially life-
threatening adverse event with an incidence of 10e15 cases per
10,000 to 100,000 patients per year1e4. The clinical profile of
DILI is challenging to diagnose as it can mimic almost any type of
liver disease5,6 and mild, asymptomatic transaminase elevations
may mimic those caused by diet7. Prediction of liver injury re-
mains a challenge for the pharmaceutical industry, regulators, and
clinicians5. DILI symptoms range from non-specific mild eleva-
tions in liver enzymes (aminotransferases) to severe liver illnesses
such as cirrhosis or acute hepatitis5,6 and there is no specific
biomarker that links drug exposure as the contributing cause of
liver injury8.

There are two types of DILI: intrinsic (i.e., dose-dependent)
and idiosyncratic (i.e., dose-independent)6. A well-known
example of intrinsic DILI is acetaminophen-induced liver
injury, as it is dose-dependent, the onset is hours to days, and
predictable9. On the other hand, idiosyncratic DILI is not dose-
dependent, occurs in a small portion of drug-exposed in-
dividuals, its onset is days to weeks, and unpredictable9. Idio-
syncratic DILI is highly dependent on environmental and host
factors that alter the susceptibility of individual patient responses
to the drug. Hamilton et al.10 suggested that DILI is the
convergence of three influencing risk factors: host factors,
environmental factors, and drug-specific factors. Host-related
risk factors include genetics, ethnicity, gender, comorbidities,
alterations in drug transport, drug clearance capabilities, age, and
mitochondrial function variability10. Environmental risk factors
include lifestyle, viral co-infection, co-prescriptions, diet, and
alcohol consumption10. Finally, drug-specific risk factors include
the relationship of applied dose (exposure) and chemical struc-
ture with reactive metabolite formation, mitochondrial dysfunc-
tion, and lipophilicity10e12. Therefore, mechanisms of DILI,
whether intrinsic or idiosyncratic, are a multivariable, highly
complex process that varies from patient to patient and is influ-
enced by host, environmental, and drug-specific factors that in-
fluence the liver’s ability to adapt and recover from an injury
caused by a drug8.

In recent years, drug-induced mitochondrial toxicity has been
shown to play an essential role in intrinsic and idiosyncratic DILI.
Many medications from different drug classes, such as antidia-
betic, antilipidemic, antiviral, antibiotic, anti-inflammatory, and
antipsychotic agents have toxicities mediated by mitochondrial
mechanisms, which may contribute to DILI13. Mitochondrial
toxicants affect mitochondrial homeostasis by numerous mecha-
nisms such as oxidative stress, inhibition or uncoupling of respi-
ratory complexes of electron transport chain, impairment of
mitochondrial replication or promoting mitochondrial DNA
damage14. Drug-induced mitochondrial toxicity is difficult to be
detected in standard preclinical animal testing models and requires
specific studies to examine disruptions in liver energy status15.
Only recently, there has been the development of clinical bio-
markers specific for mitochondrial dysfunction in disease16 and
DILI17 beyond changes in blood lactate. With these inadequacies,
a drug candidate can enter human clinical trials only to fail for
evidence of mitochondrial toxicity18,19. Examples of non-
mitochondrial toxicity mechanisms that drive DILI are genera-
tion of reactive metabolites, activation of cell death pathways,
activation of innate or adaptive immune response pathways, or
disruption of cellular homeostasis20. This study evaluates the
frequency of reports of hepatotoxicity injury in drugs that cause
DILI with mitochondrial and non-mitochondrial mechanisms.

Patient demographics influence risk or susceptibility for DILI.
Boelsterli and Lim21 indicated that older age and female gender
were important susceptibility factors for DILI; however, the rea-
sons were still unknown. There are no clinical studies that link the
sensitivity of the female gender to DILI caused by mitochondrial
dysfunction. Amacher et al.22 indicated that women are more
susceptible to DILI than men. Several hypotheses were proposed
to explain gender differences in susceptibility, including phar-
macokinetic or pharmacodynamic differences, interactions of sex
hormones with signaling molecules, and a difference in immune
system responses22. Similarly, it is believed that older adults are
more susceptible to DILI caused by mitochondrial dysfunction.
The review published by Will et al.13 indicated that the most
commonly used prescription and over-the-counter medications for
geriatric patients, such as antilipidemic, pain, and heartburn
medications, had published reports of toxicities linked to mito-
chondrial dysfunction13. As the United States’ elderly population
is growing rapidly, identifying and addressing risk factors of DILI,
where mitochondrial dysfunction may play a substantial role in

http://creativecommons.org/licenses/by-nc-nd/4.0/
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adverse events, will be beneficial to this vulnerable patient pop-
ulation. Therefore, in this study, we evaluated the patient age and
gender associated with DILI reports (measured by reporting
odds ratio) for hepatotoxicants with mitochondrial and non-
mitochondrial injury mechanisms.

Given that mitochondrial dysfunction is a common character-
istic of drugs that cause liver injury, a better understanding of the
association between the probability of liver injury induced by
drugs that are mitochondrial toxicants and the influence of pa-
tient’s age and gender would be beneficial for clinicians and drug
developers. If a drug is associated with mitochondrial mechanisms
of liver injury, clinicians could incorporate mitochondrial injury-
specific biomarkers into clinical trials23e25. Additionally, the
development of clinically relevant animal models or study designs
may provide drug-induced mitochondrial toxicity risk translation
from animals to humans24.

This study investigated liver injury reports submitted to the US
Food and Drug Administration (FDA) Adverse Event Reporting
System (FAERS) and compared the frequency of reports between
drugs that can cause hepatotoxicity via mitochondrial mechanisms
and those without mitochondrial mechanisms of toxicity. Addi-
tionally, we determined if there were age and gender differences
associated with DILI reports involving drugs with or without
mitochondrial toxicities.

2. Methods

2.1. Study design

2.1.1. Data source
FAERS database is the largest national repository of spontaneous
drug event reports, having accumulated over 28 million adverse
events reports. Healthcare professionals, patients, manufacturers,
and lawyers can submit potential drug-induced adverse events of
small and large therapeutic (biologics) classes and medical de-
vices to the FAERS database. The FAERS database has a vital role
in post-market drug surveillance in terms of detection and char-
acterization of drug and device-related adverse events.

We extracted adverse event reports from the FAERS database
for the timeframe from January 1998 to May 2019. In this study,
the reports included severe adverse events, such as hospitalization,
disability, or death. The types of reports were classified by FAERS
as direct, expedited, or periodic. Direct reports were submitted to
FDA from consumer or health care professionals; whereas,
expedited reports were sent from the manufacturer within 15 days
of severe adverse events occurrence not included in the product
label26. Adverse drug event reports considered periodic were
submitted from manufacturers, included in the label, and sent to
the FDA quarterly or annually26. The main selection criterion was
“primary suspect” drugs. “Secondary suspect” drugs were
excluded because of the greater uncertainty of the association
between the drug and the reported adverse events. FAERS reports
were coded using the MedDRA (Medical Dictionary for Regula-
tory Activities) terms for DILI27. Although DILI has complex
clinical symptoms, there has been documentation for the utiliza-
tion of the FAERS database to investigate emerging DILI adverse
events for newly marketed drugs8.

2.1.2. Inclusion/exclusion criteria
Drugs that cause liver injury have been annotated using the United
States National Center for Toxicological Research Liver Toxicity
Knowledge Base (NCTR-LTKB), which utilizes hepatotoxic de-
scriptions from the FDA-approved drug labeling regulatory doc-
uments as well as evaluating causality evidence in the literature28.
This database was created by the FDA to help clinicians, toxi-
cologists, and researchers access information on DILI annotation
of various drugs28,29. NCTR-LTKB serves as a centralized source
to study the mechanism of DILI and the development or validation
of emerging biomarkers and predictive models29. This is the
largest publicly available annotated DILI dataset containing three
groups based on their potential to cause liver toxicity [Most DILI
concern-(192 drugs), Lesser DILI concern-(278 drugs), and No-
DILI concern (312 drugs)] with confirmed causal evidence con-
necting a drug to liver injury28. The FAERS database uses FDA
drug labeling information for the classification of drugs according
to their potential to cause DILI. This study utilized drugs with
“most-DILI concern”, which were defined based on hepatotoxicity
resulting in market withdrawal (in US and ex-US), black box
warning, or high severity of liver injury noted as part of the
warning and precautions label28e30. Therefore, both mitochondrial
and non-mitochondrial mechanisms of toxicity groups are asso-
ciated with severe hepatic injury.

The study drugs represented various drug classes such as
analgesic, anti-inflammatory, antidepressant, antibiotic, antidia-
betic, and antineoplastic agents. Most of these drugs had been
withdrawn, have boxed warnings, or have warnings and pre-
cautions for liver injury in their prescribing labels. The details of
DILI severity categories based on the DILI description are
included in the drug labeling: severity level 1; steatosis, level 2;
cholestasis and steatohepatitis, level 3; liver aminotransferases
increase, level 4; hyperbilirubinemia, level 5; jaundice, level 6;
liver necrosis, level 7; acute liver failure, and level 8; hepatotox-
icity28. Examples of withdrawn drugs include bromfenac, chlor-
zoxazone, troglitazone, and trovafloxacin, which have been
assigned a severity level of 8, suggesting evidence of fatal hepa-
totoxicity. Drugs such as bosentan, danazol, ketoconazole, nefa-
zodone, tolcapone, and valproic acid have box warning in their
product labeling and have severity categories ranging from 3 to 8.

2.1.3. Classification of drugs as mitochondrial toxicants
Drugs with mitochondrial mechanisms of toxicity were defined by
literature evidence of mitochondrial injury mechanisms (yes or
no) of in vitro (e.g., cellular production of reactive oxygen species
via oxidative stress, inhibition or uncoupling of respiratory com-
plexes of electron transport chain, induction of mitochondrial
membrane permeability transition pore, inhibition of mitochon-
drial fatty acid oxidation or mitochondrial DNA damage,
etc.)31e42 or in vivo mitochondrial toxicity from animal studies
(evidence of impairment of oxidative phosphorylation complexes
or histopathological alterations of mitochondria in vivo animal
models, etc.)43,44. Our classification was based on the parent drug-
induced toxicity (direct impact on mitochondria) and not the
metabolite. Possible drug effects on mitochondrial biogenesis or
respiratory capacity were not considered. Drugs with the non-
mitochondrial mechanisms of toxicity were defined by literature
evidence of the alternative mechanisms of injury or lack of evi-
dence. It is important to note that 8.2% of drugs had no literature
evidence of the type of toxicity mechanism, meaning it could be a
mitochondrial or non-mitochondrial mechanism. Furthermore, the
non-mitochondrial mechanisms of toxicity drugs are not proven to
have non-mitochondrial mechanisms. For these drugs, there is
simply no evidence of mitochondrial mechanisms of toxicity in-
formation that is publicly available yet.
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2.2. Outcome

We determined the number of reports for hepatotoxicity at a group
level and an individual drug level using the Reporting Odds Ratio
(ROR). As shown in Table 1, we calculated total hepatotoxicity
and all other adverse events for both the DILI groups. For ROR
calculations, numerators are derived by multiplying the hepato-
toxicity reports for mitochondrial mechanisms of toxicity drug
group with all other adverse event reports of non-mitochondrial
mechanisms of toxicity per drug group. The denominator is
calculated by multiplying hepatotoxicity adverse event reports
of non-mitochondrial mechanisms of toxicity with all the
adverse events reported for mitochondrial mechanisms of
toxicity per drug group45. Therefore, the ROR for drugs associated
with mitochondrial mechanism of toxicity was 1.43
[RORZ(40,343 � 1,342,486)/(586,989 � 64,358) Z 1.43].

We also examined the RORs at the individual drug level, as
shown in Table 2. A case (hepatotoxicity reports) or non-case (all
other adverse event reports) disproportionality approach was uti-
lized by creating a two-by-two contingency table, as demonstrated
below using acetaminophen as an example45. During this time-
frame, a total of 383,540 hepatotoxicity reports and a total of
27,852,908 adverse event counts of any drug type were collected.
For ROR calculations, numerators are derived by multiplying the
hepatotoxicity reports for a drug of interest with all other adverse
events reports. The denominator is calculated by multiplying
hepatotoxicity adverse event reports of all other drugs (excluding
acetaminophen) with all the adverse events reported with a drug of
interest45 (ROR for acetaminophen Z [8509 � 27,852,908)/
(51,732 � 383,540) Z 11.94]. Within the timeframe, a ROR
higher than one for a drug indicates a higher proportion of severe
liver injury reports for a drug of interest than all the other drug
reports in the database. In this case, acetaminophen was associated
with proportionally more reports for serious liver adverse events
than other drugs in the database.

2.3. Association of age, gender, and other factors in two groups
of DILI (mitochondrial and non-mitochondrial mechanisms of
toxicity)

Mitochondrial function declines with aging13; therefore, we
evaluated if reports of severe DILI were disproportionately asso-
ciated with older patient age, indicating potential susceptibility to
DILI from mitochondrial mechanisms of toxicity. Furthermore,
since gender may play an important role in the sensitivity of DILI,
we also evaluated the frequency of reports according to patient
gender. The mean and standard deviation (SD) of patient age were
calculated and compared between DILI reports caused by drugs
associated with mitochondrial mechanisms of toxicity and DILI
reports associated with non-mitochondrial mechanisms. Patient
age was dichotomized into �65 years or >65 years for compar-
ison. Other factors, including drug severity class, patient weight,
Table 1 Reporting odds ratio estimates for DILI drug groups (FAE

DILI groups

Drugs associated with mitochondrial mechanisms of toxicity

Drugs associated with non-mitochondrial mechanisms of toxicity

Total
report type, and label section, were examined in a descriptive
analysis.

2.4. Statistical analysis

Descriptive statistics were used to compare the gender and age of
reports for the DILI drug groups associated with mitochondrial
mechanisms of toxicity and associated with non-mitochondrial
mechanisms. The statistical significance of differences in cate-
gorical variables such as age group, DILI severity, drug label, and
report type between two categories of DILI drugs was examined
using the chi-square test. Whereas, differences in continuous
variables such as mean patient age between the two categories of
hepatotoxic drugs were compared with the two-tailed Student’s
t-test for independent samples. The unadjusted association of age
and gender with mitochondrial mechanisms of toxicity DILI group
(against non-mitochondrial mechanisms of toxicity DILI group)
was determined using univariate logistic regression analysis. ROR
calculations were carried out using a two-by-two contingency
table using OpenEpi (version 3.01; Centers for Disease Control
and Prevention), which calculates 95% CI and P-values via Taylor
series46. Chi-square tests were performed with SAS version 9.4
(SAS Institute, Cary, NC, USA), and two-sided t-tests were per-
formed at the 0.05 significance level via GraphPad Prism version 8
(La Jolla, CA, USA). All statistical tests were two-sided with a
significance level at 0.05.

3. Results

We included 192 drugs classified as having the highest DILI risk
(“Most-DILI concern”) via the NCTR-LTKB database. Out of
these 192 drugs, 134 drugs had searchable FAERS reports, while
the remaining 58 drugs were either withdrawn before our study
period or were withdrawn from the European market before US
approval. Therefore, the final data set contained 134 drugs, which
were categorized as 56 drugs causing hepatotoxicity via mito-
chondrial mechanisms, and 78 drugs were classified as causing
hepatotoxicity via non-mitochondrial mechanisms.

Table 3 indicates the characteristics of the event reports
included in the study. A total of 104,701 adverse event reports
were extracted from FAERS for the period spanning January 1998
to May 2019. Of these, 40,343 (38.5%) reports of hepatotoxicity
were for drugs that were associated with mitochondrial mecha-
nisms of toxicity, whereas 64,358 (61.5%) reports of hepatotox-
icity were for drugs associated with non-mitochondrial
mechanisms of toxicity. Furthermore, drugs were categorized
based on the NCTR-LTKB severity classification. There was a
statistically significant difference in DILI severity (P < 0.0001)
between the two groups of DILI drugs (mitochondrial mechanisms
compared to non-mitochondrial mechanisms). There was a 5.5
percentage point difference in reports for more severe DILI (liver
failure/hepatotoxicity) for drugs associated with mitochondrial
RS reports).

Hepatotoxicity All other adverse events Total

40,343 586,989 627,332

64,358 1,342,486 1,406,844

104,701 1,929,475 2,034,176



Table 2 Example reporting odds ratio estimate for an individual drug: acetaminophen (FAERS Reports).

Drug Hepatotoxicity All other adverse events Total

Acetaminophen 8509 51,732 60,241

All other drugs of any type 383,540 27,852,908 28,236,448

Total 392,049 27,904,640 28,296,689
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mechanisms of toxicity compared to non-mitochondrial mecha-
nisms (76.3% compared to 70.8%, respectively, P < 0.0001). As
shown in Table 3, the FAERS reports were classified based on the
drug label section for liver injury; there was a statistically sig-
nificant difference in drug labels (P < 0.0001) between the two
groups of DILI drugs (mitochondrial mechanisms compared to
non-mitochondrial mechanisms). Additionally, 24.6% of mito-
chondrial mechanisms of toxicity drugs had a box warning label
as compared to 19.8% of non-mitochondrial mechanisms of
toxicity drugs, and 64.9% of mitochondrial mechanisms of
toxicity drugs had warning and precautions label as compared to
79.1% of non-mitochondrial mechanisms of toxicity drugs. For
drugs withdrawn due to hepatotoxicity, there were high numbers
of reports (n Z 4227, 10.5%) for drugs that are associated with
mitochondrial toxicity mechanisms, compared to a lower number
Table 3 Characteristics of patients and hepatotoxic drugs associate

mitochondrial mechanisms.

Characteristics Hepatotoxicity via

mechanism (56 dr

FAERS report counts (n) 40,343 (38.5%)

Reports based on NKTR drug severity classification

3 - Liver aminotransferases increase 0 (0%)

4 - Hyperbilirubinemia 1958 (4.9%)

5 - Jaundice 7526 (18.7%)

6 - Liver necrosis 0 (0%)

7 -Acute liver failure 4581 (11.3%)

8 - Fatal hepatotoxicity 26,278 (65%)

Reports combined based on less and severe DILI

Less severe injury 9484 (23.5%)

Liver failure/hepatotoxicity 30,859 (76.5%)

Reports based on drug label section

Warning & precautions 26,177 (64.9%)

Box warning 9939 (24.6%)

Withdrawn 4227 (10.5%)

Report type

Direct 1992 (4.9%)

Expedited 35,569 (88.2%)

Periodic 2782 (6.9%)

Patient characteristics

Weight (kg)

FAERS report counts (n) 7666 (19%)

Weight missing 32,677 (81%)

Weight Mean � SD 68.6 � 20.8

Gender

Male 19,818 (49.1%)

Female 17,711 (43.9%)

Gender missing 2814 (7%)

Age (year)

FAERS report counts (n) 30,324 (75.2%)

Age missing 10,019 (24.8%)

Age Mean � SD 56.1 � 18.33

A statistical difference between two DILI groups across categorical variab

variables were performed using t-tests; P values were <0.0001 for all the va
of reports (n Z 747, 1.2%) for drugs with non-mitochondrial
mechanisms of toxicity (P < 0.0001). Over 88% of reports were
expedited, while the rest of the reports were either direct or pe-
riodic. In summary, there was a statistically significant difference
between drug severity classification, label, and liver injury
severity according to the drug’s ability to cause toxicity through
mitochondrial mechanisms.

We also examined patient bodyweight, but 79%e81% of the
reports did not have this information documented. Among the
19%e21% of reports where the bodyweight data was present,
the average difference between the two groups of DILI drugs
(mitochondrial compared to non-mitochondrial mechanisms) was
only 1.6 kg (68.6 � 20.8 compared to 70.2 � 23.4; P < 0.0001).
In this case, the small P-value may be because the large sample
size overpowered the comparison. As large numbers of the reports
d with mitochondrial mechanisms of toxicity compared to non-

mitochondrial

ugs)

Hepatotoxicity via non-mitochondrial

mechanism (78 drugs)

64,358 (61.5%)

3048 (4.7%)

2292 (3.6%)

13,392 (20.8)

35 (0.05%)

17,207 (26.7%)

28,384 (44.1)

18,767 (29.2%)

45,591 (70.8%)

50,898 (79.1%)

12,713 (19.8%)

747 (1.2%)

2393 (3.7%)

57,119 (88.8%)

4846 (7.5%)

13,532 (21%)

50,826 (79%)

70.2 � 23.4

24,353 (37.8%)

34,690 (53.9%)

5315 (8.3%)

46,310 (71.9%)

18,046 (28%)

48 � 19.53

les was performed using a chi-square test. Comparisons of continuous

riables (P < 0.05 was considered significant); n is number of instances.
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were missing bodyweight, further analysis was not performed. As
shown in Table 3, a higher percentage of males were the subjects
of hepatotoxicity reports via mitochondrial mechanisms compared
to the subjects of reports involving hepatotoxicity via the non-
mitochondrial mechanisms (49.1% compared to 37.8%,
P < 0.0001). About 7%e8.3% of reports were missing informa-
tion about the patient’s gender.

Table 3 presents the difference in the mean and distribution of
age among the two groups. The patient’s age was recorded in more
than 71% of the reports from both the groups. As shown in Table
3, there was a statistically significant difference (P < 0.0001)
between the mean age of patients with hepatotoxicity in drugs that
are associated with mitochondrial mechanisms [56.1 � 18.33
(SD)] compared to non-mitochondrial mechanisms of toxicity
[48 � 19.53 (SD)]. In other words, reports involving drugs asso-
ciated with mitochondrial mechanisms of hepatic toxicity dis-
played a higher mean age than reports for drugs associated with
non-mitochondrial mechanisms of hepatic toxicity.

Fig. 1 indicates the ROR values of drugs associated with
mitochondrial mechanisms of toxicity; benzbromarone, troglita-
zone, isoniazid, rifampin, and nimesulide had the highest ROR
values in the group. Fig. 2 indicates the ROR values of drugs
associated with non-mitochondrial mechanisms of toxicity; teli-
thromycin, gemtuzumab ozogamicin, mexiletine, dactomycin, and
disulfiram had the highest ROR values in the group. Table 4 in-
dicates the top 20 drugs with the highest ROR values in both
groups of hepatotoxicants. The top 20 drugs with the highest
ROR values included drugs with either mitochondrial or non-
mitochondrial injury mechanisms. The top four drugs, which
Figure 1 Reporting odds ratios (RORs) for hepatotoxic drugs

associated with mitochondrial mechanisms of toxicity. Benzbromar-

one, troglitazone, isoniazid, rifampin, and nimesulide had the highest

ROR values in this group.

Figure 2 Reporting odds ratios (RORs) for hepatotoxic drugs

associated with non-mitochondrial mechanisms of toxicity. Teli-

thromycin, gemtuzumab ozogamicin, mexiletine, dactomycin, and

disulfiram had the highest ROR values in the group.
had ROR values higher than 18 (benzbromarone, troglitazone,
isoniazid, rifampin), were associated with mitochondrial mecha-
nisms of toxicity. Furthermore, the top two drugs, benzbromarone,
and troglitazone were withdrawn from the market.

Table 5 indicates the RORs between the two groups of drugs
that caused liver injury via mitochondrial compared to non-
mitochondrial mechanisms. Between the two DILI groups, re-
ports for DILI involving mitochondrial mechanisms of toxicity
had a 1.43 (95% CI 1.42e1.45; P < 0.0001) times higher odds
compared to drugs associated with non-mitochondrial mecha-
nisms of toxicity. The univariate logistic regression model was
used after dichotomizing age and gender. Table 6 indicates a
statistically significant risk association of age or gender with
hepatotoxic drugs with mitochondrial toxicity mechanisms. Re-
ports of liver injury were 2.2 (odds ratio: 2.2, 95% CI 2.12e2.26)
times more likely to be associated with older patient age, as
compared with reports involving patients under 65 years of age.
On the other hand, female patients were 37% less likely to be
subjects of liver injury reports for drugs associated with mito-
chondrial mechanisms of toxicity compared to males (Odds Ratio
0.63, 95% CI 0.61e0.64). Supporting Information Tables S1eS7
contain DILI reports, all adverse event reports, ROR, and 95%
Confidence Interval (CI) for all the drugs evaluated in the study.

Fig. 3 indicates the totality of all ROR scores of DILI drugs
with mitochondrial or non-mitochondrial mechanisms of toxicity.
Drugs from the antineoplastic, antiviral, analgesic, antibiotic,
and antimycobacterial classes were the top five drugs classes
associated with higher ROR scores. Drugs from the antidiabetic,



Table 4 Top 20 drugs with the highest reporting odds ratio in both DILI groups.

Drug class Drug name Severity class Label section Mitochondrial toxicity ROR

Antigout agent Benzbromarone 8 Withdrawn Yes 36.31

Antidiabetic agent Troglitazone 8 Withdrawn Yes 31.02

Antimycobacterial Isoniazid 8 Box warning Yes 20.79

Antimycobacterial Rifampin 8 Warnings and precautions Yes 18.64

Antibiotics Telithromycin 8 Warnings and precautions No 18.33

Antineoplastics Gemtuzumab ozogamicin 8 Box warning No 18.08

Antiarrhythmics Mexiletine 3 Box warning No 17.8

Antineoplastics Dactinomycin 8 Warnings and precautions No 17.25

Anti-inflammatory agent Nimesulide 8 Withdrawn Yes 15.07

Antialcoholics Disulfiram 8 Warnings and precautions No 14.82

Antivirals Didanosine 8 Warnings and precautions Yes 14.38

Stimulants; central nervous system Pemoline 8 Withdrawn No 14.24

Platelet inhibitors Ticlopidine 4 Warnings and precautions No 13.51

Antibiotics Trovafloxacin mesylate 8 Withdrawn Yes 13.48

Antithyroid agents Propylthiouracil 8 Box warning No 13.33

NSAID Bromfenac 8 Withdrawn No 13.01

Antiretroviral drugs Stavudine 8 Box warning Yes 12.83

Hormone modifiers Danazol 8 Box warning Yes 12.82

Antiparkinson agents Tolcapone 8 Box warning Yes 12.25

Antivirals Tipranavir 8 Box warning No 12.04

Table 5 Reporting odds ratio estimate for hepatotoxic drugs associated with mitochondrial mechanisms of toxicity compared to non-

mitochondrial mechanisms.

DILI group Odds ratio 95% CI P-value

Drugs associated with mitochondrial mechanisms of toxicity 1.43 1.42e1.45 <0.0001
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antiretroviral, anti-inflammatory, anti-Parkinson, vasoactive, neu-
roprotective, and antihyperlipidemic drug classes were primarily
associated with mitochondrial mechanisms. Alternatively, leuko-
triene pathway modulators, alcohol antagonists, CNS stimulants,
and platelet inhibitor drug classes were the drugs with non-
mitochondrial mechanisms having higher RORs. Figs. 4 and 5
categorize these two groups of drugs based on the drug label
section and severity class. We did not observe any notable trend
between mitochondrial and non-mitochondrial mechanisms and
drug label section, or severity class.

4. Discussion

Prediction and characterization for DILI during preclinical drug
development and post-approval remains a challenge for the
pharmaceutical industry, toxicologists, clinicians, physicians,
health authorities, and regulators5. Characterizing DILI has been a
challenge due to its unpredictability, lack of accurate biomarkers,
Table 6 Association of age and gender with hepatotoxic

drugs with mitochondrial toxicity mechanisms as compared

with non-mitochondrial mechanisms, using a univariate logis-

tic regression model.

Independent variable Odds ratio 95% CI P-value

Age

<65 years Reference

>65 years 2.2 2.12e2.26 <0.0001

Gender

Male Reference

Female 0.63 0.61e0.64 <0.0001
poorly defined pathogenesis, and its potential to cause fatal liver
failure5. In the past two decades, drug-induced mitochondrial
dysfunction has been established as an important contributing
mechanism associated with liver, muscle, heart, kidney, and cen-
tral nervous system toxicity13. Mitochondrial dysfunction is one of
the reasons known to cause muscle toxicity by HMG-CoA
(3-hydroxy-3-methylglutaryl coenzyme A) reductase inhibitor
(cerivastatin), cardiovascular toxicity by anthracyclines (dauno-
rubicin, doxorubicin, idarubicin), and DILI by an antidepressant
(nefazodone), antibiotics [isoniazid, ketoconazole (oral)], and
anxiolytic (panadiplon) drugs19,47e50.

We calculated the ROR for reports of severe hepatotoxicity
adverse events among drugs with the highest risk for DILI, for
drugs having mitochondrial or non-mitochondrial mechanisms of
toxicity. Brinker et al.8 indicated that various measures of
disproportionate reporting of adverse events such as Proportional
Reporting Ratio, Multi-item Gamma Poisson Shrinker, and the
Bayesian Confidence Propagation Neutral Network had been used
in analyses of surveillance databases. Each of these methods may
have different strengths and limitations and may lead to different
sensitivity and specificity for a drug’s risk reporting8. Various
health regulatory authorities use different statistical measures for
reporting. For example, the European Medicines Agency uses
Proportional Reporting Ratio; FDA and UK’s Medicines and
Healthcare products Regulatory Agency uses Multi-item Gamma
Poisson Shrinker. Whereas, the World Health Organization has
utilized the Bayesian Confidence Propagation Neutral Network
method for reporting8. These reporting measures have been used
to generate hypotheses and do not infer adverse eventecausal
associations. It has been suggested that there is not one single
measure of effect that is superior to the others8,51,52. Our study
utilized reporting odds ratios to characterize the frequency of liver



Figure 3 Sum of all ROR of “most-DILI-concern” drugs associated with mitochondrial and non-mitochondrial mechanisms of toxicity per

therapeutic class. Drugs from the antineoplastic, antiviral, analgesic, antibiotic, and antimycobacterial classes were the top 5 drugs classes

associated with higher ROR scores. Drugs from the antidiabetic, antiretroviral, anti-inflammatory, anti-Parkinson, vasoactive, neuroprotective, and

antihyperlipidemic drug classes were primarily associated with mitochondrial mechanisms. Alternatively, leukotriene pathway modulators,

alcohol antagonists, CNS stimulants, and platelet inhibitor drug classes were the drugs with non-mitochondrial mechanisms having higher RORs.

Figure 4 Categorization based on liver injury drug label for “most-

DILI concern” drugs based on their association with mitochondrial

and non-mitochondrial mechanisms of toxicity. There was not any

notable trend between two groups based on drug label.
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injury reports as it is a straightforward and frequently used mea-
sure for the analysis of FAERS data45,53e57.

The review published by Will et al.13 indicated that the most
commonly used prescriptions and over the counter medications for
geriatric patients had published reports of various toxicities linked
to mitochondrial dysfunction. Our study reported that reports for
DILI involving mitochondrial mechanisms of toxicity had a 1.43
(95% CI 1.42e1.45; P < 0.0001) times higher odds compared to
drugs associated with non-mitochondrial mechanisms of toxicity.
The ROR scores with the highest risk of liver injury based on
mitochondrial or non-mitochondrial mechanisms were highest for
drugs from the antineoplastic, antiviral, analgesics, antibiotics, and
antimycobacterial classes. This finding agreed with the published
literature. Sonawane et al.26 indicated that antineoplastic, analge-
sics, and antibiotics were among the top 10 drugs that reported
severe adverse events in the FAERS database from 2006 to 2014.
Additionally, our study observed that over 88% of adverse reports
were expedited, while the rest of the reports were either direct or
periodic in both drug categories. This observation also agreed with
the published literature. Sonawane et al.26 also reported that
expedited reports were the most common and over 72% of all
serious adverse events with available data on the report type.

Antidiabetic, antiretroviral, anti-inflammatory, anti-Parkinson,
vasoactive, neuroprotective, antihyperlipidemic drug classes were
primarily associated with mitochondrial toxicity mechanisms. In
recent years, an impaired mitochondrial function has been docu-
mented as one of the critical factors in inflammation, sarcopenia,
metabolic (obesity, type two diabetes, non-alcoholic fatty liver
disease), and neurodegenerative diseases (Parkinson’s, Alz-
heimer’s, Huntington’s diseases)13,58e60. Patients with reduced
mitochondrial function occurring as a manifestation of their un-
derlying disease state may be more vulnerable to drugs that cause
toxicity via mitochondrial mechanisms. Alternatively, anti-
adrenergic, leukotriene pathway modulators, alcohol antagonist,
CNS stimulants, and platelet inhibitors were drug classes that were
primarily associated with non-mitochondrial toxicity mechanisms.



Figure 5 Categorization based on liver injury severity class for

“most-DILI concern” drugs based on their association with mito-

chondrial and non-mitochondrial mechanisms of toxicity. There was

not any notable trend between two groups based on severity class.
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We identified statistically significant differences (P < 0.0001)
in drug severity classification, label section for liver injury, and
report type between these two mechanisms for DILI. For drugs
withdrawn for liver injury, there were a higher number of hepa-
totoxicity reports (10.5%) associated with mitochondrial than non-
mitochondrial mechanisms (1.2%). Dykens and Will (2007) noted
that 38 marketed drugs withdrew from the market between 1994
and 2006. Among these, for cerivastatin, nefazodone, troglitazone,
and tolcapone, there was substantial evidence of mitochondrial-
induced organ toxicity48. Therefore, our observations agreed
with reports in the medical literature of drug-induced mitochon-
drial dysfunction playing an important role in drug withdrawal.
Furthermore, Boelsterli and Lim21, in 2007, suggested that several
drugs, such as amiodarone, dantrolene, diclofenac, isoniazid,
lamivudine, leflunomide, mefenamic acid, nimesulide, perhexi-
line, simvastatin, stavudine, sulindac, tolcapone, troglitazone,
trovafloxacin, and valproic acid, are associated with idiosyncratic
DILI with a clear link to mitochondrial toxicity. Many of these
drugs reported a relatively higher ROR in our study.

Our study reported an older mean patient age [56.1� 18.33 (SD)]
associated with reports for drugs that cause DILI via mitochondrial
mechanisms compared tomean age [48� 19.53 (SD)] associatedwith
reports for drugs that cause injury via non-mitochondrial mechanisms
(P < 0.0001). This was further substantiated in a univariate logistic
regression analysis where reports of liver injury were 2.2 (odds ratio:
2.2, 95% CI 2.12e2.26) times more likely to be associated with older
patient age, as compared with reports involving patient ages under 65
years. This finding is consistent with physiological information indi-
cating age as a risk factor for both mitochondrial DNA abnormality
and increased oxidative stress-related injury59. There is evidence that
mitochondrial function declines with age, including the role of mito-
chondrial DNA mutation, increased production of reactive oxygen
species, and the dysfunction in oxidative phosphorylation pathways58.
The hallmark of mitochondrial aging includes a decreased mito-
chondrial number, reduced mitochondrial function, and individual
electron transport chain activities13. Mitochondrial function de-
teriorates progressively with age. Therefore, older age populations
may be more vulnerable to hepatotoxic drugs associated with mito-
chondrial mechanisms of toxicity.

Our study indicated that female patients were 37% less likely to
report liver injury adverse events for drugs associated with mitochon-
drial mechanisms of toxicity compared to males. There are conflicting
reports associatingmalegender as a susceptibility factor forDILI, and a
clear link for this association is absent in the literature21,61. Several
articles allude to the potential involvement of a reactivemetabolite, and
differences in pharmacokinetics, pharmacodynamics, sex hormones,
and immune system response between males and females21,22.
5. Conclusions

Mitochondria play an important part in DILI, including idiosyn-
cratic liver injury. There have been various proposed mechanisms
for mitochondrial involvement in DILI59. There is a gap in the
literature describing the differences in clinical outcomes for pa-
tients who experienced DILI from mitochondrial mechanisms of
toxicity as compared with non-mitochondrial mechanisms of
toxicity drugs. There are limitations in detecting drugs that have
mitochondrial liability in the drug development phase of the dis-
covery. For the most part, drug-induced mitochondrial toxicity
does not reveal itself in animal models due to the young age, lack
of genetic divergence, health status, and lack of concomitant drug
exposure13. Therefore, drug-induced mitochondrial toxicity is
often idiosyncratic, meaning it is not predictable until a large
population is exposed21,60. Based on this study, we provide evi-
dence of a higher proportion of reports of severe liver injury
adverse events among drugs associated with mitochondrial
mechanisms of toxicity as compared with non-mitochondrial
mechanisms of toxicity. Furthermore, we found that reports of
liver injury were 2.2 (odds ratio: 2.2, 95% CI 2.12e2.26) times
more likely to be associated with older patient age, as compared
with reports involving patients ages under 65 years. This finding
aligns with the theory that age is a susceptibility factor in liver
injury via the mitochondrial mechanisms of toxicity.
6. Limitation

The FAERS database describes adverse event reports but does not
include information about the number of patients treated with a
drug. Therefore, incidence rates, prevalence rates, and causal re-
lationships between drugs and safety adverse events cannot be
determined for drugs according to mitochondrial or non-
mitochondrial mechanisms of toxicity. For example, the popula-
tion incidence of DILI may be higher for drugs associated with
non-mitochondrial mechanisms than mitochondrial mechanisms
of toxicity. Nevertheless, researchers and health authorities have
used the FAERS database for adverse event signal identification,
developing ideas, and hypothesis generation despite this limita-
tion. The hypothesis and ideas generated using this database could
serve as a foundation for more robust study designs, and for
in vitro or in vivo studies investigating the causal relationship of a
drug with liver injury. The FAERS database provides a suitable
source to evaluate the volume and characteristics of adverse event
reports for marketed medications. Furthermore, factors such as
age, gender, weight, drug severity class, and label section of
FAERS reports can provide valuable insights to health authorities
during the post-market surveillance of marketed medications.

The FAERS database is a spontaneous reporting system with
limitations when used for drug safety research, including the po-
tential for under or over-reporting events, duplicate reports, in-
fluence of media, and uncertainty of reported events8,62. For
example, troglitazone received significant media attention due to a
class-action lawsuit which called attention to its DILI risk.
Therefore, troglitazone may have a higher number of hepatotox-
icity reports than some drugs that did not receive media attention.
Moreover, the FAERS database could be associated with the
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“Weber effect”, where adverse event reports are higher in initial
marketing stages following a gradual decline8.

Mitochondria have a diverse role in the pathophysiology of
DILI. In current literature, most of the mitochondrial-induced
toxicity is derived from in vitro studies. In vitro assays using
immortalized cell lines or primary human hepatocytes have their
limitations as they generally lack competent metabolic function,
xenobiotic biotransformation capacity, appropriate drug receptors
and transporters, and cellular architecture. Therefore, it is unclear
how mitochondrial in vitro mechanisms truly translate to liver
injury outcomes in humans; there appear to be strong associations
as outlined here.

Characterizing DILI drugs based on mitochondrial dysfunction
versus other mechanisms may have limitations. For acetamino-
phen, mitochondrial dysfunction plays an essential role in liver
injury. This was demonstrated in primary human hepatocytes and
preclinical models. Mechanistically, acetaminophen produces a
reactive metabolite leading to disruption of cellular homeostasis.
However, acetaminophen as a parent drug does not directly affect
the mitochondrial respiratory chain or cause direct toxicity to
mitochondria. Therefore, we included acetaminophen in non-
mitochondrial DILI drugs while considering that mitochondrial
dysfunction plays an important role in acetaminophen-induced
liver injury. Moreover, given the limitations of the data source
we were unable to discern intrinsic from idiosyncratic DILI.

Patients with an underlying condition such as obesity may be
more vulnerable to drugs that cause toxicity via mitochondrial
mechanisms; thus, we attempted to include patient weight in our
study. However, about 79%e81% of the reports missed the
bodyweight information; therefore, the effect of patient weight
was not examined. The study may also have several unmeasured
confounding factors as patient comorbidities, pre-existing liver
disease, and concomitant drug use is not captured in FAERS re-
ports. Additionally, the findings regarding age and gender are
unadjusted; therefore, it should be used merely for hypothesis
generation. Moreover, gender bias may be due to disease de-
mographics. Some of the DILI drugs with mitochondrial toxicity
mechanisms are prescribed for diseases with a higher male pre-
disposition. For example, benzbromarone is prescribed for gout,
which has six times higher occurrence in males63. Similarly,
isoniazid and rifampin are prescribed for the treatment of tuber-
culosis, which has two times higher occurrence in males64.

ROR depends on the reporting rates of liver injury adverse
events and all other adverse events reports in compared drug
classes. DILI drugs associated with non-mitochondrial mecha-
nisms of toxicity have a significantly higher number of non-
hepatic adverse events reports. Therefore, we are not sure if larger
ROR values are due to the higher reporting of hepatotoxicity in the
drugs with mitochondrial mechanisms of toxicity, or higher
reporting of non-hepatic adverse events reported for the drugs
with non-mitochondrial mechanisms of toxicity.

For this analysis, we utilized ROR, which is a dis-
proportionality measurement of spontaneous reports and not a
method to measure drug-related risks quantitatively. Regulatory
actions in response to safety concerns related to age and gender
using the FAERS database must be determined via individual
cases to determine causality. Despite these database limitations,
we were able to show that drugs that cause hepatotoxicity via
mitochondrial mechanisms were associated with a higher pro-
portion of adverse event reports than drugs having non-
mitochondrial mechanisms of toxicity. Additionally, age may
play a role in susceptibility to DILI via mitochondrial mechanisms
of toxicity. Our findings from this study align with mitochondrial
mechanisms of toxicity being an important cause of DILI, and this
should be further investigated in real-world studies with robust
designs.

Acknowledgments

We thank Dr. Michael Leach and Dr. K. Nasir Khan for their
support of our research. We also thank Dr. Mark Gosink, Dr. Seda
Arat, and Lisa Marroquin for their review and assistance on this
article.

Author contributions

Payal Rana was responsible for hypothesis generation, predictive
analysis, manuscript outline, and generation of figures & tables.
Payal Rana, Dr. Stephen Kogut and Dr. Michael Aleo were
accountable for creating the primary manuscript. Dr. Xuerong
Wen was responsible for guiding statistical analysis on univariate
and multivariable logistic regression models. All authors
reviewed, edited, and refined the final manuscript and have given
approval to the final version.

Conflicts of interest

The authors declare that there was no conflict of interest.

Appendix A. Supporting information

Supporting data to this article can be found online at https://doi.
org/10.1016/j.apsb.2021.05.028.
References

1. Sgro C, Clinard F, Ouazir K, Chanay H, Allard C, Guilleminet C, et al.

Incidence of drug-induced hepatic injuries: a French population-based

study. Hepatology 2002;36:451e5.

2. Shapiro MA, Lewis JH. Causality assessment of drug-induced hepa-

totoxicity: promises and pitfalls. Clin Liver Dis 2007;11:477e505.

3. Friis H, Andreasen PB. Drug-induced hepatic injury: an analysis of

1100 cases reported to the Danish Committee on Adverse Drug Re-

actions between 1978 and 1987. J Intern Med 1992;232:133e8.

4. Holt M, Ju C. Drug-induced liver injury. Handbook of experimental

pharmacology. Berlin: Springer; 2010. p. 3e27.

5. Alempijevic T, Zec S, Milosavljevic T. Drug-induced liver injury: do

we know everything?. World J Hepatol 2017;9:491e502.

6. Raschi E, Poluzzi E, Koci A, Caraceni P, Ponti FD. Assessing liver injury

associated with antimycotics: concise literature review and clues from

data mining of the FAERS database.World J Hepatol 2014;6:601e12.

7. Purkins L, Love ER, Eve MD, Wooldridge CL, Cowan C, Smart TS,

et al. The influence of diet upon liver function tests and serum lipids in

healthy male volunteers resident in a Phase I unit. Br J Clin Phar-

macol 2004;57:199e208.

8. Brinker AD, Lyndly J, Tonning J, Moeny D, Levine JG, Avigan MI.

Profiling cumulative proportional reporting ratios of drug-induced

liver injury in the FDA Adverse Event Reporting System (FAERS)

database. Drug Saf 2013;36:1169e78.

9. EASL Clinical Practice Guidelines. drug-induced liver injury. J

Hepatol 2019;70:1222e61.

10. Hamilton LA, Collins-Yoder A, Collins RE. Drug-induced liver injury.

AACN Adv Crit Care 2016;27:430e40.

11. Aleo MD, Luo Y, Swiss R, Bonin PD, Potter DM, Will Y. Human

drug-induced liver injury severity is highly associated with dual

https://doi.org/10.1016/j.apsb.2021.05.028
https://doi.org/10.1016/j.apsb.2021.05.028
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref1
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref1
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref1
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref1
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref2
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref2
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref2
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref3
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref3
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref3
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref3
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref4
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref4
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref4
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref5
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref5
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref5
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref6
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref6
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref6
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref6
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref7
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref7
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref7
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref7
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref7
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref8
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref8
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref8
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref8
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref8
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref9
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref9
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref9
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref10
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref10
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref10
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref11
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref11


Hepatotoxicity reports in the FDA adverse event reporting system database 3867
inhibition of liver mitochondrial function and bile salt export pump.

Hepatology 2014;60:1015e22.

12. Aleo MD, Shah F, Allen S, Barton HA, Costales C, Lazzaro S, et al.

Moving beyond binary predictions of human drug-induced liver injury

(DILI) toward contrasting relative risk potential. Chem Res Toxicol

2020;33:223e38.

13. Will Y, Shields JE, Wallace KB. Drug-induced mitochondrial toxicity

in the geriatric population: challenges and future directions. Biology

2019;8:32.

14. Vuda M, Kamath A. Drug induced mitochondrial dysfunction:

mechanisms and adverse clinical consequences. Mitochondrion 2016;

31:63e74.
15. Haasio K, Nissinen E, Sopanen L, Heinonen EH. Different toxico-

logical profile of two COMT inhibitors in vivo: the role of uncoupling

effects. J Neural Transm 2002;109:1391e401.

16. Boenzi S, Diodato D. Biomarkers for mitochondrial energy meta-

bolism diseases. Essays Biochem 2018;62:443e54.

17. Kakisaka K, Yoshida Y, Suzuki Y, Sato T, Kuroda H, Miyasaka A,

et al. Serum markers for mitochondrial dysfunction and cell death are

possible predictive indicators for drug-induced liver injury by direct

acting antivirals. Hepatol Res 2018;48:78e86.

18. Low Wang CC, Galinkin JL, Hiatt WR. Toxicity of a novel therapeutic

agent targeting mitochondrial complex I. Clin Pharm Ther 2015;98:

551e9.

19. Brass EP, Hoppel CL. Mitochondria as targets of drug toxicity: lessons

from the R118 phase I experience. Clin Pharmacol Ther 2015;98:

464e6.
20. Stirnimann G, Kessebohm K, Lauterburg B. Liver injury caused by

drugs: an update. Swiss Med Wkly 2010;140:w13080.

21. Boelsterli UA, Lim PL. Mitochondrial abnormalitiesda link to idio-

syncratic drug hepatotoxicity?. Toxicol Appl Pharmacol 2007;220:

92e107.

22. Amacher DE. Female gender as a susceptibility factor for drug-

induced liver injury. Hum Exp Toxicol 2014;33:928e39.
23. Shi Q, Yang X, Mattes WB, Mendrick DL, Harrill AH, Beger RD.

Circulating mitochondrial biomarkers for drug-induced liver injury.

Biomarkers Med 2015;9:1215e23.

24. Ramachandran A, Duan L, Akakpo JY, Jaeschke H. Mitochondrial

dysfunction as a mechanism of drug-induced hepatotoxicity: current un-

derstanding and future perspectives. J Clin Transl Res 2018;4:75e100.

25. Hunt CM. Mitochondrial and immunoallergic injury increase risk of

positive drug rechallenge after drug-induced liver injury: a systematic

review. Hepatology 2010;52:2216e22.

26. Sonawane KB, Cheng N, Hansen RA. Serious adverse drug events re-

ported to the FDA: analysis of the FDA adverse event reporting system

2006e2014 database. J Manag Care Spec Pharm 2018;24:682e90.

27. Sarntivijai S, Zhang S, Jagannathan DG, Zaman S, Burkhart KK,

Omenn GS, et al. Linking MedDRA�-coded clinical phenotypes to

biological mechanisms by the ontology of adverse events: a pilot study

on tyrosine kinase inhibitors. Drug Saf 2016;39:697e707.

28. Chen M, Vijay V, Shi Q, Liu Z, Fang H, Tong W. FDA-approved drug

labeling for the study of drug-induced liver injury. Drug Discov Today

2011;16:697e703.
29. Thakkar S, Chen M, Fang H, Liu Z, Roberts R, Tong W. The Liver

Toxicity Knowledge Base (LKTB) and drug-induced liver injury

(DILI) classification for assessment of human liver injury. Expet Rev

Gastroenterol Hepatol 2018;12:31e8.

30. Hong H, Thakkar S, Chen M, Tong W. Development of decision forest

models for prediction of drug-induced liver injury in humans using a

large set of FDA-approved drugs. Sci Rep 2017;7:17311.

31. Hynes J, Swiss RL, Will Y. High-throughput analysis of mitochondrial

oxygen consumption. Methods Mol Biol 2012;810:59e72.

32. Lin Z, Will Y. Evaluation of drugs with specific organ toxicities in

organ-specific cell lines. Toxicol Sci 2012;126:114e27.
33. Luo Y, Rana P, Will Y. Palmitate increases the susceptibility of cells to

drug-induced toxicity: an in vitro method to identify drugs with po-

tential contraindications in patients with metabolic disease. Toxicol Sci

2012;129:346e62.
34. Marroquin LD, Hynes J, Dykens JA, Jamieson JD, Will Y. Circum-

venting the Crabtree effect: replacing media glucose with galactose

increases susceptibility of HepG2 cells to mitochondrial toxicants.

Toxicol Sci 2007;97:539e47.

35. Nadanaciva S, Dykens JA, Bernal A, Capaldi RA, Will Y. Mito-

chondrial impairment by PPAR agonists and statins identified via

immunocaptured OXPHOS complex activities and respiration. Toxicol

Appl Pharmacol 2007;223:277e87.
36. Nadanaciva S, Rana P, Beeson GC, Chen D, Ferrick DA, Beeson CC,

et al. Assessment of drug-induced mitochondrial dysfunction via

altered cellular respiration and acidification measured in a 96-well

platform. J Bioenerg Biomembr 2012;44:421e37.
37. Nadanaciva S, Will Y. New insights in drug-induced mitochondrial

toxicity. Curr Pharmaceut Des 2011;17:2100e12.

38. Nadanaciva S, Will Y. Investigating mitochondrial dysfunction to in-

crease drug safety in the pharmaceutical industry. Curr Drug Targets

2011;12:774e82.

39. Nadanaciva S, Will Y. The role of mitochondrial dysfunction and drug

safety. Idrugs 2009;12:706e10.
40. Rana P, Aleo MD, Gosink M, Will Y. Evaluation of in vitro mito-

chondrial toxicity assays and physicochemical properties for predic-

tion of organ toxicity using 228 pharmaceutical drugs. Chem Res

Toxicol 2019;32:156e67.
41. Shah F, Leung L, Barton HA, Will Y, Rodrigues AD, Greene N, et al.

Setting clinical exposure levels of concern for drug-induced liver

injury (DILI) using mechanistic in vitro assays. Toxicol Sci 2015;147:

500e14.
42. Shah F, Louise-May S, Greene N. Chemotypes sensitivity and pre-

dictivity of in vivo outcomes for cytotoxic assays in THLE and HepG2

cell lines. Bioorg Med Chem Lett 2014;24:2753e7.
43. Porceddu M, Buron N, Roussel C, Labbe G, Fromenty B, Borgne-

Sanchez A. Prediction of liver injury induced by chemicals in human

with a multiparametric assay on isolated mouse liver mitochondria.

Toxicol Sci 2012;129:332e45.

44. Begriche K, Massart J, Robin MA, Borgne-Sanchez A, Fromenty B.

Drug-induced toxicity on mitochondria and lipid metabolism: mech-

anistic diversity and deleterious consequences for the liver. J Hepatol

2011;54:773e94.
45. Sakaeda T, Tamon A, Kadoyama K, Okuno Y. Data mining of the

public version of the FDA adverse event reporting system. Int J Med

Sci 2013;10:796e803.

46. Sullivan KM, Dean A, Soe MM. OpenEpi: a web-based epidemiologic

and statistical calculator for public health. Publ Health Rep 2009;124:

471e4.

47. Dykens JA, Jamieson JD, Marroquin LD, Nadanaciva S, Xu JJ,

Dunn MC, et al. In vitro assessment of mitochondrial dysfunction and

cytotoxicity of nefazodone, trazodone, and buspirone. Toxicol Sci

2008;103:335e45.

48. Dykens JA, Will Y. The significance of mitochondrial toxicity testing

in drug development. Drug Discov Today 2007;12:777e85.

49. Ulrich RG, Bacon JA, Brass EP, Cramer CT, Petrella DK, Sun EL.

Metabolic, idiosyncratic toxicity of drugs: overview of the hepatic

toxicity induced by the anxiolytic, panadiplon. Chem Biol Interact

2001;134:251e70.

50. Dykens JA, Jamieson J, Marroquin L, Nadanaciva S, Billis PA, Will Y.

Biguanide-induced mitochondrial dysfunction yields increased lactate

production and cytotoxicity of aerobically-poised HepG2 cells and

human hepatocytes in vitro. Toxicol Appl Pharmacol 2008;233:

203e10.

51. Deshpande G, Gogolak V, Smith SW. Data mining in drug safety.

Pharm Med 2010;24:37e43.

52. Hauben M, Madigan D, Gerrits CM, Walsh L, Van Puijenbroek EP.

The role of data mining in pharmacovigilance. Expet Opin Drug Saf

2005;4:929e48.
53. Shimada K, Hasegawa S, Nakao S, Mukai R, Sasaoka S, Ueda N, et al.

Adverse reaction profiles of hemorrhagic adverse reactions caused by

direct oral anticoagulants analyzed using the Food and Drug Admin-

istration Adverse Event Reporting System (FAERS) database and the

http://refhub.elsevier.com/S2211-3835(21)00207-0/sref11
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref11
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref11
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref12
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref12
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref12
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref12
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref12
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref13
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref13
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref13
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref14
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref14
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref14
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref14
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref15
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref15
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref15
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref15
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref16
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref16
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref16
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref17
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref17
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref17
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref17
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref17
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref18
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref18
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref18
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref18
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref19
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref19
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref19
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref19
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref20
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref20
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref21
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref21
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref21
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref21
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref21
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref22
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref22
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref22
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref23
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref23
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref23
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref23
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref24
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref24
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref24
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref24
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref25
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref25
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref25
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref25
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref26
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref26
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref26
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref26
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref26
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref27
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref27
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref27
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref27
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref27
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref27
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref28
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref28
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref28
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref28
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref29
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref29
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref29
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref29
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref29
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref30
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref30
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref30
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref31
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref31
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref31
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref32
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref32
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref32
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref33
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref33
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref33
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref33
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref33
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref34
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref34
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref34
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref34
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref34
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref35
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref35
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref35
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref35
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref35
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref36
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref36
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref36
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref36
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref36
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref37
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref37
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref37
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref38
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref38
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref38
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref38
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref39
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref39
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref39
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref40
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref40
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref40
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref40
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref40
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref41
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref41
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref41
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref41
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref41
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref42
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref42
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref42
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref42
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref43
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref43
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref43
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref43
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref43
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref44
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref44
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref44
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref44
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref44
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref45
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref45
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref45
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref45
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref46
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref46
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref46
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref46
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref47
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref47
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref47
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref47
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref47
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref48
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref48
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref48
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref49
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref49
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref49
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref49
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref49
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref50
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref50
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref50
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref50
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref50
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref50
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref51
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref51
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref51
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref52
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref52
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref52
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref52
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref53
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref53
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref53
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref53


3868 Payal Rana et al.
Japanese Adverse Drug Event Report (JADER) database. Int J Med

Sci 2019;16:1295e303.

54. Fujimoto M, Hosomi K, Takada M. Statin-associated lower urinary

tract symptoms: data mining of the public version of the FDA adverse

event reporting system, FAERS. Int J Clin Pharmacol Ther 2014;52:

259e66.

55. Kaur K, Fayad R, Saxena A, Frizzell N, Chanda A, Das S, et al.

Fluoroquinolone-related neuropsychiatric and mitochondrial toxicity:

a collaborative investigation by scientists and members of a social

network. J Community Support Oncol 2016;14:54e65.

56. Ohyama K, Hori Y, Sugiura M. Evaluation of syncope association with

a1-adrenoceptor blockers in males using the FAERS database: impact

of concomitant hypertension. Pharmazie 2019;74:755e9.

57. Zhai Y, Ye X, Hu F, Xu J, Guo X, Zhuang Y, et al. Endocrine toxicity

of immune checkpoint inhibitors: a real-world study leveraging US

Food and Drug Administration adverse events reporting system. J

Immunother Cancer 2019;7:286.

58. Srivastava S. The mitochondrial basis of aging and age-related dis-

orders. Genes 2017;8:398.
59. Boelsterli UA, Ho HK, Zhou S, Leow KY. Bioactivation and

hepatotoxicity of nitroaromatic drugs. Curr Drug Metabol 2006;7:

715e27.

60. Boelsterli UA. Disease-related determinants of susceptibility to drug-

induced idiosyncratic hepatotoxicity. Curr Opin Drug Discov Dev

2003;6:81e91.

61. Worland T, Chin KL, Rodrigues B, Nicoll A. A retrospective case-

controlled cohort study of inpatient drug induced liver injury: the

RIDDLE study. Transl Gastroenterol Hepatol 2020;5:33.

62. Johnson K, Guo C, Gosink M, Wang V, Hauben M. Multinomial

modeling and an evaluation of common data-mining algorithms for

identifying signals of disproportionate reporting in pharmacovigilance

databases. Bioinformatics 2012;28:3123e30.

63. Singh JA. Racial and gender disparities among patients with gout.

Curr Rheumatol Rep 2013;15:307.

64. Horton KC, MacPherson P, Houben RM, White RG, Corbett EL. Sex

differences in tuberculosis burden and notifications in low- and

middle-income countries: a systematic review and meta-analysis.

PLoS Med 2016;13:e1002119.

http://refhub.elsevier.com/S2211-3835(21)00207-0/sref53
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref53
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref53
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref54
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref54
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref54
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref54
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref54
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref55
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref55
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref55
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref55
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref55
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref56
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref56
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref56
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref56
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref56
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref57
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref57
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref57
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref57
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref58
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref58
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref59
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref59
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref59
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref59
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref60
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref60
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref60
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref60
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref61
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref61
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref61
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref62
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref62
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref62
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref62
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref62
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref63
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref63
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref64
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref64
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref64
http://refhub.elsevier.com/S2211-3835(21)00207-0/sref64

	Hepatotoxicity reports in the FDA adverse event reporting system database: A comparison of drugs that cause injury via mito ...
	1. Introduction
	2. Methods
	2.1. Study design
	2.1.1. Data source
	2.1.2. Inclusion/exclusion criteria
	2.1.3. Classification of drugs as mitochondrial toxicants

	2.2. Outcome
	2.3. Association of age, gender, and other factors in two groups of DILI (mitochondrial and non-mitochondrial mechanisms of toxi ...
	2.4. Statistical analysis

	3. Results
	4. Discussion
	5. Conclusions
	6. Limitation
	Acknowledgments
	Author contributions
	Conflicts of interest
	Conflicts of interest
	Appendix A. Supporting information
	References


