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Supervised classification, which dominates toxicogenomics, seeks to best separate multiple
experimental outcomes into pre-determined phenotypes using available data (e.g., fibrosis or
carcinogenicity in the liver). It does not test if the data best support those pre-determined phenotypes vs
others, or how multiple phenotypes relate to each other and interconvert. We therefore sought to first
identify mutually exclusive disease states in a data-driven manner, and only then to decipher state-specific
molecular mechanisms or biomarkers.

Most toxicogenomic investigations start by classification of transcriptomes, to exploit their high
dimensionality and potential for molecular pathway identification. However, transcriptomes are not part of
standard clinical diagnosis, and their relationship to disease states is unclear. As a machine-mimic of
clinical diagnosis, we started by clustering conditions that exhibit abnormal physiology (i.e., blood chemistry
and body and tissue weights) and histopathology from the Open TG-GATEs dataset. These data
correspond to, in rats, a standard set of clinical measurements applied by physicians to patients with almost
any unidentified diseases. We identified nine discrete ‘disease states’ that were independently supported
by physiology and histopathology data (Fig. 1A-B). Some of the nine disease states correspond to known
liver and kidney injuries or gastrointestinal bleeding, while others are unknown (Fig. 1C, Table 1).
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Figure 1. Open TG-GATEs analysis to discover disease states
A. Computational process to discover disease states in TG-GATEs.
B. Physiology data of 3,564 treatment conditions were shrunk on 2-
dimensional (t-SNE) map. Procedure in A identified nine discrete
disease states, highlighted in different colors and numbers (1-9) on
the map. C. Systematic changes of physiology (left) and
histopathology (right) induced in 9 disease states. On the left,
blue/yellow indicates the value is decreased/increased compared to
the corresponding vehicle treatment. On the right, yellow indicates
the histopathology phenotypes (red — liver, blue — kidney) are
strongly over-represented by the disease states.
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Histopathology

DSt
DS2
DS3
DS4
DS5
DS6
DS7

DS Clinical

description

Physiology

1 Metabolically Rel.Liver.Weight up Granular eosinophilic

active degeneration (L)
2 Tolerance Body.Weight, GLC down Hypertrophy (L)
3 Hemolytic TBIL up N/A
anemia
4 N/A TBIL, DBIL down N/A
5 Acute liver injury PT up; TC, PL down Eosinophilic change (L)
6 Cholestasis DBIL up Proliferation of bile ducts (L)
7 Hepatocellular AST, ALT, LDH up Single cell necrosis (L)
injury
8 Bleeding WBC, Ret, Neu up; Hb, Ht, Lym, Extramedullary
RBC down hematopoiesis (L)
9 Kidney injury BUN, Rel.Kidney.Weight, up Hypertrophy (K)

Table 1. Characteristics of the nine disease states
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Induced transcriptome

DS1
Ds2
DS3
DS4
DS5
DS6
DSs7
DS8
DS9
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Anti-inflammatory; anabolism of ATP, lipids, amino

acids (L)

Xenobiotic metabolism, ferroptosis resistance (L)

N/A

N/A

IL-1/TNFa signal, RNA-pol Il transcription (L)

IL-1/TNFa signal, cancer signature, response to

alkaloid (L)

IL-1/TNFa signal, cancer signature, cell cycle,

collagen biosynthesis (L)

IL-1/TNFa signal, IL-6/Jak/STAT signal,

complement/coagulation cascade (L)

IL-1/TNFa signal (K)

15 >20
-log g-value (Fisher’s exact test)

Proliferation, bile duct(L)
Proliferation, oval cell(L)
Edema(L)

Hemorrhage(L)

Cellular foci(L)

Dilatation(L)

Necrosis(L)

Cellular infiltration(L)
Anisonucleosis(L)

Change, acidophilic(L)
Fibrosis(L)

Vacuolization, cytoplasmic(K)
Increased mitosis(K)
Degeneration, hydropic(L)
Degeneration, fatty(L)

Cellular infiltration, mononuclear
Single cell necrosis(L)

Hematopoiesis, extramedullary(L)

Necrosis(K)

Deposit, pigment(L)
Regeneration(K)

Cellular infiltration, neutrophil(K)
Change, basophilic(K)
Hypertrophy(K)

Change, eosinophilic(L)
Microgranuloma(L)

Cellular infiltration(K)
Hypertrophy(L)

Hyaline droplet(K)

Ground glass appearance(L)
Vacuolization, cytoplasmic(L)
Increased mitosis(L)
Fibrosis(K)

Associated DS

DS6

DS6/7

DS7

cell(L)

DS8

DS9
DS5

DS2

|ps3

Degeneration, granular, eosinophilic(L) |DS1

Toxin class

Lipid-lowering

drugs

Synthetic

hormones

N/A

N/A

N/A

N/A

N/A

NSAIDs

N/A

We then performed a supervised analysis of gene expression data through the lens of these
machine-identified disease states, in which we found some pathways changed exclusively in one disease
states, while others changed commonly in multiple disease status (Fig 2). For example, a gene set
representing ‘complement and coagulation cascade’ was exclusively upregulated in gastrointestinal
bleeding, while a gene set “cellular response to IL-1 and TNFa” was upregulated in any disease states

associated with injury, in the corresponding tissues.
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Figure 2. Comparison of liver transcriptome changes across six disease states
Manually curated map of transcriptional activities of pathways (GO, KEGG) in the liver among six DS whose livers were affected. Up- and down-

regulated pathways are colored in red and blue, respectively.

Our combined data revealed that the
machine-identified disease states correspond in part
to known disease states and mechanisms of toxin
action. Analysis of temporal transitions between
disease states provided evidence for induction of
tolerance (Fig. 3), and we found distinct gene
expression signatures that correlated with tolerance.
These included xenobiotic metabolism genes as
expected, but also novel biomarkers for protection
from ferroptosis, a specific form of cell death
mediated by runaway lipid oxidation.

Finally, we tried to understand the mechanism
of body-weight loss induced in animals that
experience various tissue injuries as well as
tolerance to chemical toxicity (Fig. 4A). Loss of body
weight is a well-known indicator of chronic toxicity in
rats, though its etiology is poorly understood. We
could provide the first systematic evidence for liver-
to-body communication though specific circulating
metabolites and hepatokines with important roles in
toxicity and tolerance, namely toxin-induced tissue-
injury experiencing rats decreased body weight by
shutting down liver-synthesized Igf1 paracrine signals
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Figure 3. Transition between disease states
A. Non-DS: non-disease state. Size and darkness of arrows
reflect the number of conditions shifting from one DS to another.

(Fig. 4B). Moreover, we further identified a series of events correlated with loss of body weight, that are
likely causally connected to one another: chemical treatment inducing increase in kidney-expression of a
known anorexic hormone Gdf15, decrease in cumulative food intake, decrease in blood glucose level, and
decrease in liver-expression of Igf1 and its associated genes. They are likely causally connected to one

another (Fig. 4C).
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Figure 4. Mechanism of body weight loss upon toxin treatment in rats

A. Toxin-induced tissue injury and tolerance is associated with decrease in body weight over time. B. Cumulative
expression of Igf1 and associated genes are most strongly positively correlated with decrease in body weight on Day 29.
Gdf15, an anorexic factor is substantially correlated with body weight on Day 29. C. Proposed causal sequence of how
toxin induces body weight loss over time in rats.
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