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Abstract
Background: Hepatotoxicity is a major reason for medica-
tion withdrawal from the markets. Unfortunately, serious ad-
verse hepatic effects can occur after marketing with limited 
indicators during clinical development. Therefore, finding 
possible predictors for hepatotoxicity might guide the mon-
itoring program of various stakeholders such as drug regula-
tory authorities. Objective: To explore the potential of drugs, 
pre-approval regulatory factors as predictors for the occur-
rence of hepatotoxicity-related post-marketing regulatory 
actions. Pre-approval factors were specified as: (a) Hy’s Law 
hepatotoxicity grade ≥3, (b) accelerated approval status, 
and (c) labeled hepatic adverse effects and regulatory ac-
tions at approval. Methods: Using publicly accessible FDA 
data, we examined clinical review documents for drugs ap-
proved in the USA during the period from 2011 to 2016 to 
evaluate their hepatic safety profile, identifying the 3 speci-
fied indicators for analysis. Predictors (Covariates): We as-
sessed whether these medications meet: (a) Hy’s Law hepa-
totoxicity grade ≥3, (b) accelerated approval status, and (c) 
labeled hepatic adverse effects and regulatory actions at ap-
proval. Outcome (Dependent Variable): Post-marketing 

regulatory action related to hepatotoxicity including prod-
ucts withdrawal and updates to either warning, precaution 
or adverse effects sections. Statistical Analysis: Drugs that 
were approved between 2011 and 2016 were included in the 
analysis with follow-up time from the date of approval until 
end of December 2019 or the date of first post-marketing 
regulatory action related to hepatotoxicity, whichever oc-
curred first. The hazard ratio (HR) was estimated using Cox-
regression analysis. Results: A total of 192 medications were 
included in the study. We classified 48 drugs with grade ≥3 
hepatotoxicity, 43 with accelerated approval status, and 74 
with labeled information about hepatotoxicity prior to mar-
keting. The adjusted HRs for post-marketing regulatory ac-
tion for products with grade ≥3 hepatotoxicity was 0.61 
(95% confidence interval [CI], 0.17–2.23), 0.92 (95% CI, 0.29–
2.93) for drug approved via accelerated approval program, 
and 0.91 (95% CI, 0.33–2.56) for drugs with labeled hepato-
toxicity information at approval time. Conclusion: Hy’s Law 
with hepatotoxicity grade ≥3, accelerated approval, and la-
bel information on hepatotoxicity were not identified as pre-
dictors for post-marketing additional regulatory actions 
concerning liver adverse effects. However, the evidence is 
inconclusive due to small sample size and potential channel-
ing bias. © 2022 The Author(s).
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Introduction

Drug-induced liver injury (DILI) is defined as a hepat-
ic injury resulting from medications, herbs or any chemi-
cal entities, causing abnormal changes to liver tests or liv-
er dysfunction with the reasonable elimination of other 
possibly offending etiologies [1]. There are various mech-
anisms for occurrence of DILI, and the resulting injury is 
similar to roughly all other liver diseases. This contributes 
to the uncertainty of DILI diagnosis since there are no 
pathognomonic findings for it, even by liver biopsy [2].

The leading cause of acute liver failure in the USA is 
attributed to DILI, which accounts for 13% of the cases, 
posing a constant challenge for drug development and 
safety [1]. In fact, DILI is the most common cited cause 
of safety-related withdrawal of medications from the 
market for the past 50 years [2–4].

Unfortunately, the detection of DILI before drug ap-
proval may be overlooked, due to relatively small sample 
size of premarketing clinical trials. The incidence of 
missed cases of DILI is estimated to be 1 in 10,000 [5]. 
Additionally, in every 10 cases of liver enzymes elevation 
of 10 times over the upper limit of normal in a clinical 
trial, 1 case of liver injury with higher severity is expected 
to occur once the drug becomes available in the markets 
[5]. Therefore, it is essential to explore possible predictors 
of hepatotoxicity as a measure to focus the post-market-
ing drug surveillance programs.

Safety-related information on medications undergo-
ing FDA approval steps may be useful as indicators of 
future post-approval regulation that may be expected to 
occur after the drugs are marketed and used. Examples of 
safety-related information are measures of liver toxicity 
such as Hy’s Law scoring of hepatic injury, accelerated 
approval programs granting fast-access to critical drugs 
on demand and information regarding adverse events of 
medications that are mostly labeled in medication infor-
mation leaflets.

In this study, we explore the potential of the safety-
related information described above as predictors for reg-
ulatory actions related to hepatotoxicity after approval. 
Our goal is to guide policy makers in considerations that 
could be taken regarding post-marketing hepatotoxicity-
related regulatory actions.

Methods

Data Source and Inclusion Criteria
We searched the United States Food and Drug Administra-

tion’s website to identify new chemical entities or biological prod-

ucts approved from 2011 to 2016. The reason for limiting the study 
years up to 2016 is to allow a reasonable time from noting evidence 
for hepatotoxicity and regulatory action, if any. Information about 
hepatotoxicity at the time of approval was extracted from the 
FDA’s medical reviews documents. Collection of post-marketing 
regulatory actions information was through search the FDA’s web-
site. The data collection has ended by December 2019 and extract-
ed by 2 independent reviewers.

Outcome
The definition of post-marketing regulatory action due to 

hepatotoxicity was inclusive of product withdrawal and updates 
to the warnings, precautions, or adverse effects related to liver 
injury.

Covariates
The indicators used in assessing the risk of post-approval regu-

latory action resulting from hepatic adverse effects were (1) grade 
3 or above hepatotoxicity based on Hy’s Law (liver enzymes level 
of >5.0–20 and bilirubin level of >3.0–10) [6, 7], (2) whether the 
drug was approved through the accelerated approvals program, 
and (3) availability of information about hepatotoxicity in the 
product’s label at approval time.

Hy’s Law
In the analysis of drugs predictors for post-marketing addi-

tional regulatory actions concerning hepatic adverse effects, the 
choice of Hy’s Law hepatotoxicity grade ≥3 as the cutoff point is 
based on the consideration of 2 factors; (a) clinical relevance of 
drug-induced liver chemistry abnormalities (toxicity severity lev-
el) and (b) elevated liver enzymes levels proposed as predictors of 
toxicity likelihood in the literature [8]. Hepatotoxicity grade 3 de-
scribes liver abnormalities of a serious level showing functional 
effect such as symptoms that could disable patients from work or 
require hospitalization for close monitoring. The likelihood of he-
patocellular drug-induced injury increases with high clinical im-
portance starting at hepatotoxicity grade 3 [8]. The FDA’s guid-
ance highlighted that extreme liver enzymes elevations may be bet-
ter predictors of toxicity than smaller elevations, especially that 
normalization of liver abnormalities on continued medication use 
can occur [9]. We hypothesized that occurrence of hepatic adverse 
effects that leads to issuing additional regulatory actions is more 
likely with high toxicity levels. Therefore, hepatotoxicity severity 
level of grade 3 and above was the cutoff line selected as a predictor 
in this study.

Accelerated Approval
Accelerated approvals indicator was selected as a covariate con-

sidering that drugs approved through FDA Accelerated Approval 
Program are more likely to have post-marketing regulatory action 
for safety concerns [10, 11].

Statistical Analysis
The follow-up period for each medication started from the ap-

proval date to announcement date of first post-marketing regula-
tory actions or end of December 2019, whichever came first. Haz-
ard ratios (HRs) and 95% confidence intervals (95% CI) were cal-
culated for the 3 defined covariates to explore their association 
with post-marketing hepatotoxicity-related regulatory actions us-
ing Cox-regression model.
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Results

During the period of 2011–2016, a total of 192 drugs 
were approved by the FDA and classified into 10 thera-
peutic groups using anatomical therapeutic classification. 
Drugs included in the study were mostly antineoplastic 
39 (20%) and nervous system agents 38 (19.7%). Drugs 
approved through the accelerated approval program ac-
counted for 22.4% of the study sample. The number of 
drugs approved in 2015 was the highest across the study 
years (Table 1).

Seventeen post-approval regulatory actions have oc-
curred during the study period (Table  2). Most of the 
post-marketing regulatory actions were issued to drugs in 
the therapeutic group of chemotherapy/oncology/hema-
tology/antineoplastic (7 out of 17) followed by drugs in 
the therapeutic group of immunomodulatory and biolog-
ical therapy (4 out of 17). One-quarter of the study drugs 
(n = 48) met Hy’s Law hepatotoxicity grade ≥3. Forty-
three drugs (22.4%) were approved through the acceler-
ated approval program, and 74 (36.5%) drugs had labeled 
hepatic safety information at approval time (Table 2).

Table 1. Description of included drugs

Accelerated approval, n (%) No = 149 (77.6)
Yes = 43 (22.4)

Average follow-up 
time, days

Therapeutic group, n (%) Nervous system 38 (19.7) 1,855.5
Anti-infection medications 17 (8.8) 2,027.6
Antibiotics 7 (3.6) 2,002.9
Anticoagulation medications 6 (3.1) 1,912.2
Cardiovascular system medications 10 (5.2) 2,153.9
Anti-diabetes medications 9 (4.7) 2,127.9
Anti-neoplastic medications 39 (20) 2,116.6
Anti-psychotic medications 9 (4.7) 2,312.4
Respiratory system medications 5 (2.6) 2,646.6
Various 52 (27) 2,140.2

Approval year, n (%) 2011 28 (13.9)
2012 39 (19.3)
2013 27 (13.4)
2014 41 (20.3)
2015 45 (22.3)
2016 22 (10.9)

Table 2. Predictors of post-marketing regulatory action related to hepatic adverse effects

Covariate* Frequency (%) Regulatory action, n (%) Adj. HR** 95% CI

Hepatotoxicity grade
<3 (reference) 144 (75) 3 (1.6)

0.612 0.17–2.23
≥3 48 (25) 14 (7.3)

Accelerated approval
No (reference) 149 (77.8) 13 (6.8)

0.92 0.29–2.93
Yes 43 (22.4) 4 (20.1)

Action at approval
No (reference) 118 (61.5) 11 (5.7)

0.91 0.33–2.56
Yes 74 (36.5) 6 (3.1)

Adj. HR, adjusted hazard ratio. *  Covariate follow-up time: from date of drug approval to date of first post-
marketing regulatory action or end of study timeline (up-to-date: December 31, 2019), whichever comes first. ** HR 
adjusted for hepatotoxicity grade accelerated approval and action at approval.
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The HR for post-marketing regulatory action for drugs 
that scored Hy’s Law grade ≥3 versus drugs that scored 
lower Hy’s Law grades was 0.61 (95% CI, 0.17–2.23). 
Likewise, there was no increase in the HR for post-ap-
proval status for drugs approved through the accelerated 
approval program in comparison to drugs not approved 
through the program (HR, 0.92; 95% CI, 0.29–2.93). As 
well, HR for drugs with labeled hepatic safety information 
was not increased in comparison to drugs with no such 
labels (HR, 0.91; 95% CI, 0.33–2.56) (Table 2).

Discussion

Despite of the efforts to exclude hepatotoxic drugs be-
fore they enter clinical trial phase, some drugs escape the 
preclinical toxicity testing to reach advanced stages of 
drug development and approval [11].

Our analysis showed that accelerated approval is not 
associated with post-approval regulatory actions related 
to hepatotoxicity. On the contrary, a study in 2017 de-
scribed an association; however, post-approval regula-
tions measurement in that study was not exclusive to hep-
atotoxicity-related adverse events [12].

In this study, Hy’s Law with hepatotoxicity grade ≥3 
was not associated with increased hazard for post-mar-
keting regulatory action. However, the literature is re-
plete with examples of post-marketing hepatotoxicity-
related regulatory actions where products have met Hy’s 
Law case identification during drug development pro-
gram. For instance, 2 Hy’s Law cases in 1,000 exposures 
were identified during pre-approval clinical trials for dil-
evalol, which later on was withdrawn from Portuguese 
markets based on cases of fatal liver injuries [2]. Other 
examples include cases of DILI with the use of bromfe-
nac, troglitazone, and ximelagatran, which had docu-
mented Hy’s Law cases during clinical trials [2]. We have 
identified 2 limiting factors that may have played a role 
in not detecting association of Hy’s Law grade ≥3 factor 
with post-marketing hepatotoxicity-related regulations. 
First, small sample size (n = 192), which is further re-
flected by the wide CI (95% CI = 0.17–2.23). Second, 
channeling bias may have occurred since drugs with not-
ed higher hepatotoxicity index could be under-pre-
scribed or avoided by physicians that would resort to al-
ternative medications with lower hepatotoxicity index 
[13]. Consequently, reported side effects could be lower 
leading to lowered chances of additional regulatory ac-
tions occurrence.

Conclusion

Hy’s Law with hepatotoxicity grade ≥3, accelerated ap-
proval and label information on hepatotoxicity were not 
identified as predictors for post-marketing additional 
regulatory actions concerning liver adverse effects. How-
ever, the evidence is inconclusive due to small sample size 
and potential channeling bias.
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