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Toxicological Tipping Points …

Krewski, Daniel, Daniel Acosta Jr, Melvin Andersen, Henry Anderson, John C 
Bailar 3rd, Kim Boekelheide, Robert Brent, et al. “Toxicity Testing in the 21st 
Century: a Vision and a Strategy.” Journal of Toxicology and Environmental 
Health. Part B, Critical Reviews 13, no. 2–4 (February 2010): 51–138.

Current toxicological tests use apical in vivo adversity 
to define a point of departure (PoD) for risk 
assessment

Biological systems are resilient and adapt to 
environmental perturbations

Threshold between adaptation and adversity: 
“Tipping point”

Toxicological tipping points could be used as PoD for 
risk assessment

How can  we use  h igh-content  imaging  
(HCI )  data  to  f ind  t ipp ing  po ints  ?  



High Content Imaging (HCI)
 Study 
 H e p G 2  c e l l  c u l t u r e
 9 6 7  c h e m i c a l s  ( To x C a s t )
 1 0  c o n c  ( 0 . 1 ,  3  t i m e s

 HCI  Assays 
 H e a l t h
 S t r e s s
 C e l l u l a r  p e r t u r b a t i o n s

 Dynamic  phenotypic  
response  o f  ce l l s  to  
chemica ls

 Large-sca le  data
• ~400  p la tes
• ~100 ,000  we l l s
• ~2 ,400 ,000  images

HCI Conducted by Cyprotex, Inc. 

High-Content Imaging 
(HCI): multiplexed 

measurements on cell 
populations



 P 5 3 :  p 5 3  a c t i v i t y  ( p 5 3 )

 c - J u n :  s t r e s s  k i n a s e  ( S K )

 H 2 A X :  o x i d a t i v e  s t r e s s  ( O S )

 M i t o T r a c k e r R e d :  
m i t o c h o n d r i a l  m a s s  ( M M ) ,  
m i t o c h o n d r i a l  m e m b r a n e  
p o t e n t i a l  ( M M P )

 Tu b u l i n :  m i c r o t u b u l e  
o r g a n i s a t i o n  ( M t )

 H o e c h s t 3 3 3 4 2 :  n u c l e a r  s i z e  
( N S ) ,  c e l l  c y c l e  
a r r e s t / p r o g r e s s i o n  ( C C A ) ,   
c e l l  n u m b e r  ( C N )

 P H 3 :  m i t o t i c  a r r e s t  ( M A )

Simmons et al 2009

HCI Endpoints: Cell State

www.flowcytometry.us

S t r e s s  R e s p o n s e  
P a t h w a y s

C e l l  C y c l e  
P r o g r e s s i o n



Cell-State Data from Images

Raw Image
(Hoechst)

Intensity 
Analysis

Object
Identification

Nuclear intensity
distribution

I m a g e  a n a l y s i s  a n d  c e l l  l e v e l  f e a t u r e  f e a t u r e e x t r a c t i o n  c o n d u c t i n g  
b y  C y p r o t e x I n c .  ( p r o p r i e t a r y  s o f t w a r e )



Taxol 0.03uM

Hoechst33342

Phospho-Histone3

MitoTracker Red

Phospho-Tubulin

n u c l e a r  s i z e  ( N S )  
c e l l  c y c l e  a r r e s t  ( C C A )   
c e l l  n u m b e r  ( C N )

m i t o t i c  a r r e s t  ( M A )

m i t o c h o n d r i a l  m a s s  ( M M )
m i t o c h o n d r i a l  m e m b r a n e
p o t e n t i a l  ( M M P )

m i c r o t u b u l e s  ( M t )



Summary of HCI Effects

 Early effects: stress pathways & mitochondrial dysfunction 
 Intermediate effects: complex
 Late effects: cell number decrease



Mitochondrial  disruptors

 log2(fold change): decrease (BLUE), increase (RED) or no effect (YELLOW)
 Bioactivity profile:  “deviation from normal state” of HepG2 cells



Thiazol idinediones (TZDs)



Summarizing Large-Scale HCI Data 

 Each chemica l  p roduces  a  
10  d imens iona l  HCI  
response  fo r  each  
t rea tment  ( concen t ra t ion  
&  t ime)   

 Resu l t s  in  c lose  to  10 5 

da ta  po in ts  o r  10 4 vec to rs

 How do  we summar ize  
and  in te rp re t  such  da ta?

 How can  we f ind  pa t te rns  
in  the  da ta?

 How do  we p red ic t  tox ic i t y  
us ing  these  da ta  ?  



HCI to Phenotypic States 

 We  u s e d  u n s u p e r v i sed  
l e a r n i n g  ( c l u ster i n g )  

 C l u ste r  a l l  1 0 4  t re at m e nt  
re s p o n s e s

 D e r i ve  p h e n o t y p i c  
“s tate s ”  o f  H e p G 2  c e l l s

 P h e n o t y p i c  s tate s  co u l d  
re p re s e nt  ca n o n i ca l  
b e h av i o u rs o f  c e l l s  

 We  co u l d  u s e  t h e s e  
p h e n o t y p i c  s tate s  to  
u n d e rsta n d  t h e  d y n a m i c  
re s p o n s e  to  c h e m i ca l s “S
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“Normal” State

Fluaz inam 0 .78  uM

0h



State Transit ion

Fluaz inam 0 .78  uM

0h

1h



System trajectory

Fluaz inam 0 .78  uM

0h

1h

24h24h



System trajectory

Fluaz inam 0 .78  uM

0h

1h

24h24h

72h

Tr a j e c t o r y = S e q u e n c e  o f  s t a t e s



Fluazinam “ Trajectories”

Increasing Dose
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Fluazinam “ Trajectories”

Recovery Partial
Recovery

No
Recovery

T i p p i n g
P o i n t

D o s e - d e p e n d e n t  
Tr a n s i t i o n



Butachlor Trajectories

Increasing Dose
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Butachlor Trajectories
Tipping
Point

Recovery Partial
Recovery

No
Recovery

D o s e - d e p e n d e n t  
Tr a n s i t i o n



Analyzing Trajectories Quantitatively

Some perturbation
Recovery

Adaptive stress response?
Partial recovery

Adaptive capacity exceeded/
Cell injury? 
No recovery

Shah et al 2015 



t

Normal 
responses

Adaptive 
responses

Cell
Injury

Normal
Adaptive 

Adverse

Trajectories

Quantitative Trajectories

Shah et al 2015 



Dose-Dependent Transition

Shah et al 2015 



Critical Concentrations
 C a n  sy s t e m a t i c a l l y  

i d e n t i f y  c r i t i c a l  
c o n c e n t ra t i o n s -
“ t i p p i n g  p o i n t s ”

 T i p p i n g  p o i n t  p re c e d e s  
c o n c e n t ra t i o n  t h a t  
p ro d u c e s  s i g n i f i c a n t  c e l l  
l o s s

Shah et al 2015 



M A N Y  C H A L L E N G E S …
Study design

More time points !

More stress-response 
markers !

 How to define critical 
window to identify 
tipping points ?

More physiologically-
relevant cell model 

Tipping point evaluation
 Is it just PK or is there real 

adaptation ? 
 Are they reproducible ?
 Are they biologically 

relevant (ie. 
mechanisms)?

New study underway to address 
some of these challenges …



Translation: in vivo Tipping Points ?

 Adverse effects depends on a complex 
sequence of events 

 Consider in vivo lesions:
 Hypertrophy 
 Necrosis
 Inflammation
 Steatosis

 These can be acute effects of chemical 
exposure or intermediate steps towards 
chronic injury

 Differentiating adaptation and adversity 
is difficult !

 Transient effects are more likely to be 
adaptive



S u m m a r y

 Complex biological  data:  system state
 State pertubations define trajectory
 Trajectory analysisTipping Point
 Threshold for  homeostatic  adaptation 
 Linked with adversity  
 Could be used as point  of  departure 

for  r isk assessment 

Normal 
Biologic
Function

Cellular
Changes

Adaptive
Stress
Responses

Adverse
Outcomes

System Trajectories:
Some perturbation/
Recovery
Adaptive stress response/
Recovery
Adaptive capacity exceeded/
Cell injury/ 
No recovery

Biologic Pertubations:
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