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The Risks of Drug Development
• A few years ago the largest causes of drug candidate failure were
poor pharmacokinetics (e.g. short half life) or formulation problems.
Those problems have been largely eliminated.
• Now the major problems are lack of efficacy and toxicity.
• The largest source of uncertainty with respect to toxicity is
idiosyncratic drug reactions (IDRs), especially idiosyncratic druginduced liver injury (IDILI).
• Even if a drug is ultimately successful, its development may be
delayed many months by signals that indicate a possible problem.
• Even if a drug is approved it may be withdrawn because of an
unacceptable risk of IDRs that were not detected in clinical trials.
• If IDR risk could be accurately predicted, it would fundamentally
change the process of drug development.

Current Methods to De-risk Drug
Candidates
•
•
•
•
•

In Silico
In vitro cytotoxicity
Mitotox
Bile salt export protein (BSEP) inhibition
Reactive Metabolite Formation

In Silico Predictions
• In my limited experience, Derek Nexus and other algorithms are
inaccurate at predicting risk.
• The FDA sent a document to a company saying that their drug
candidate was likely to cause liver injury because it had a sulfonamide
functional group.
• The sulfonamide functional group is not a structural alert; it is almost
surely the primary aromatic amine that is the problem with
sulfonamide antibiotics.
• There are a few structural alerts such as primary aromatic amines,
aromatic nitro groups, thiono sulfur groups, and to a lesser degree
thiophene and furan rings. However, even these are somewhat limited
in their predictive value, and you don’t need a computer to spot them.

In Vitro Toxicity Assays
• One of earliest assays to try to predict IDILI risk.
• HepG2 cells are commonly used, but they have little
metabolic capacity.
• Assays commonly use high concentrations that lead to false
positive results.
• Although they may be useful for acute toxicity screens, there
is no good evidence that even fresh human hepatocytes or
HepaRG spheroids accurately predict IDILI risk.
• Most humans have no evidence of liver injury when treated
with a drug that can cause a significant incidence of IDILI. If
humans do not predict IDILI, how can we expect in vitro
cytotoxicity to predict IDILI?

Mitochondrial Injury
• Mitochondria control cell death, and it is plausible that mitochondrial
injury could cause DILI, either directly or by release of molecules that
activate the immune system. It has been proposed that mitochondrial
injury is a very common mechanism responsible for idiosyncratic DILI.
• It was claimed that phenformin inhibits mitochondrial electron transport
and was withdrawn because it causes liver injury. In fact phenformin
and metformin do inhibit electron transport and cause lactic acidosis,
but they virtually never cause liver injury or increase the risk of coadministered drugs.
• Other drugs that cause mitochondrial injury (acetaminophen, nucleoside
antivirals, linezolid) do not cause idiosyncratic DILI. One exception is
valproate-induced IDILI.
• IDILI is not typically associated with characteristics of mitochondrial
injury, e.g. lactic acidosis and microvesicular steatosis.
• Virtually all of the studies that support the mitochondrial hypothesis are
in vitro studies with high concentrations of drug.

Paper claims DILI predicted by Mitotox
Rana et al. Chem Res Toxicol 32: 156, 2019.
Almost none of the drugs associated with a relatively high incidence of typical
IDILI were considered, e.g. isoniazid, tolcapone, trovafloxacin, felbamate, etc,
and only a few associated with moderate IDILI such as diclofenac were listed.
Some of the drugs that were listed as hepatotoxic are listed below.
Hexachlorophene

Topical antibacterial agent – not IDILI

Econazole

Topical antifungal agent

Terfenadine

Not associated with significant incidence of IDILI

Rosiglitazone

Not associated with significant incidence of IDILI

Phenformin

Not associated with significant incidence of IDILI

Procarbazine

Cytotoxic anticancer agent: very rare IDILI

Beclomethazone

Usually topical, no significant IDILI

Danazol

Anabolic Steroid, not typical IDILI

Simvastatin

Risk of IDILI with statins is low

It was proposed that a combination of drugs that inhibited 2 of
the mitochondrial electron transport complexes would
synergistically cause IDILI
• The combination of rotenone, the
classic inhibitor of complex I, and
isoniazid, which inhibits complex II
were reported to synergistically kill
hepatocytes in vitro.
• However, when we tested the
combination in vivo, it was lethal
to all of the animals but did not
cause liver injury. A lower
nonlethal dose also did not
increase liver injury even in our
impaired immune tolerance
model.

At a slightly lower non-lethal rotenone dose in the
impaired immune tolerance model where we see
liver injury, rotenone does not significantly
increase injury.

Mitochondrial Injury Hypothesis Summary
• The clinical cases of IDILI do not have characteristics suggestive of
mitochondrial injury, e.g. lactic acidosis and microvesicular steatosis;
the only exception is valproate IDILI.
• Those drugs that do inhibit the mitochondrial electron transport
chain do not cause IDILI or increase the risk of IDILI with coadministered drugs.
• Injury to mitochondria such as inhibition of mitochondrial DNA
synthesis or mitochondrial protein synthesis does cause liver injury,
but it is not idiosyncratic, not limited to the liver, and it is associated
with typical signs of mitochondrial injury.
• All of the evidence to support the mitochondrial injury is in vitro,
usually with high drug concentrations. Animal mitochondria are not
so different from human mitochondria – If mitochondrial injury were
truly an important mechanism of IDILI, it should be possible to
reproduce IDILI in animal models

BSEP Inhibition Hypothesis
• A genetic complete lack of BSEP leads to cholestatic liver failure with an
increase in alkaline phosphatase but normal GGTP.
• It has been proposed that a common mechanism of IDILI is BSEP inhibition.
• Drugs that inhibit BSEP do not generally cause cholestatic liver injury.
• Milder genetic defects in BSEP do not lead to significant liver injury because
of compensatory mechanisms.
• Drugs that are reported to inhibit BSEP usually only inhibit at concentrations
>> Cmax; it should occur at trough levels.
• It is possible that a combination of inhibition of BSEP and other bile salt
transporters such as MRP4 could lead to IDILI.
• Inhibition of multiple transporters could lead to sufficient injury to promote
immune mediated liver injury, or there could be genetic polymorphisms.
• Simple consideration of physical properties of a drug is at least as accurate
at predicting IDILI risk as BSEP inhibition.
• There simply is not sufficient evidence at present to be confident of the
BSEP inhibition hypothesis.

Reactive Metabolites/Covalent Binding
• There is a large amount of circumstantial
evidence that most, but not all, idiosyncratic
drug-induced liver injury is associated with the
formation of reactive metabolites.
• At one time Merck spent a large amount of
resources trying to quantify covalent binding to
guide drug candidate development, but that is
not a common strategy.

Covalent Binding to Hepatocytes
Zone Classification of Risk
(Nakayama et al. DMD 37:1970, 2009)

The IDRs caused by some drugs do not appear to involve a
reactive metabolite, and ethacrynic acid is reactive and
covalently binds to proteins but does not cause IDRs
• IDRs that do not appear to
involve a reactive
metabolite:
–
–
–
–

Ximelagatran DILI
Pyrazinamide DILI
Allopurinol hypersensitivity
Abacavir hypersensitivity
(Abacavir forms a reactive
metabolite but that is not
thought to be involved.)
– IDRs caused by biologics

Ethacrynic Acid is reactive
but does not cause IDRs

Trying to predict IDR risk is a
humbling experience

Summary of Issues
• In my opinion, current in silico and in vitro assays are not accurate
predictors of IDILI risk.
• Inhibition of mitochondrial electron transport does not appear to
be involved in the mechanism of IDILI. Other mechanisms of
mitochondrial injury could be involved, but there is no substantive
evidence to support such a hypothesis; in fact, there is significant
evidence against the hypothesis.
• BSEP may be involved in some IDILI, but the correlation is not very
good, and the hypothesis remains unproven.
• Reactive metabolite formation is likely involved in most IDILI and
represents a risk in a drug candidate, but the correlation is far
from perfect, and radioactive assays are quite resource intensive.
• Companies feel they have to do something, and it has to be high
throughput, but it is my opinion that such efforts are wasted.

My Advanced Predictive Model
Advantages
• High Throughput
• Low Cost
• No need for
synthesis of large
quantities of drug
candidate
• Probably as accurate
as other methods

Developing predictive assays without
mechanistic understanding is putting
the cart before the horse.

What is the mechanism of most IDRs?
• It is very difficult to study the mechanisms of IDRs and our
understanding is superficial; almost nothing is known with
certainty.
• There is circumstantial evidence that most – but not all –
IDRs are caused by reactive metabolites; however, not all
covalent binding has the same potential to cause IDRs, and
dose is important.
• There is strong evidence that most IDRs are immunemediated (general characteristics and histology, HLA
associations, + lymphocyte transformation tests, anti-drug
antibodies).
• That begs the question: how do reactive metabolites
induce an immune response?

Hypotheses of How Reactive Metabolites
May Induce an Immune Mediated IDR
(2 signals are required to induce an immune response.)
• Hapten Hypothesis: Reactive metabolites modify
proteins and make them “foreign”. The recognition of
a drug-modified peptide by a T cell supplies Signal 1.
• Danger Hypothesis: If something does not represent a
“danger” to an organism the immune system will
ignore it. Damage-associated molecular pattern
molecules (DAMPS) can activate antigen presenting
cells leading to generation of Signal 2. The ability of a
reactive metabolite to cause the release of DAMPs
may determine whether it can cause IDRs.

Hapten and Danger Hypotheses
Haptenated peptides provide signal 1; activation of
macrophages by cell damage (Danger) provides signal 2

Drug

Reactive protein Modified With
metabolites
protein Signal 2

APC
MHC

Without
Signal 2

Signal 1

B7

Signal 2

CD28

Helper T cell

APC

MHC

Helper T cell

Tolerance

CD8+T

B cell

Immune response

How Can Mechanistic Hypotheses Be Tested?
• The mechanism, which involves many different cells in specific
environments and in different locations, cannot be duplicated in
a test tube.
• In theory, the best way would be to do controlled studies in
humans, including trying to cause IDRs, but that is impossible.
• Animal models are essential for controlled experiments to test
hypotheses.
• Animals can have IDRs, but they are just as idiosyncratic in
animals as in humans. Animals do not predict IDRs, but neither
do humans.
• To be of use the model must involve essentially the same
mechanism as the human IDR; therefore, the characteristics
should be the same; e.g. delayed onset and for liver injury, a
hepatic infiltrate of mononuclear cells, not neutrophils.

Attempts to Develop an Animal Model of
Idiosyncratic Drug-Induced Liver Injury (IDILI)
• In general, drugs that cause IDILI do not cause liver injury in
animals. For years we have tried to develop animal models
of IDILI and other IDRs with several drugs (clozapine,
amodiaquine, isoniazid, nevirapine, procainamide,
dapsone, penicillamine, felbamate, propylthiouracil,
ticrynafen, carbamazepine, minocycline, vesnarinone, etc.)
by trying to stimulate antigen presenting cells with LPS,
poly-IC, and other TLR agonists, co-treatment with
cytotoxic drugs, etc. But these attempts have been failures.
• If we knew why it was so difficult to develop valid animal
models it would likely provide vital mechanistic insights.

Amodiaquine causes idiosyncratic liver injury
and agranulocytosis that appear to be
immune mediated
Bioactivation of Amodiaquine

Amodiaquine is unusual in that it causes mild delayed liver injury in
animals that resolves despite continued treatment similar to the mild
liver injury in humans that is more common than serious injury.

Low glutathione levels should increase toxicity,
but glutathione depletion paradoxically
prevented amodiaquine-induced liver injury

The Dominant Response to Reactive Metabolites
Appears to be Immune Tolerance
Especially in the Liver
• Mild IDRs are always more common than serious IDRs and
represent a “signal” that the drug may cause serious IDRs, but
the ratio between mild and serious IDRs varies markedly from
drug to drug.
• The mild injury induced by amodiaquine in rodents appears
similar to mild liver injury caused by drugs that can cause
idiosyncratic liver failure.
• The basic mechanism of the mild reactions appears to be the
same as serious IDRs, e.g. mild lumiracoxib-induced liver injury is
associated with the same HLA as severe injury.
• If the injury is immune mediated and resolves despite continued
treatment, this “adaptation” must involve immune tolerance.

If the dominant response to drugs that cause
idiosyncratic liver injury is immune tolerance,
it might be possible to develop an animal
model by blocking immune tolerance.
• Drugs called checkpoint inhibitors that block immune tolerance
represent a breakthrough for cancer treatment (The discovery
of these drugs led to the 2018 Nobel Prize in Medicine.
• PD-1 is expressed on activated T cells, B cells, and
macrophages. It negatively regulates TCR signals.
• CTLA-4 is expressed on T cells and competes with CD28 for
binding to CD80 and CD86 on antigen presenting cells to inhibit
immune responses.

Treatment of PD-1-/- mice with amodiaquine + anti-CTLA-4 leads to
liver injury and piecemeal necrosis that looks like IDILI in humans.

AQ treatment increases the number of PD-1+ and CTLA-4+ T cells and
in PD-1-/- mice cotreated with anti-CTLA-4 increases cytotoxic T cells

Depletion of CD8 T cells prevents
amodiaquine-induced liver injury

Does this model unmask the ability of
other drugs to cause IDILI?
The answer is yes, although the
injury is less with other drugs, and it
resolves with continued treatment
with the drug.
• nevirapine
• Isoniazid
• Carbamazepine
• Troglitazone
• Tolcapone
• Green Tea Extract
It also differentiated troglitazone
from pioglitazone and tolcapone
from entacapone.

Implications of this Model
• It supports the hypothesis that the major response to
drugs that can cause serious IDRs is immune tolerance,
and it demonstrates how the immune system tries to
compensate for the loss of PD-1 and CTLA-4.
• This model will allow us to test hypotheses that we have
never been able to rigorously test before.
• It should allow the prediction of which drug candidates
will cause idiosyncratic liver injury, but it probably will not
be perfect.
• It predicts that checkpoint inhibitors will increase the risk
of IDRs caused by other drugs, and this appears to be the
case, e.g. vemurafenib.

Inflammasome activation may be an early
step in the induction of an immune response.
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• Clozapine, which causes
agranulocytosis and IDILI,
is bioactivated by
macrophages and
activates inflammasomes.
• Olanzapine, which has a
very similar structure and
forms a similar reactive
metabolite, does not
cause agranulocytosis and
does not activate
inflammasomes.

Clozapine Treated THP-1 Macrophages

Sample (ug/ml)

In Vitro Method to Detect IDILI Risk

Amodiaquine is bioactivated by macrophages and
directly activates inflammasomes

Nevirapine requires bioactivation by hepatocytes

Hypothesis: Drugs that cause IDILI in some
patients cause a subclinical immune response
in most patients and animals.
• This is clearly true with some drugs such as clozapine:
most patients treated with clozapine do not develop
agranulocytosis or IDILI, but most do have a transient
increase in IL-6 and IL-1ß as well as C-reative protein.
• This is an extension backward of the observation that
many more patients have mild liver injury that resolves
with continued treatment than have serious IDILI.
• If this hypothesis is correct, the immune response of
animals, and later in drug development, of humans, would
predict IDILI risk.

Conclusions
• It is my opinion that current in silico and in vitro assays do not accurately
predict IDILI risk.
• There is compelling evidence that most IDRs, including IDILI, are immune
mediated.
• If IDILI is immune mediated, the best predictor of IDILI risk is likely to
involve the immune response to a drug.
• However, we need a much better mechanistic understanding.
• Valid animal models are important for mechanistic studies, but most
animal models of IDILI do not represent the same mechanism as IDILI in
humans.
• We have been able to develop the first animal model of IDILI that has
the same characteristics as human IDILI by impairing immune tolerance.
• This will allow us to test hypotheses that have not been possible to test
previously, and it may represent a method to predict IDILI risk.
• It may even be possible to develop an in vitro predictor of IDILI risk, e.g.
the release of DAMPs.

