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Abstract	
  
Acetaminophen is a common analgesic and antipyretic. 
Metabolism of acetaminophen and acetaminophen-induced 
liver necrosis are predicted using physiologically-based 
pharmacokinetic (PBPK) modeling. Pharmacokinetic means 
the model determines where the drug is distributed in the 
body over time. Physiologically-based means the anatomy 
and physiology of the human body is reflected in the 
structure and functioning of the model. Acetaminophen is 
usually safe and effective when taken as recommended, but 
consumption at higher levels may lead to liver damage. 
Additionally, other factors such as alcoholic liver disease, 
smoking, and malnutrition affect the maximum safe dose of 
acetaminophen.  

References	
  
[1]	
  Lüpfert,	
  C.,	
  &	
  Reichel,	
  A.	
  (2005).	
  Development	
  and	
  applicaBon	
  of	
  physiologically	
  based	
  pharmacokineBc-­‐modeling	
  tools	
  to	
  support	
  drug	
  discovery.	
  
Chemistry	
  &	
  biodiversity,	
  2(11),	
  1462-­‐86.	
  
[2]	
  LuMringer,	
  O.,	
  Theil,	
  F.-­‐P.,	
  Poulin,	
  P.,	
  SchmiM-­‐Hoffmann,	
  A.	
  H.,	
  Guentert,	
  T.	
  W.,	
  &	
  Lavé,	
  T.	
  (2003).	
  Physiologically	
  based	
  pharmacokineBc	
  (PBPK)	
  modeling	
  
of	
  disposiBon	
  of	
  epiroprim	
  in	
  humans.	
  Journal	
  of	
  pharmaceu8cal	
  sciences,	
  92(10),	
  1990-­‐2007.	
  
[3]	
  Manthripragada,	
  A.	
  D.,	
  Zhou,	
  E.	
  H.,	
  Budnitz,	
  D.	
  S.,	
  Lovegrove,	
  M.	
  C.,	
  &	
  Willy,	
  M.	
  E.	
  (2011).	
  CharacterizaBon	
  of	
  acetaminophen	
  overdose-­‐related	
  
emergency	
  department	
  visits	
  and	
  hospitalizaBons	
  in	
  the	
  United	
  States.	
  Pharmacoepidemiology	
  and	
  drug	
  safety,	
  20(8),	
  819–26.	
  	
  
[4]	
  Larson,	
  A.	
  M.	
  (2007).	
  Acetaminophen	
  hepatotoxicity.	
  Clinics	
  in	
  liver	
  disease,	
  11(3),	
  525-­‐48,	
  vi.	
  
[5]	
  Schonwald,	
  S.,	
  &	
  Ellenhorn,	
  M.	
  J.	
  (2001).	
  Medical	
  Toxicology:	
  a	
  synopsis	
  and	
  study	
  guide.	
  Philadelphia,	
  PA:	
  LippincoM	
  Williams	
  &	
  Wilkins.	
  
[6]	
  Kennedy,	
  J.	
  M.,	
  &	
  van	
  Rij,	
  A.	
  M.	
  (2006).	
  Drug	
  absorpBon	
  from	
  the	
  small	
  intesBne	
  in	
  immediate	
  postoperaBve	
  paBents.	
  Bri8sh	
  journal	
  of	
  anaesthesia,	
  
97(2),	
  171-­‐80.	
  
[7]	
  Seo,	
  K.	
  W.,	
  Park,	
  M.,	
  Kim,	
  J.	
  G.,	
  Kim,	
  T.	
  W.,	
  &	
  Kim,	
  H.	
  J.	
  (2000).	
  Effects	
  of	
  benzothiazole	
  on	
  the	
  xenobioBc	
  metabolizing	
  enzymes	
  and	
  metabolism	
  of	
  
acetaminophen.	
  Journal	
  of	
  applied	
  toxicology	
  :	
  JAT,	
  20(6),	
  427–30.	
  
[8]	
  Shi,	
  E.	
  C.,	
  Fisher,	
  R.,	
  McEvoy,	
  M.,	
  Vantol,	
  R.,	
  Rose,	
  M.,	
  &	
  Ham,	
  J.	
  M.	
  (1982).	
  Factors	
  influencing	
  hepaBc	
  glutathione	
  concentraBons:	
  a	
  study	
  in	
  surgical	
  
paBents.	
  Clinical	
  science	
  (London,	
  England	
  :	
  1979),	
  62(3),	
  279–83.	
  
[9]	
  Yuan,	
  L.,	
  &	
  Kaplowitz,	
  N.	
  (2009).	
  Glutathione	
  in	
  liver	
  diseases	
  and	
  hepatotoxicity.	
  Molecular	
  aspects	
  of	
  medicine,	
  30(1-­‐2),	
  29–41.	
  
Image	
  sources:	
  •	
  Anacin	
  box:	
  hMp://www.amazon.com/Anacin-­‐Aspirin-­‐Extra-­‐Strength-­‐Caplets/dp/B002OHE7IS	
  •	
  Darwin,	
  Charles	
  portrait:	
  hMp://en.wikipedia.org/wiki/
Charles_Darwin	
  •	
  metabolism	
  diagram:	
  hMp://en.wikipedia.org/wiki/File:Paracetamol_metabolism.svg	
  •	
  NyQuil	
  box:	
  hMp://www.amazon.com/Vicks-­‐Nyquil-­‐Relief-­‐LiquiCaps-­‐
Count/dp/B005NH4UMY	
  •	
  PBPK	
  block	
  diagram:	
  LuMringer	
  (2003)	
  •	
  Space-­‐filling	
  model:	
  hMp://www.wolframalpha.com/input/?i=acetaminophen	
  •	
  Structural	
  formula:	
  hMp://
en.wikipedia.org/wiki/File:Paracetamol-­‐skeletal.svg	
  •	
  Tylenol	
  box:	
  hMp://www.amazon.com/Tylenol-­‐Reducer-­‐Reliever-­‐Meltaways-­‐Flavor/dp/B000GGHRN6	
  	
  

This	
  work	
  performed	
  under	
  the	
  auspices	
  of	
  the	
  U.S.	
  Department	
  of	
  Energy	
  by	
  Lawrence	
  Livermore	
  NaBonal	
  Laboratory	
  under	
  Contract	
  DE-­‐AC52-­‐07NA27344.	
  This	
  material	
  is	
  based	
  upon	
  work	
  supported	
  by	
  the	
  S.D.	
  Bechtel,	
  Jr.	
  FoundaBon	
  and	
  by	
  the	
  
NaBonal	
  Science	
  FoundaBon	
  under	
  Grant	
  No.	
  0952013.	
  Any	
  opinions,	
  findings,	
  and	
  conclusions	
  or	
  recommendaBons	
  expressed	
  in	
  this	
  material	
  are	
  those	
  of	
  the	
  authors	
  and	
  do	
  not	
  necessarily	
  reflect	
  the	
  views	
  of	
  the	
  S.D.	
  Bechtel,	
  Jr.	
  FoundaBon	
  or	
  the	
  

NaBonal	
  Science	
  FoundaBon.	
  This	
  project	
  has	
  also	
  been	
  made	
  possible	
  with	
  support	
  of	
  the	
  NaBonal	
  Marine	
  Sanctuary	
  FoundaBon.	
  The	
  STAR	
  program	
  is	
  administered	
  by	
  the	
  Cal	
  Poly	
  Center	
  for	
  Excellence	
  in	
  Science	
  and	
  MathemaBcs	
  EducaBon	
  (CESaME)	
  
on	
  behalf	
  of	
  the	
  California	
  State	
  University	
  (CSU).	
  This	
  work	
  was	
  funded	
  by	
  the	
  Laboratory	
  Directed	
  Research	
  and	
  Development	
  Program	
  at	
  LLNL	
  under	
  project	
  tracking	
  code	
  12-­‐SI-­‐004.	
  LLNL-­‐POST-­‐568334.	
  

Example	
  human	
  
(Charles	
  Darwin)	
  Example	
  PBPK	
  model2	
  

Results 
•  A PBPK model of acetaminophen metabolism was implemented 

using the Mathematica program. 
•  Figure 1 shows good correspondence between the model’s 

predictions (blue) with experimental data6 (red). 

Figure	
  1:	
  ConcentraDon	
  of	
  acetaminophen	
  in	
  the	
  venous	
  system:	
  model	
  
predicDon	
  in	
  blue,	
  experimental	
  data	
  in	
  red.	
  IniDal	
  acetaminophen	
  dose:	
  
1000	
  mg.	
  RMSD	
  =	
  0.0029.	
  

Figure	
  2:	
  Predicted	
  concentraDon	
  of	
  anDoxidant	
  GSH	
  as	
  a	
  funcDon	
  of	
  
acetaminophen	
  dose,	
  for	
  different	
  subject	
  condiDons.	
  Liver	
  necrosis	
  occurs	
  
when	
  GSH	
  is	
  depleted	
  to	
  ~70%	
  of	
  normal	
  (red).	
  

Physiologically-­‐based	
  
pharmacokineDc	
  (PBPK)	
  modeling1	
  

The block diagram (left) is an example of how a human 
(right) can be modeled: 
•  Organs appear as compartments (blocks) connected by 

blood flow (arrows). 
•  The model is described using mathematics (differential 

equations). 
Pharmacokinetics is divided into several processes: 
•  Absorption: Drugs can enter the body through various 

portals such as intravenous or oral routes. 
•  Distribution: Drugs circulate through the body via blood 

flow, or accumulate in tissue. 
•  Metabolism: Drugs may be changed or broken down into 

other substances. 
•  Elimination: Drugs or their metabolic products are 

eliminated from the body through various routes including 
the kidney (urine), liver, or lungs. 

Acetaminophen	
  metabolism,	
  detoxificaDon,	
  and	
  toxicity4	
  
Metabolism:	
  Acetaminophen (black in figure) is 
metabolized in the liver into: 
•  Acetaminophen glucuronide (blue) — nontoxic. 
•  Acetaminophen sulfate (blue)  — nontoxic. 
•  NAPQI (N-acetyl-p-benzoquinone imine), catalyzed by 

CYP (cytochrome P450) enzymes (red) — toxic. 
DetoxificaDon	
  
•  NAPQI is rapidly detoxified via combination with GSH 

(glutathione) (purple). 
•  The level of GSH may be reduced due to medical 

conditions or xenobiotics (substances found in the body 
but not expected to be present). 

Toxicity:	
  Toxic levels of NAPQI may be caused by: 
•  Overdose  of acetaminophen (more than 10-15 g) 

overwhelming the detoxification process.  
•  Depletion of GSH preventing detoxification of NAPQI 

(possibly caused by alcohol or malnutrition). 
•  Excessive CYP activation producing too much NAPQI 

(possibly caused by smoking or other medications). 

Acetaminophen	
  
 … is also known as paracetamol and APAP. 
 … is a common analgesic (pain reliever) and antipyretic (fever 
reducer). 
 … has molecular formula C8H9NO2 (figures at left). 
 … is sold under brand names including Anacin-3, Panadol, and 
Tylenol (figures at right); it may be combined with other ingredients 
such as codeine. 

•  Susceptibility to acetaminophen-induced liver necrosis depends 
on the initial concentration of GSH and metabolic activity. 
•  Figure 2 shows the model’s prediction of concentrations of GSH 

vs. acetaminophen dose for patients under different conditions. 
•  Table 1 lists the acetaminophen dose that depletes GSH 

concentration to 70% of normal under different conditions. 
•  Patients who enter the toxicity region at a lower drug dose are 

more subject to acetaminophen poisoning. 

Clinical	
  Significance	
  in	
  U.S.3	
  
•  Over 370 million packages of acetaminophen sold in 2008. 
•  Average 44,000+ emergency department visits annually (2000-2007). 
•  Average 33,500+ hospitalizations annually related to overdose (2000-2006).	
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Liver necrosis (cell death) 
occurs when GSH is depleted 
to ~70% of normal levels5. 

CondiDon	
   Dose	
  (g)	
   Notes	
   Ref	
  

Maximum	
  safe	
  dosage	
   4.00	
   Maximum	
  safe	
  dosage	
  should	
  be	
  no	
  greater	
  than	
  4	
  g	
  in	
  a	
  24-­‐hour	
  period.	
   4	
  

Model	
  control	
   4.22	
   Model	
  predicts	
  dose	
  greater	
  than	
  maximum	
  safe	
  dosage	
  to	
  deplete	
  GSH	
  to	
  70%	
  
of	
  normal.	
  

n/a	
  

Smoking	
   4.26	
   Based	
  on	
  benzothiazole	
  exposure	
  in	
  rats,	
  with	
  metabolism	
  in	
  model	
  tuned	
  to	
  
match	
  reported	
  enzyme	
  acBviBes.	
  

7	
  

Smoking	
   1.00	
   Based	
  on	
  benzothiazole	
  exposure	
  in	
  rats,	
  with	
  metabolism	
  in	
  model	
  tuned	
  to	
  
match	
  reported	
  metabolite	
  levels	
  in	
  bile.	
  

7	
  

Protein	
  
malnourishment	
  

0.61	
   Malnourishment	
  defined	
  as	
  intake	
  of	
  protein	
  less	
  than	
  20	
  g/day	
  for	
  at	
  least	
  one	
  
week.	
  IniBal	
  GSH	
  level	
  is	
  reduced	
  to	
  75%	
  of	
  normal.	
  

8	
  

Alcoholic	
  liver	
  disease	
   2.75	
   IniBal	
  GSH	
  level	
  is	
  reduced	
  to	
  91%	
  of	
  normal	
  (mitochondrial	
  GSH	
  is	
  depleted	
  by	
  
45-­‐60%;	
  mitochondrial	
  GSH	
  makes	
  up	
  10-­‐15%	
  of	
  total	
  cellular	
  GSH).	
  

9	
  

Table	
  1:	
  Predicted	
  acetaminophen	
  dose	
  that	
  depletes	
  GSH	
  level	
  to	
  70%	
  of	
  
normal	
  for	
  different	
  paDent	
  condiDons.	
  


