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Abstract
Current strategies to delineate the risk of serious drug-induced liver injury associated with

drugs rely on assessment of serum biomarkers that have been utilized for many decades. In

particular, serum alanine aminotransferase and total bilirubin levels are typically used to

assess hepatic integrity and function, respectively. Parallel measurement of these bio-

markers is utilized to identify patients with drug-induced hepatocellular jaundice (“Hy’s

Law” cases) which carries at least a 10% risk of death or liver transplant. However, current

guidelines regarding use of these biomarkers in clinical trials can put study subjects at risk

for life-threatening drug-induced liver injury, or result in over estimation of risk that may halt

development of safe drugs. In addition, pharmaceutical companies are increasingly being

required to conduct large and expensive clinical trials to “defend” the safety of their new

drug when results from smaller trials are inconclusive. Innovative approaches and some

novel biomarkers are now being employed to maximize the value of traditional biochemical

tests. DILIsymVR , a product of the DILIsim Initiative, utilizes serial serum alanine aminotrans-

ferase values, along with serum biomarkers of apoptosis vs necrosis, to estimate percent

hepatocyte loss and total bilirubin elevations resulting from loss of global liver function. The

results from analyses conducted with DILIsym have been reported to the FDA to support the safety of entolimod and cimaglermin

alfa after elevations in serum alanine aminotransferase and/or bilirubin halted clinical development. DILIsym can also be utilized to

determine whether rises in serum conjugated and unconjugated bilirubin are consistent with mechanisms unrelated to toxicity (i.e.

inhibition of bilirubin transport or metabolism). In silico modeling of traditional and novel drug-induced liver injury biomarker data

obtained in clinical trials may be the most efficient and accurate way to define the liver safety profile of new drug candidates.
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DILI remains a major adverse event limiting drug devel-
opment. Detection of liver safety issues in a clinical trial can
lead to terminating development of otherwise promising
drugs, or to regulatory requirements for larger and longer
clinical trials to more accurately assess liver safety.
If approved, new drugs with liver safety concerns may be
restricted for use in only specific patient subpopulations,

may be accompanied by black box label warnings, and may
require frequent blood test monitoring, all of which
potentially reduce the value of the drug to public health.
Despite the clear need for innovative solutions to address
this problem, detection and monitoring of liver safety cur-
rently rely primarily on the same serum biomarkers that
have been used for over half a century: serum alanine
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aminotransferase (ALT), aspartate aminotransferase (AST),
alkaline phosphatase (ALP), and total bilirubin (TBIL).
These biochemical tests aid in prediction of liver pathology
when concurrent biopsy data are not available. Calculation
of an “R value” [ALT value divided by ALP value when
both are expressed as fold upper limit of normal (ULN)]
provides evidence for a predominance of hepatocellular,
mixed, or cholestatic injury. A case is considered hepato-
cellular when R � 5, cholestatic when R � 2 and mixed
when 2<R< 5.

The major concern for drug developers and regulators is
hepatocellular injury (R � 5). This is partly because with
cholestatic or mixed injuries, the treated subject develops
jaundice early during injury and becomes their own “color
indicator” of the event; therefore, routine monitoring of
liver blood tests is less important for early injury detection.
More importantly, in cholestatic or mixed injuries, jaundice
occurs before there is global and potentially life-threatening
loss of liver function. When jaundice occurs during hepa-
tocellular injury, potentially life-threatening liver injury has
already occurred. Hepatocellular injury due to drugs will
be the focus of this review.

The most sensitive and specific of the traditional bio-
markers to detect hepatocellular injury is ALTwhich is pre-
sent at high concentrations inside the cytoplasm of
hepatocytes. AST is also present in hepatocytes, but is less
liver-specific and will not be further discussed in this
review. The normal slow turnover of hepatocytes (i.e.
death and replacement) leads to release of ALT into circu-
lation and this largely accounts for the range of serum
levels easily detected in healthy people. A rise in serum
ALT, particularly to high multiples of the ULN, is inter-
preted as an increase in the death of hepatocytes as
occurs during hepatocellular DILI. Nonetheless, ALT has
shortcomings that can complicate interpretation in the
clinic. Although ALT is considered liver-specific when
very large elevations are observed in circulation, ALT is
also present in muscles. Muscle injury can result in the
release of this enzyme into the blood; elevated levels of
serum ALT are observed following strenuous exercise,
grand mal seizures, or limb crush injuries, but in these
cases, concomitant rises in serum creatinine phosphokinase
(CPK), a muscle-specific enzyme, are helpful to identify the
organ of origin.1,2 However, in treatment trials of hereditary
muscle diseases such as Duchenne’s muscular dystrophy,
interpretation of serum CPK levels is confounded.

Furthermore, drugs can cause serum ALT elevations,
sometimes even high elevations, that do not lead to
liver impairment and resolve with continued treatment
on drug. These instances of “benign” ALT elevations, or
“transaminitis,” are well-documented in the literature and
are believed to result from hepatocyte injury or death that
ceases despite continued drug exposure due to
“adaptation.”3 For instance, significant serum ALT eleva-
tions were frequently noted in patients receiving tacrine
in a large clinical trial in Alzheimer’s disease patients.4

Asymptomatic ALT alterations were observed in 49% of
patients, with elevations exceeding 20� ULN in 40 patients
(2%). Yet, some patients who experienced tacrine-related

elevations in serum ALT> 20� ULN were able to continue
uninterrupted treatment with the drug with complete
resolution of the biochemical abnormalities.5 Moreover,
life-threatening liver injuries have not been reported
among patients receiving treatment with tacrine either in
the preapproval clinical trials or after the drug was
marketed.6

Similarly, heparins and cholestyramine are also
well-known to cause relatively frequent ALT elevations,
but these drugs are not associated with a serious DILI lia-
bility.7,8 Finally, ALT elevations are surprisingly frequent in
healthy volunteers receiving recurrent therapeutic doses
of acetaminophen (APAP).9 Although overdose of APAP
is the most common cause of drug-induced liver failure,
clinically important liver injury among patients taking
this drug as directed must be extraordinarily rare.

The above examples illustrate that drugs can cause
frequent and even high elevations in serum ALT, yet have
no or low potential for causing serious liver injury when
taken correctly.

The FDA approach to assess liver safety
in clinical trials

Recognizing the phenomenon that drugs can cause tran-
sient ALT elevations that do not indicate potential for
severe liver injury, the Food and Drug Administration
(FDA) now recommends continuing treatment with a new
drug candidate when a clinical trial patient experiences a
moderate rise in serum ALT, even if the event is clearly
related to the study drug. The most current regulatory
guidelines recommend that subjects with ALT ele-
vations< 8� ULN remain on study drug with frequent
monitoring for symptoms of liver injury and/or a rise in
serum TBIL indicating functional impairment to the liver.10

The prognostic importance of a rise in serum TBIL in a
patient with DILI was first appreciated by Dr. Hyman
(“Hy”) Zimmerman. He observed that when hepatocellular
DILI was accompanied by jaundice, the patient had at least
a 10% chance of going on to liver failure.11 Moreover, this
observation seemed to apply to virtually any drug capable
of causing hepatocellular jaundice. This was an important
observation for clinicians because patients with hepatocel-
lular jaundice from viral hepatitis will only very rarely
develop liver failure. The FDA guidance document built
on Dr. Zimmerman’s observation by defining a “Hy’s
Law case” as a patient with hepatocellular DILI simulta-
neously experiencing rises in serum ALT> 3� ULN and
TBIL> 2� ULN. Hepatocellular injury was originally
defined as a concomitant serum ALP rise< 2� ULN but
now is typically defined by the initial R value (i.e. R �
5).12 Large DILI registries have corroborated Dr.
Zimmerman’s prediction, reporting that approximately
10% of DILI patients meeting Hy’s Law Case criteria go
on to a liver-related death or require a liver transplant.13–15

A substantial advancement in assessing liver safety in
clinical trials was the development of “eDISH” (evaluation
of Drug-Induced Serious Hepatotoxicity) software by John
Senior and Ted Guo at the FDA.16 This is based on a graph-
ical log/log display of the peak serum ALT levels and peak
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serum TBIL levels observed in each subject in a clinical trial.
Horizontal and vertical lines are inserted to indicate 3�
ULN for ALT and 2� ULN for TBIL (Figure 1(a)).17 The
upper right quadrant of the eDISH plot, in which both
ALT and TBIL are elevated above these thresholds, identi-
fies potential Hy’s Law cases. The lower right quadrant
identifies subjects with ALT elevations >3� ULN and is
called the “Temple’s Corollary” quadrant after Bob
Temple who noted that all drugs capable of causing Hy’s
Law cases also cause more frequent elevations in serum
ALT> 3� ULN in the absence of appreciable elevations in

serum TBIL. With these drugs, there is characteristically a
much larger population of treated patients appearing in the
Temple’s Corollary quadrant than in the Hy’s Law quad-
rant. This is because these isolated events of serum ALT
elevation generally resolve due to either discontinuation
of study drug, or more often, due to adaptation with con-
tinued study drug treatment. Software is now available that
permits examination of the eDISH plot in near real-time
during a clinical trial. Concern is raised if a clinical
trial subject drifts into the Temple’s Corollary quadrant
(i.e. has a rise in serum ALT> 3�ULN but not a concurrent

Figure 1. Use of the eDISH software during drug development. The eDISH plot shown (a) displays the peak serum ALT and peak serum TBIL values in multiples of

upper limit of normal (XULN) obtained in a Phase 3 clinical trial of drug X (red triangles). Patients treated with the non-hepatotoxic comparator, drug "C," are shown as

green circles. It can be observed that drug X treatment is associated with more elevations in serum ALT> 3� ULN relative to comparator. Moreover, there is an

imbalance in patients treated with drug X who experience elevations in serum ALT> 3� ULN and serum TBIL> 2� ULN and therefore qualify as potential Hy’s Law

cases. Typically, most patients who experience serum ALT elevations have resolution to baseline even with continued treatment on study drug. Current guidelines

recommend continued cautious treatment in subjects experiencing serum ALT elevations< 8� ULN to see if they will progress to global liver dysfunction, indicated by

a rise in serum TBIL (following the arrows shown). However, such patients may be at risk for liver failure despite discontinuing treatment (see text). By mouse clicking on

each dot, information on the corresponding subject can be interrogated, including a graph of liver chemistries as a function of time. The example shown (b) is a true

Hy’s Law case from an actual phase 3 clinical trial. As is typical, the serum transaminases rise to very high values (>10� ULN) followed by a rise in serum TBIL. In this

case, the treatment with study drug was stopped prior to the rise in serum TBIL but the patient’s liver injury progressed to hepatocellular jaundice and, although this

subject recovered, there was at least a 10% chance of liver failure. (A color version of this figure is available in the online journal.) Graphs have not been previously

published and were provided courtesy of Dr. John Senior.
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rise in serum TBIL> 2� ULN). The subject can be followed
to see if they fall back into the left lower quadrant or expe-
rience a rise in serum TBIL and therefore drift into the
potential Hy’s Law quadrant. In a “true” Hy’s Law case,
the rise in serum TBIL should follow the rise in serum ALT
(Figure 1(b)). This is because in a hepatocellular injury, the
global functional impairment that results in a serum TBIL
rise should occur only after fairly massive hepatocyte death
(i.e. release of ALT). The presence of a single Hy’s Law case
in clinical trials is considered very concerning. The finding
of two Hy’s Law cases is considered highly predictive of
acute liver failure potential and few development pro-
grams outside of oncology can survive this finding.10

Continuing clinical trial subjects who develop moderate
serum ALT elevations on study drug treatment may, by
distinguishing benign from malignant liver effects, prevent
the unnecessary abandonment of safe drugs and facilitate
approval of drugs that might not otherwise become com-
mercially available. However, this practice also puts
patients at serious risk because, following the current
DILI management guidelines, rare patients have pro-
gressed to liver failure in clinical trials.18 The reality is
that with a Hy’s Law case, the combined use of ALT and
TBIL is not a biomarker of the potential for serious
liver injury as much as it is an indicator that serious and
potentially life-threatening liver injury is already present in
that subject.

It should be emphasized that a patient appearing in the
Hy’s Law quadrant is only potentially a Hy’s Law case. The
peak serum ALT and peak serum TBIL may not have been
concomitant, the injury may not have been hepatocellular,
and there may be another more likely cause for the bio-
chemical abnormalities (e.g. passage of a gall stone, viral
hepatitis, etc.). It is therefore important that, by simply
mouse clicking on the points on the eDISH plot, key clinical
data from each subject can be interrogated, including a
graphic display of serial liver chemistries obtained during
the trial, as is illustrated in Figure 1(b).

Although identification of Hy’s Law cases is the current
gold standard liver safety signal, they are typically very
rare events even during treatment with drugs known to
cause acute liver failure. Therefore, when serum ALT ele-
vations are observed in a clinical trial, particularly high or
frequent elevations, the FDA may request large additional
clinical trials, sometimes solely to assess liver safety.
A recent such example is the FDA’s decision regarding
the antibiotic solithromycin. The new drug application
(NDA) database for this drug did not contain any Hy’s
Law cases, but serum ALT elevations> 3� ULN were
more frequent during treatment with solithromcyin than
with a comparator (moxifloxacin). There was also concern
regarding the structural similarity of solithromycin to
another antibiotic, telithromycin, known to have a serious
liver safety liability.19 The FDA noted that according to the
“rule of three,” the available data in the 900 patients treated
only excluded the ability of solithromycin to cause a Hy’s
Law case in about 1 in 300 treated patients and, assuming a
10% estimate of liver failure among Hy’s Law Cases,
excluded a liver failure risk of only 1 in 3000 treated
patients.20 The FDA requested an additional clinical trial

with 9000 patients prior to considering marketing
approval.19

In silico modeling to improve interpretation
of DILI biomarkers

Relying solely on peak values of serum ALT and/or TBIL
can occasionally lead to erroneous conclusions regarding
liver safety. It has recently been shown that mechanistic,
mathematical modeling can improve interpretation of tra-
ditional biomarkers. One recent example, which was
included in correspondence with the FDA, was interpreta-
tion of serum ALT elevations caused by Entolimod, a bio-
logic agent shown to reduce mortality from radiation in
monkeys. Because large human efficacy trials would
require an unthinkable disaster, the monkey data were con-
sidered adequate to establish benefit according to the
“animal rule.” However, the safety of the drug had to be
established in a clinical trial. When this was conducted in
healthy volunteers, a small subset of subjects experienced
very high serum ALT elevations, including >1000 U/L
(�20� ULN) in one individual.21 However, it was noted
that in every subject affected, the serum ALT rose almost
immediately to the peak value and then fell at more or less
the published half-life of serum ALT (about two days) sug-
gesting that the injury to the liver was of very short dura-
tion. A public–private partnership (the DILIsim Initiative,
https://www.dilisym.com/) has been developing software
(DILIsymVR ) with the goal of better predicting liver safety
liability in new drug candidates. Included in the DILIsym
model is the relationship between death of hepatocytes and
levels of serum ALT based on published estimates of the
mean content of serum ALT per hepatocyte and the mean
published half-life of serum ALT. Based on the greatest
AUC of serum ALT vs. time curve observed in the
Entolimod clinical study, it was estimated that hepatocyte
loss was just 3.5% of the total hepatocytes present in the
liver.21 Additional modeling based on published hepato-
cyte regeneration data indicated that this hepatocyte loss
would be essentially restored within three weeks.

The modelers went further by incorporating ranges in
variables in the model, including the range of published
values for the half-life of serum ALTand estimates of hepa-
tocyte content of ALT, creating heterogeneity in over 300
simulated individuals.21 In this simulated population, the
hepatocyte loss predicted for a peak serumALTelevation of
1001–1100 U/L (corresponding to the maximum observed
ALT elevation in this study) ranged from 2.6 to 4.9% loss.
Regeneration time, also based on variation in published
hepatocyte regeneration rates, ranged from two to nine
weeks. To put this into context, living adult to adult liver
transplants can result in over 50% loss of liver parenchyma
in the donor.22 Taken together, modeling with DILIsym pro-
vided evidence that the ALT elevations produced by
Entolimod, althoughwell above typical protocol-driven cri-
teria for treatment discontinuation, were in fact likely to
represent minor liver injury with little heath risk to the
study participants.

In continuing the clinical trial of Entolimod, the usual
practice would be to set a high but arbitrary peak level of
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serum ALT (such as 2000 U/L) that would halt the trial.
Because the serum ALT vs. time values had a nearly iden-
tical pattern in each affected subject, it may be possible to
use the mechanistic modeling to set more rational ALT
stopping criteria based on a data driven values of hepato-
cyte loss known to be associated with morbidity.

It is important to note that these modeled estimates of
hepatocyte loss based on serum ALT levels are specific to
Entolimod; the almost immediate rise to a peak ALT
value and the subsequent rapid fall is an unusual DILI
presentation. The rate of rise and fall in serum ALT
observed in clinical trials during DILI events is usually
quite different from what was observed with Entolimod,
but is nonetheless often characteristic of the specific
investigational drug. This means that modeled estimates
of hepatocyte loss vs. peak serum ALT can be estimated
for peak values higher than those actually observed in
clinical trials.

In silico modeling of Hy’s law cases

Computational modeling can also be useful in certain
instances to improve interpretation of subjects who satisfy
the current Hy’s Law case criteria.

A recent example of this concerns Cimaglermin alfa, a
recombinant version of a naturally occurring glial growth
factor 2 that is being developed to treat patients with
heart failure. In a phase I clinical trial, two drug-treated
patients fulfilled all the criteria for Hy’s Law cases, sus-
pending further development of the compound.
However, these biomarker alterations were not typical
of Hy’s Law cases (e.g. case shown in Figure 1(b)).
In both subjects, the peak serum ALT values observed,
although greater than 3� ULN, were relatively modest.
In addition, the rise in serum TBIL did not clearly follow
the rise in serum ALT but rose in parallel with it.
As with Entolimod, DILIsym modeling was utilized to
predict the percent hepatocyte loss from the AUC of
ALT values over time, with an added sophistication.
Total keratin 18 (K18) and caspase cleaved K18 (ccK18)
were also measured in the serial serum samples and the
“Apoptotic Index” (ratio of ccK18 to K18) was calculated.
This calculation suggested that the predominant mode of
hepatocyte death was apoptosis rather than necrosis in
this study. ALT is partially digested during apoptosis and
DILIsym considers this when estimating hepatocyte loss.
In this case, the estimated hepatocyte loss ranged
from 6.6 to 12.4% for the two potential Hy’s Law
cases.23 This modeling was also included in correspon-
dence with the FDA.

Hepatectomy studies, including observations in autolo-
gous liver transplantation in patients, suggest that at least
60% of the liver must be removed before serum bilirubin
would rise >2� ULN.22 However, hepatectomy may not be
an appropriate model for DILI. This is because during a
DILI event, the liver’s functional capacity, including the
uptake, processing, and secretion of bile might be reduced
due to drug-induced stress in addition to overt death of
hepatocytes. To address this issue, DILIsym modeled data
obtained from a liver biopsy study conducted in

acetaminophen overdose patients.21,24 In this study, the
percent hepatocyte lost was estimated from histologic
examination of liver biopsies and correlated with the
peak serum TBIL observed in the corresponding patient.
As shown in Figure 2, it appears that a rise in serum TBIL
during acetaminophen-induced DILI occurs when the per-
cent hepatocyte loss is greater than 30%. With this estimate,
the 6.6–12.4% loss of hepatocytes estimated in the potential
Hy’s Law cases would not account for the observed rise in
serum TBIL.23

It should be noted that although the timing, rates of rise,
and fall in serum ALT observed in the Cimaglermin alfa
clinical trials were very different from what was observed
with Entolimod, like Entolimod, these characteristics were
similar among the Cimaglermin alfa-treated subjects
experiencing these abnormalities. It was therefore possible
to use the modeling to predict what peak serumALT values
would correspond to 30% hepatocyte loss and thereby
account for a rise in serum TBIL (Figure 3). Furthermore,
because of the variation introduced in the simulated pop-
ulations, it is possible to estimate for any peak serum ALT
value the probability that a given patient could have man-
ifested a rise in serum bilirubin sufficient to qualify as a
Hy’s Law case. This raises the possibility that it may not be
necessary to actually observe a Hy’s Law case in a clinical
trial to estimate the risk of acute liver failure from the
study drug. If the serial serum ALT values observed in a
given patient are modeled and reveal that 25% of simulated
patients with those values experienced a concomitant
rise in serum TBIL> 2� ULN, it may be possible to
use the modeling to estimate the risk of acute liver failure
without ever actually observing a Hy’s Law case in
the clinical trial.

Figure 2. Liver biopsy study in patients experiencing DILI due to acetaminophen

overdose. In this study, patients (n¼ 76) experiencing acetaminophen-induced

DILI underwent liver biopsy and the percent of intact hepatocytes was assessed

and correlated with the peak serum TBIL values observed in the patients. It can

be observed (red lines) that elevations in serum TBIL> 2� ULN (�2.2 mg/dl)

correlated with a loss of approximately 30% of hepatocytes (i.e. 70% remaining).

Figure reprinted with approval.24 (A color version of this figure is available in the

online journal.)
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In silico modeling of hyperbilirubinemia

In the Cimaglermin alfa trial, if percent loss of hepatocytes
did not account for the rise in serum TBIL observed in the
two potential Hy’s Law cases, what did? It is well known
that causes unrelated to hepatocellular injury can increase
serum levels of TBIL. Bilirubin is a breakdown product of
red blood cells and hemolytic anemia can increase circula-
tory levels of unconjugated bilirubin.25 Following release
into circulation, unconjugated bilirubin is actively taken
up by hepatocytes via organic anion transporting polypep-
tide (OATP) 1B1 and 1B3 or by passive diffusion.26 Within
hepatocytes, UDP glucuronosyltransferase (UGT) 1A1 cat-
alyzes glucuronidation of unconjugated bilirubin to create
conjugated (also called “direct”) bilirubin. Conjugated bil-
irubin is, in turn, either secreted into bile primarily by mul-
tidrug resistance-associated protein (MRP)2 or returned to
circulation primarily by the efflux transporter MRP3.
Conjugated bilirubin can then be taken up by downstream
hepatocytes via OATP1B1/1B3. Alteration to any one of
these processes can result in elevations in serum TBIL
levels as evidenced in individuals with genetic mutations
affecting bilirubin transport or conjugation (e.g. Rotor
Syndrome, Gilbert’s Syndrome, Crigler–Najjar Syndome,
and Dubin–Johnson Syndrome).27 Drugs can also

selectively inhibit bilirubin metabolism and transport
resulting in elevated TBIL levels without causing hepato-
cellular injury.28

DILIsym has recently added a submodel incorporating
genetic and non-genetic variation in each process that may
result in elevations in unconjugated, conjugated, and total
serum bilirubin.29 To validate this model, changes in
unconjugated and conjugated bilirubin following adminis-
tration of indinavir and nelfinavir were interrogated. Both
compounds are antivirals used for the treatment of human
immunodeficiency virus and both are known to inhibit
UGT1A1 and OATP1B1; however, only indinavir is demon-
strated to provoke hyperbilirubinemia in the clinic.
Modeling of indinavir administration in a simulated base-
line human produced a rise in TBIL that was consistent
with clinical data and reasonably recapitulated the magni-
tude of change. Simulation of nelfinavir administration in a
baseline human did not result in elevated levels of TBIL,
also consistent with clinical data. Additionally, simulations
demonstrated that TBIL elevations in response to indinavir
treatment were more substantial in simulated patients
with Gilbert’s Syndrome, again in agreement with clinical
observations. Individuals with Gilbert’s Syndrome have
approximately 30–50% of normal UGT1A1 function and
presentation with elevated baseline levels of unconjugated

Figure 3. Modeled percent hepatocyte loss vs. variation in peak serum ALT for cimaglermin alfa. The relationship between peak serum ALT and estimated range of

hepatocyte loss was determined using DILIsymVR in a simulated population that incorporates variability in factors relevant to ALT dynamics and hepatocyte regen-

eration. The pink shaded regions indicate confidence intervals for percent hepatocyte loss observed in the simulated subjects for given peak serum ALT values. The

30% hepatocyte loss that would result in a rise in serum TBIL> 2� ULN was estimated from Figure 2 and results in the “Hy’s Law” (yellow) shading. Because the

pattern of rise and fall in serum ALT was characteristic for this drug, elevations much higher than observed could be modeled. In this clinical trial data set, the maximum

peak serum ALT observed (shown as the red dot on the x-axis) could not alone account for the rise in serum TBIL> 2� ULN that was observed in this subject. The

conclusion was that, although all qualifications for a Hy’s Law case were met in this subject and a second subject with a lower peak serum ALT value, they should not

be considered Hy’s Law cases. Furthermore, the figure suggests the ability of a drug to cause liver failure might be estimated from the probability that a given peak

serum ALT might have resulted in sufficient hepatocyte loss to cause a rise in serum bilirubin> 2� ULN, even if this was not actually observed. For example, a subject

with a peak serum ALT value of between 1201 and 1500 (vertical dotted black line) is predicted to have a> 50% chance of not exhibiting a rise in serum TBIL> 2�ULN.

It is proposed that such a patient should be considered a Hy’s Law case although they may not have met the currently accepted the biochemical criteria. It should be

noted that DILIsym simulation results are highly dependent upon time course of ALT elevations which was similar across affected subjects treated with cimaglermin

alfa, but can differ markedly from one drug to another. (A color version of this figure is available in the online journal.)
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bilirubin is common.27 The effects of an experimental che-
mokine receptor antagonist (CKA) were also explored uti-
lizing this DILIsym submodel. This compound is known to
inhibit multiple transporters involved in bilirubin hepatic
circulation, producing only mild ALT elevations in the
absence of TBIL changes in humans.30 In agreement with
these clinical observations, a human simulated population
administered CKA did not develop clinically relevant TBIL
elevations.

In the case of Cimaglermin alfa, recent studies in cul-
tured human hepatocytes confirm that the rise in serum
TBIL observed is not due to overt toxicity but may be relat-
ed to altered regulation of genes involved in bilirubin
homeostasis.31

The future

While the work performed with DILIsym clearly demon-
strates that traditional biomarker data can be utilized in
innovative ways to more accurately assess liver safety of
new drug candidates, ongoing work is being conducted to
identify novel biomarkers that may further improve DILI
risk assessment. These biomarkers may offer multiple
advantages over traditional tests including: increased
liver specificity, mechanistic insightfulness, and improved
sensitivity. A detailed discussion of these biomarkers is out
of scope of the current review and we have recently
reviewed these developments elsewhere.32 Some of these
new biomarkers are under review by regulatory agencies
and several have already received letters of support to
encourage further exploration in preclinical and clinical
settings.33–35 However, it is unlikely that new biomarkers
will replace older clinical tests any time soon; instead it
seems more realistic that simultaneous measurement of tra-
ditional and select newer biomarkers, in a panel approach,
will give the most complete assessment of a compound’s
DILI risk. Already, release and clearance kinetics for candi-
date DILI biomarkers is being incorporated into DILIsym to
improve their application to clinical trials and to improve
their interpretation. For instance, as described earlier, mea-
surement of mechanistic candidate biomarkers K18 and
ccK18, and calculation of the Apoptotic Index, refined
DILIsymmodeling of Cimaglermin alfa DILI by suggesting
that apoptosis was the primary mode of cell death.
The model also supports the incorporation of additional
candidate biomarkers including microRNA-122 (miR-
122), glutamate dehydrogenase (GLDH), and high mobility
group box 1 (HMGB1) which can be useful in confirming
liver as the source of injury (miR-122 and GLDH) or iden-
tifying an innate immune response (HMGB1). While the
utility of these newer biomarkers in the model is still
being explored, we believe an approach that incorporates
both traditional and the newer biomarkers with in silico
modeling is the path forward and will provide the
best assessment of DILI liabilities of a new compounds in
clinical trials. Ultimately, we believe this combination of
modeling and biomarker utilization will spare pharmaceu-
tical companies the necessity of conducting large and costly
clinical trials without reducing the sensitivity to detect liver
safety concerns.
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