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Abstract

Idiosyncratic drug hepatotoxicity is a hepatotoxicity subset that occurs in a very small fraction of

human patients, is poorly predicted by standard preclinical models and in clinical trials, and

frequently leads to post-approval drug failure. Animal models utilizing bacterial LPS co-

administration to induce an inflammatory background and hepatocyte cell culture models utilizing

cytokine mix co-treatment have successfully reproduced idiosyncratic hepatotoxicity signatures

for certain drugs, but the hepatocyte signaling mechanisms governing these drug-cytokine toxicity

synergizes are largely unclear. Here, we summarize our efforts to computationally model the

signaling mechanisms regulating inflammatory cytokine-associated idiosyncratic drug

hepatotoxicity. We collected a “cue-signal-response” (CSR) data compendium in cultured primary

human hepatocytes treated with many combinations of idiosyncratic hepatotoxic drugs and

inflammatory cytokine mixes (“cues”) and subjected this compendium to orthogonal partial-least

squares regression (OPLSR) to computationally relate the measured intracellular phosphoprotein

signals and hepatocellular death responses. This OPLSR model suggested that hepatocytes specify
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their cell death responses to toxic drug/cytokine conditions by integrating signals from four key

pathways -- Akt, p70 S6K, ERK, and p38. An OPLSR model focused on data from these four

signaling pathways demonstrated accurate predictions of idiosyncratic drug- and cytokine-induced

hepatotoxicities in a second human hepatocyte donor, suggesting that hepatocytes from different

individuals have shared network control mechanisms governing toxicity responses to diverse

combinations of idiosyncratic hepatotoxicants and inflammatory cytokines.

I. Introduction

Hepatotoxicity is a major cause of failures of drug development and accurate assessment of

human hepatotoxicity presents a significant challenge for the pharmaceutical industry [1]–

[2]. Idiosyncratic drug hepatotoxicity is a hepatotoxicity subset that occurs in a very small

fraction of human patients (~1 in 10,000) and accounts for ~10% of acute liver failure cases

[3]. Idiosyncratic drug hepatotoxicity is poorly predicted by standard preclinical models and

in clinical trials and frequently leads to post-approval drug failure [3]. LPS-administered

rodent models [3]–[4] and cytokine co-treatment hepatocyte cell culture models [5] have

been developed to reproduce idiosyncratic hepatotoxicities of some idiosyncratic

hepatotoxicants. These models suggest that idiosyncratic drug hepatotoxicity can arise when

mild drug-induced hepatocellular stresses synergize with inflammatory cytokine signaling to

elicit hepatocellular death.

Multiple inflammatory cytokines (TNF, IL-1α, IFN-γ, and LPS itself) have been identified

as contributing to inflammation-associated idiosyncratic drug hepatotoxicity in these animal

and cell culture models. These cytokines stimulate a diversity of intracellular signaling

pathways related to cell survival, stress, and apoptosis. Many of the complex signaling

mechanisms activated by these individual cytokines are well-studied (reviewed in [6]–[8]).

For example, TNF activates the MEK–ERK, IKK–NF-κB, JNK, and p38–HSP27 signaling

pathways and the caspase cascade, whose integrated activities specificity hepatocyte

responses to TNF in a context-sensitive manner.

Though, it is as of yet unclear how these cytokine-induced signals are integrated with drug-

induced signals to elicit a synergistic cellular toxicity response. Of note, it has been

demonstrated that the p38 signaling pathway contributes to the hepatotoxicity synergy

between LPS-induced cytokine release and the idiosyncratic hepatotoxicant ranitidine in a

mouse model [9]. Drug-induced hepatocellular stresses can induce activation of many of the

signaling pathways stimulated by inflammatory cytokines and/or growth factors. For

example, drug-induced reactive oxygen species (ROS) accumulation can activate the JNK

and p38–HSP27 stress-response signaling pathways [6]. Consequently, we reasoned that

further identification of the signaling mechanisms governing hepatocyte cell death responses

to idiosyncratic hepatotoxicants and inflammatory cytokines would be benefited from a

network-level examination of multiple intracellular signaling pathways.
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II. Results

A. Collection of a drug and cytokine co-treament cue-signal-response phosphoproteomic
data compendium

We collected a cue-signal-response (CSR) drug- and cytokine-induced hepatotoxicity data

compendium in cultured primary human hepatocytes to examine the signaling mechanisms

regulating inflammatory cytokine-associated idiosyncratic drug hepatotoxicity [10]. Human

hepatocytes were treated with 66 different combinations of 11 “drug” conditions (six

idiosyncratic hepatotoxicants, four corresponding “comparison” compounds, and a DMSO

control) and six “cytokine” conditions (different mixes of TNF, IL-1α, IFN-γ, and LPS).

Rigorously quantitative bead-based and cell death assays were utilized to allow for

investigation of the quantitative relationships between signaling pathway activation and cell

death measurements. Seventeen phosphoproteins, mechanistically associated with the

MEK–ERK, mTOR–p70 S6K, Akt, IKK–NF-κB, JNK, p38–HSP27, STAT3, STAT6, cell

cycle regulatory, and DNA damage signaling pathways, were measured at both early (0, 20

min) and delayed time-points (4, 24, and 48 hr) following drug and/or cytokine stimulation

to capture a diversity of intracellular signaling pathways and dynamics. To quantify

hepatotoxicity, hepatocyte LDH release was measured at 48 hr. This CSR phosphoproteomic

compendium consisted of ~4500 (= 66 conditions × 17 phosphoproteins × 4 time-points)

individual phosphoprotein signaling. In this CSR compendium, even the most positively and

negatively correlated single-phosphoprotein signaling features were poorly predictive of the

measured cell death [10]. These poorly predictive individual signaling relationships to the

measured cell death responses suggested the need for a multivariate modeling approach to

interpret the signal-response relationships present in this drug- and cytokine-induced

hepatotoxicity data compendium.

B. Multipathway OPLSR model of the CSR data compendium identifies key molecular
signals regulating drug- and cytokine-induced hepatotoxicity

To generate a multipathway model relating the observed signaling activities and cell death

responses, we subjected the initial CSR data compendium to orthogonal partial-least squares

regression (OPLSR), a data-driven modeling approach useful for suggesting relationships

between intracellular signals and cell phenotypes without requiring a priori mechanistic

knowledge [11]–[14]. OPLSR relates the measured phosphoprotein signaling data matrix

(X) and the observed hepatocellular death responses (Y), each arrayed across all 66

treatment conditions, through a linear regression of the relationship Y = X·B, where B is a

vector of regression coefficients that reflect how each phosphoprotein signal contributes to

cell death [14]–[15]. An OPLSR model comprised of signaling time-course data from all 17

phosphoproteins demonstrated good model fitness (R2 = 0.92) for cross-validated

predictions of the observed cell death responses for all 66 drug/cytokine co-treatment

conditions [10].

Inspection of OPLSR model loadings and variable importance of projection (VIP) scores

[16] identified four signaling pathways with phosphoproteins with highly informative model

contributions at multiple time-points [10]. The model identified the MEK–ERK and p38–

HSP27 signaling pathways as having significant pro-death contributions, and the Akt and
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mTOR–p70 S6K signaling pathways as having significant pro-survival contributions. In

agreement with the model predictions, p38–HSP27 pathway is generally considered pro-

apoptotic in hepatocytes due to its transcription regulation of effector caspases [17]. Counter

to the model predictions, the MEK–ERK pathway is generally considered pro-survival

hepatocytes through its activation of anti-apoptotic effectors [18]. Using small molecule

inhibitors selected for their high efficacy and minimal toxicity, both MEK and p38

inhibition attenuated the drug-cytokine hepatotoxicity synergy for the idiosyncratic

hepatotoxicant nortriptyline, confirming the OPLSR model interpretations that these

pathways are pro-death mediators of inflammatory cytokine-associated idiosyncratic drug

hepatotoxicity [10].

The importance of these four signaling pathways in the model suggested that many of the 17

phosphoproteins measured in the initial compendium were unnecessary for the model

predictions and consequently the model could be reduced to a more interpretable set of

protein signals. To reduce the complexity of the original model, phosphoproteins were

removed from the model step-wise in order of the lowest VIP score. Model fitness was

maintained until the top ~4–5 phosphoproteins remained (R2 = ~0.87–0.91) [10]. This

emphasized that an equivalently predictive multipathway network model could be generated

by focusing on representative phosphoproteins from four pathways -- MEK–ERK, Akt,

mTOR–p70 S6K, and p38–HSP27 -- and that these representative phosphoproteins (e.g. p-

ERK1/2, p-Akt, p-p70 S6K, and p-HSP27) could serve as a useful signaling network

“gauge” [12], whose integrated activities accurately specify hepatocellular death responses

to drug and/or cytokine stimulation.

C. A reduced multipathway OPLSR model accurately predicts hepatotoxicity signal-
response relationships across human hepatocyte donors

To test the utility of this reduced multipathway OPLSR model, we collected a second drug-

and cytokine-induced CSR hepatotoxicity data compendium containing just six

phosphoprotein signals (p-MEK1, p-ERK1/2, p-Akt, p-p70 S6K, p-p38, and p-HSP27) from

the four “network gauge” pathways (Fig. 1) [10]. This 6-phosphoprotein OPLSR model

trained on data from donor #1 demonstrated reasonably accurate predictions of cell death

responses for test data from conditions present in the training compendium (R2 = 0.56; Fig.

1). This demonstrated that the 6-phosphoprotein OPLSR model can accurately predict drug/

cytokine responses across human hepatocyte donors.

The model’s ability to successfully predict hepatotoxicity signaling-response relationships

across human hepatocyte donors for similar drug/cytokine conditions suggests that

hepatocytes from multiple human donors share a “common effector” processing function

[13]. In human hepatocytes from two different human donors, specific drug/cytokine

treatment conditions (see clarithromycin + cytokine mix in donors #1 and 2 in Fig. 1) can

elicit significantly different signaling network activation profiles and induce different levels

of cell death but the trained OPLSR model can accurately predict the cell death responses

from both signaling network activity profiles by considering all the time-dependent

signaling activity variables across the six measured phosphoproteins.
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III. Conclusions

Through data-driven modeling of phosphoproteomic data compendia, we demonstrated that

synergistic induction of hepatocellular death by idiosyncratic hepatotoxicants and

physiologically-relevant inflammatory cytokine co-stimuli in cultured primary human

hepatocytes is governed by the integrated behaviors of multiple intracellular signaling

pathways. OPLSR modeling identified an informative subset of four signaling pathways,

two with model-assigned pro-survival functions -- Akt and mTOR–p70 S6K -- and two with

model-assigned pro-death functions -- MEK–ERK and p38–HSP27. Together, these four

signaling pathways represent a useful “network gauge” capturing the balance between

survival and death signaling in drug- and cytokine-treated hepatocytes (Fig. 2). A simplified

OPLSR model focused on these four signaling pathways demonstrated quantitatively

accurate predictions of idiosyncratic drug- and cytokine-induced hepatotoxicities in a second

human hepatocyte donor, but further confirmation in additional donors is warranted. This

work demonstrates that hepatotoxicity can be thought of in terms of a “network toxicity”, in

which the integrated behavior of multiple hepatocellular signaling pathways should be

considered in evaluating the hepatotoxicity of a given treatment condition (Fig. 2). Further,

these results demonstrate the utility of multipathway signaling network modeling of cellular

behaviors in primary human hepatocyte cell culture models and offer promise for donor-

specific predictions of hepatotoxicity responses to idiosyncratic hepatotoxicants from

phosphoproteomic data.
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Fig. 1.
OPLSR modeling demonstrates accurate predictions of drug- and cytokine-induced hepatotoxicity across human hepatocyte

donors. Phosphoprotein signaling and response data from two human hepatocyte donors [10]. An OPLSR model was trained on

the 66-condition (only a subset of 6 conditions shown here), 6-phosphoprotein CSR data compendium from donor #1. This

OPLSR model generated quantitatively accurate predictions of cell death responses in donor #1 and donor #2, even though

donor-specific signaling network activation profiles and cell death responses were observed under the same drug/cytokine

treatments. Compare clarithromycin (CLA) ± cytokine mix across the two donors. The predictive accuracy of this OPLSR

model suggests that a common-effector processing mechanism (f(x) = y) encompassing the integration of the survival and stress

signaling network (x) yields quantitatively concerted cell death responses (y) to toxic drug/cytokine conditions exists and is

shared between hepatocytes from different human donors. Data and schematic reproduced from [10].
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Fig. 2.
Inflammatory cytokine-associated idiosyncratic drug hepatotoxicity as a “network toxicity”. The multipathway modeling

approach presented here suggests that an integration of multiple intracellular signaling pathway -- namely the MEK–ERK,

mTOR–p70 S6K, Akt, and p38–HSP27 pathways -- activities is necessary for hepatocytes to specify death responses to

hepatotoxic drug/cytokine co-treatment conditions. This provides motivation of the network-level consideration of multiple

survival, stress, and apoptosis signaling pathways in evaluating the hepatotoxicity mechanisms of context-dependent hepatotoxic

drugs. Schematic reproduced from [10].
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