
Non-invasive imaging of drug-induced liver  

injury with 18F-DFA PET 

 

Jessica R. Salas1,2, Bao Ying Chen1,2, Alicia Wong1,2, Sergio Duarte3, Stephanie A. K. Angarita3, 

Gerald S. Lipshutz1,4,5, Owen N. Witte1,4,6, Peter M. Clark1,2,4,‡ 

1 Department of Molecular and Medical Pharmacology, 2 Crump Institute for Molecular 

Imaging, 3 Department of Surgery, 4 Eli and Edythe Broad Center of Regenerative 

Medicine and Stem Cell Research, 5 Intellectual and Developmental Disabilities 

Research Center, 6 Department of Microbiology, Immunology and Molecular Genetics, 

University of California, Los Angeles CA 90095.   

‡ Correspondence should be addressed to Peter M. Clark, Crump Institute, Box 951770, 4333 

CNSI, Los Angeles, CA 90095-1770; 310-267-4755; pclark@mednet.ucla.edu 

First author: Jessica R. Salas, Crump Institute, Box 951770, 4333 CNSI, Los Angeles, CA 

90095-1770; 310-267-4755; cunninj20@k-state.edu (Researcher) 

 

Word count: 5,000 

Financial support: Financial support for this work was provided by the NIH, the Parker Institute for 

Cancer Immunotherapy, and the Broad Stem Cell Research Center at UCLA.  PMC and ONW 

are inventors on a patent, held by the Regents of the University of California, that describes the 

18F-DFA radiotracer. 

Running title: Imaging liver injury with 18F-DFA PET 

Key words:  PET imaging, drug-induced liver failure, hepatocytes  

 Journal of Nuclear Medicine, published on March 1, 2018 as doi:10.2967/jnumed.117.206961



Abstract 

Drug-induced liver failure is a significant indication for a liver transplant, and unexpected liver 

toxicity is a major reason that otherwise effective therapies are removed from the market.  Various 

methods exist for monitoring liver injury but are often inadequate to predict liver failure.  New 

diagnostic tools are needed.  Methods.  We evaluate in a preclinical model whether 18F-2-deoxy-

2-fluoroarabinose (18F-DFA), a PET radiotracer that measures the ribose salvage pathway, can 

be used to monitor acetaminophen-induced liver injury and failure.  Mice treated with vehicle, 100, 

300, or 500 mg/kg acetaminophen for 7 or 21 hours were imaged with 18F-FDG and 18F-DFA PET.  

Hepatic radiotracer accumulation was correlated to survival and percent of non-necrotic tissue in 

the liver.  Mice treated with acetaminophen and vehicle or N-acetylcysteine were imaged with 18F-

DFA PET.  18F-DFA accumulation was evaluated in human hepatocytes engrafted into the mouse 

liver.  Results.  We show that hepatic 18F-DFA accumulation is 49 - 52% lower in mice treated 

with high dose acetaminophen than in mice treated with low or no dose acetaminophen.  Under 

these same conditions, hepatic 18F-FDG accumulation was unaffected.  At 21 hours post-

acetaminophen treatment, hepatic 18F-DFA accumulation can distinguish mice that will succumb 

to the liver injury from those that will survive it (6.2 versus 9.7 signal/background, respectively).  

Hepatic 18F-DFA accumulation in this model provides a tomographic representation of hepatocyte 

density in the liver, with a R2 between hepatic 18F-DFA accumulation and percent non-necrotic 

tissue of 0.70.  PET imaging with 18F-DFA can be used to distinguish effective from ineffective 

resolution of acetaminophen-induced liver injury with N-acetylcysteine (15.6 versus 6.2 

signal/background, respectively).  Human hepatocytes, in culture or engrafted into a mouse liver, 

have similar levels of ribose salvage activity to mouse hepatocytes.  Conclusions.  Our findings 

suggest that PET imaging with 18F-DFA can be used to visualize and quantify drug-induced acute 

liver injury and may provide information on the progression from liver injury to hepatic failure. 



Introduction 

Drug-induced liver injury can be provoked by a variety of agents including tyrosine kinase 

inhibitors (Pazopanib), antibody-drug conjugates (Trastuzumab emtansine), and analgesics 

(acetaminophen) (1–3), is a frequent indication for a liver transplant, and is a major reason for 

post-market drug warnings and withdrawal (4–6).  Various methods exist for assessing liver health 

during drug-induced liver injury.  These include static measurements of liver-selective enzymes 

and metabolites, such aspartate transaminase (AST), alanine transaminase (ALT), and bilirubin; 

liver biopsies; and imaging with computed tomography (CT), magnetic resonance imaging, and 

ultrasound (1,4,5,7–12).  All of these methods have proven clinical value but do not provide a 

complete picture of liver health.  In particular, specifically identifying patients who will progress 

from acute liver injury to fulminant liver failure remains a clinical challenge (1,6,13,14).  

Tomographic molecular imaging of select liver functions could provide additional information not 

captured with these other methods. 

Recently we developed two PET tracers, 18F-2-deoxy-2-fluoroarabinose (18F-DFA) and 

18F-2-deoxy-2-fluororibose (18F-2-DFR), to measure ribose salvage activity (15,16).  The ribose 

salvage pathway is most active in the liver, leading to significant and specific accumulation of 18F-

DFA, 18F-2-DFR, and their metabolites in this organ (15,16).  Previously we showed that hepatic 

18F-DFA and 18F-2-DFR accumulation are lower in mouse models of fatty liver disease and, in a 

limited study, in mice treated with one dose of acetaminophen (300 mg/kg) at one specific time 

point (24 hours post-injection) (15,16).  However various questions remain on a potential role for 

18F-DFA in imaging liver injury and failure.   

We hypothesized that 18F-DFA PET imaging could be used to non-invasively monitor and 

study acetaminophen-induced liver injury and failure.  Though we previously showed that 18F-2-

DFR was subject to less defluorination than 18F-DFA (16), 18F-DFA was chosen to be studied here 

due to the commercial availability of the synthetic precursor and the fact that 18F-DFA could be 



prepared on an automated radiosynthesizer (17).  Our results suggest that PET imaging with a 

radiotracer that measures ribose salvage activity can be used to monitor acute liver failure and 

may provide information not available with current diagnostic methods. 

 

Materials and Methods 

Mice: C57Bl/6 male mice (10 – 11 weeks old) were used for all experiments unless otherwise 

noted.  All animal experiments were approved by the UCLA Animal Research Committee.   

Drug treatments:  Acetaminophen: Mice, fasted overnight, were injected intraperitoneal with 

vehicle or acetaminophen (15 mg/mL in 0.9% w/v saline).  N-acetylcysteine (NAC): Mice were 

injected intraperitoneal with vehicle or NAC (1200 mg/kg), 1 or 4 h after acetaminophen 

treatments.   

Serum AST, ALT, and bilirubin levels: ALT and AST Liquid Reagent Set (Pointe Scientific) and 

Bilirubin Assay (Sigma-Aldrich) kits were used following the manufacturer’s protocol except that 

all the reagents and samples were scaled down 10-fold. 

Histological analyses: The right liver lobe was removed, washed in 1X PBS, and fixed (10% 

formalin, 1 d).  Sections were stained for H&E or with an antibody against FAH (Yecuris 20-0034; 

1:1000; RT, 1 h).  Percent of FAH expressing hepatocytes and non-necrotic tissue was quantified 

with Ilastik (Version 1.2.0) and ImageJ (Version 1.51n) (18,19). 

PET tracers: 18F-DFA was synthesized as described (17). 18F-FDG was obtained from the UCLA 

Translational Imaging Division. 

PET/CT imaging: Mice were injected with ExiTron nano 12000 (100 μL), 3 days before the PET 

imaging experiment.  Mice were anesthetized, injected with ~2.96 MBq of 18F-FDG (after an 

overnight fast) or 18F-DFA, and after 60 minutes, imaged for 10 minutes on a G8 PET/CT (SOFIE 



Biosciences).  Different cohorts of mice were used for the 7 and 21 hour post-acetaminophen 

treatment 18F-DFA imaging experiments. 

PET quantification: An observer unaware of the treatment groups performed the PET 

quantification using only the CT image to place the regions of interest. 18F-DFA and 18F-FDG 

accumulation are normalized to their respective accumulation in the brain and right forelimb 

triceps.  Brain was used as a reference region for the quantification of 18F-DFA accumulation as 

we have never identified specific accumulation of 18F-DFA in the brain and the same brain region 

could be readily identified and quantified across different mice.  Image-derived blood 18F-DFA 

levels were quantified from the left ventricle.  Hepatic 18F-DFA contrast, correlation, and entropy 

were determined using the GLCM Texture plugin in ImageJ (Version 1.50i) (19). 

Autoradiography: Autoradiography was performed as described (20).  

3H-ribose accumulation: Mouse hepatocytes were isolated as described (15).  Human 

hepatocytes (Corning Inc; Lot #373) were plated following the manufacturer’s protocol.  3H-ribose 

accumulation experiments were performed as described (15).  

Statistics: Data is plotted as mean ± standard error of the mean (SEM).  Experiment-specific 

statistical tests are described in their respective figure legends.  All analyses were performed 

using GraphPad Prism (Version 7.01). 

Detailed procedures describing the FRG mouse model of acute liver failure, human hepatocyte 

engraftment into FRG mice, and mouse experiment numbers can be found in the Supplemental 

Methods. 

 

Results 



A mouse model of drug-induced liver injury.  Mice provide a model system in which to study drug-

induced liver injury (21–23).  Consistent with published results, we found that mice succumb to 

acetaminophen-induced liver injury in a dose dependent manner.  All of the mice treated with 100 

mg/kg acetaminophen survived, but only ~50% and ~10% of the mice treated with 300 mg/kg and 

500 mg/kg acetaminophen, respectively, survived (Fig. S1A).  The earliest time point at which 

maximum ALT levels occur in mice is 7 hours post-acetaminophen treatment (24,25), and mice 

treated with 500 mg/kg acetaminophen succumb to liver failure starting at 24 hours post-treatment 

(Fig. S1A).  Therefore, we chose to study mice at 7 and 21 hours post-acetaminophen treatment.  

Mice treated with high dose (300 and 500 mg/kg) acetaminophen for 7 and 21 hours had elevated 

serum ALT and AST levels, and liver sections from these mice displayed significant necrosis in 

Zone 3 hepatocytes by H&E staining (Fig. S1B – D).  These studies validate our mouse model 

and provide us with a system in which to test our hypothesis. 

 

PET imaging with 18F-FDG cannot distinguish vehicle-treated from high dose (500 mg/kg) 

acetaminophen-treated mice.  18F-FDG is the most widely used PET tracer although its potential 

utility in studying liver disease is complicated by the hormonal regulation of liver glucose 

consumption (26–28).  We first tested the utility of 18F-FDG imaging for studying drug-induced 

liver injury.  Serum AST and ALT levels were elevated but hepatic 18F-FDG accumulation was 

unaffected (p=0.56) in mice 7 and 21 hours after treatment with 500 mg/kg acetaminophen (Fig. 

S2A – C).  This suggests that PET imaging with 18F-FDG will be unable to provide information on 

acetaminophen induced liver injury. 

 

PET imaging with 18F-DFA 7 hours after acetaminophen treatment can distinguish low (100 

mg/kg) and high (300 and 500 mg/kg) dose acetaminophen-treated mice but cannot distinguish 



mice that will survive high dose (300 and 500 mg/kg) acetaminophen from those that will not.  The 

radiotracer 18F-DFA accumulates strongly in liver hepatocytes through ribose salvage activity (15), 

and its accumulation could be affected by acetaminophen.  High dose (300 and 500 mg/kg) 

acetaminophen treatment caused a significant 52% decrease in hepatic 18F-DFA accumulation 

compared to low dose (100 mg/kg) acetaminophen and vehicle treatment (p<0.0001; Fig. 1A, B).  

18F-DFA accumulation in the mice treated with high dose (300 and 500 mg/kg) acetaminophen 

was significantly higher in the kidneys and intestines (p=0.0007 and p=0.001, respectively) but 

similar in other organs including the lungs and heart compared to vehicle-treated mice (Fig. S3A), 

potentially suggesting increased renal excretion and intestinal accumulation of the radiotracer in 

the absence of specific hepatic accumulation.  These results were independent of whether organ-

specific 18F-DFA accumulation was normalized to brain 18F-DFA accumulation or image-derived 

blood 18F-DFA levels (Fig. S3B).  The decrease in hepatic 18F-DFA accumulation was similar in 

mice treated with either 300 or 500 mg/kg acetaminophen (p=0.05) and was indistinguishable 

between the high dose (300 and 500 mg/kg) acetaminophen-treated mice that would survive the 

injury and those that would not (p=0.50; Fig. 1A, C).  As expected (1), ALT, AST, and total bilirubin 

levels also failed to discriminate between mice that survived high dose (300 and 500 mg/kg) 

acetaminophen from those that did not (p=0.56, p=0.70, p=0.98, respectively; Fig. 1D).  Visually 

all the mice looked equally sick. 

 These results could be broadly applicable across various types of acute liver injury or 

could be specific to acetaminophen toxicity.  Immunodeficient mice lacking the enzyme 

fumarylacetoacetate hydrolase (Fah-/-/Rag2-/-/Il2rg-/- or FRG mice) undergo liver failure in the 

absence of the drug 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) following 

buildup of the hepatotoxic tyrosine catabolite fumarylacetoacetate (29).  FRG mice withdrawn 

from NTBC for 2 weeks displayed histological evidence of hepatocyte damage compared to mice 

maintained on NTBC and succumb to liver failure within ~2.5 weeks (Fig. S4A, B).  The amount 



of hepatocellular damage in this model is considerably less than in the acetaminophen model.  

Hepatic 18F-DFA accumulation was 23% lower in FRG mice withdrawn from the NTBC for 2 weeks 

compared to hepatic 18F-DFA accumulation in these mice immediately before withdrawing the 

NTBC (p=0.007; Fig. S4C, D), suggesting that 18F-DFA PET could image liver injury and failure 

caused by multiple different sources.   

 

PET imaging with 18F-DFA 21 hours after acetaminophen treatment can distinguish mice that will 

survive high dose (300 and 500 mg/kg) acetaminophen from mice that will not.  At 21 hours post-

acetaminophen treatment, mice treated with high dose (300 and 500 mg/kg) acetaminophen had 

49% lower hepatic 18F-DFA accumulation than mice treated with vehicle and 100 mg/kg 

acetaminophen (p<0.0001; Fig. 2A, B).  Unlike the 7 hours post-acetaminophen treatment 

results, hepatic 18F-DFA accumulation could clearly distinguish mice that would survive the high 

dose (300 and 500 mg/kg) acetaminophen treatment from those that would not (p=0.0003; Fig. 

2A, C).  Hepatic 18F-DFA accumulation in mice treated with high dose (300 and 500 mg/kg) 

acetaminophen that survive was intermediate between 18F-DFA accumulation in non-surviving 

mice and in vehicle-treated mice (Fig. 2B, C).  ALT, AST, and total bilirubin levels could not 

distinguish mice that survived the high dose (300 and 500 mg/kg) acetaminophen treatment from 

those that did not (p=0.26, p=0.59, p=0.73, respectively; Fig. 2D), and all the mice looked equally 

sick. 

 PET images contain voxel level values from which textural features, such as entropy, 

contrast, and variability, can be extracted (30–32).  These additional features can be better 

predictors of radiochemotherapeutic responses in esophageal and non-small cell lung cancers 

and may suffer less variability than bulk values such as mean tracer accumulation (30,31).  Voxel-

to-voxel hepatic correlation in 18F-DFA accumulation was higher, and voxel-to-voxel hepatic 

contrast and entropy in 18F-DFA accumulation were lower in the mice that did not survive the high 



dose (300 and 500 mg/kg) acetaminophen treatment compared to the mice that did (p=0.002, 

p=0.0004, p=0.0006, respectively; Fig. S5A – C).  This is consistent with an overall decrease in 

voxels with high 18F-DFA accumulation across the liver in the non-surviving cohort of mice but 

also suggests that the distribution of healthy hepatic tissue across the liver may be important for 

determining the physiological effects of high dose (300 and 500 mg/kg) acetaminophen.  Notably 

the coefficient of variation for the entropy measurements is lowest among all the measured 

values, suggesting that it may serve as the best quantity for studying drug-induced liver injury. 

Combining the results from both time points provides a kinetic picture of the liver 

responding to high dose (300 and 500 mg/kg) acetaminophen in surviving and non-surviving 

cohorts (Fig. S6).  Consistent with immunohistochemical and serum analyses, the data indicate 

that all mice, independent of survival, suffer significant and possibly equivalent liver damage 

within 7 hours of high dose (300 and 500 mg/kg) acetaminophen treatment.  Only mice that begin 

to recover hepatic 18F-DFA accumulation within 21 hours of the acetaminophen treatment will 

survive.  Mice whose hepatic 18F-DFA accumulation is unchanged from 7 to 21 hours do not 

survive.   

 

18F-DFA PET provides a tomographic representation of hepatocyte density in the liver during 

acetaminophen-induced liver injury.  The livers of mice treated with high dose (300 and 500 

mg/kg) acetaminophen undergo considerable necrosis (Fig. S1D).  18F-DFA accumulation could 

correlate with the amount of non-necrotic liver tissue.  Digital autoradiography of liver sections of 

mice treated with 300 mg/kg acetaminophen and injected with 18F-DFA displayed heterogeneous 

18F-DFA accumulation compared to liver sections of vehicle-treated mice (Fig. 3A), consistent 

with the heterogeneous pattern of necrosis present in liver sections of 300 mg/kg acetaminophen-

treated mice (Fig. S1D).  The percent of non-necrotic liver tissue from mice treated with 300 mg/kg 

acetaminophen significantly correlated (R2 = 0.70; p value for slope being significantly non-zero: 



0.018) with hepatic 18F-DFA accumulation in the same mice (Fig. 3B).  Collectively the data 

suggest that in this system, hepatic 18F-DFA accumulation as measured by PET imaging provides 

a whole organ view of functional hepatocyte density in the liver. 

 

PET imaging with 18F-DFA can monitor the efficacy of treatments for acetaminophen overdose.  

In other fields, PET imaging has proven effective for monitoring therapeutic responses (33).  

Approved therapies for acetaminophen overdose are limited but new treatments are in 

development (34,35).  18F-DFA PET imaging could potentially monitor the efficacy of these 

treatments and provide data to complement or anticipate changes in blood biochemistry 

measurements.  NAC administration at different time points post-acetaminophen treatment 

provides a useful model in which to determine whether PET imaging with 18F-DFA can distinguish 

mice that have or have not been successfully treated for acetaminophen toxicity.  Consistent with 

published results (36), acetaminophen-induced hepatic necrosis was blocked by NAC treatment 

1 but not 4 hours after 300 mg/kg acetaminophen treatment (Fig. 4A).  Mice treated with 300 

mg/kg acetaminophen followed by NAC 1 hour later accumulated 18F-DFA in the liver at levels 

similar to vehicle-treated mice (p=0.88) and significantly higher than mice treated with NAC 4 

hours after 300 mg/kg acetaminophen treatment (p=0.009; Fig. 4B, C).  Hepatic 18F-DFA 

accumulation in mice treated with 300 mg/kg acetaminophen followed by NAC 4 hours later was 

indistinguishable from hepatic 18F-DFA accumulation in mice treated only with 300 mg/kg 

acetaminophen (p=0.09; Fig. 2B, 4C).  These results suggest that 18F-DFA PET imaging can 

function as a biomarker to monitor therapies to treat acute liver injury. 

 

Ribose salvage activity is similar between mouse and human hepatocytes.  18F-DFA is not yet 

approved for use in humans, but isolated human hepatocytes can be analyzed in culture and 



engrafted into mice.  18F-DFA measures ribose salvage activity (15).  Isolated mouse and human 

hepatocytes in culture consume ribose at a similar rate (p=0.31; Fig. 5A).   

Human hepatocytes administered to FRG mice can engraft into and repopulate the liver 

of these mice following NTBC withdrawal (29).  FRG mice were engrafted with human 

hepatocytes and imaged with 18F-DFA PET.  Immunohistochemical staining for the FAH enzyme, 

which is only present in the engrafted human hepatocytes, in liver sections from these mice 

suggests that 71% ± 3.6% of the liver hepatocytes are of human origin (Fig. 5B).  Hepatic 18F-

DFA accumulation in these mice was indistinguishable from hepatic 18F-DFA accumulation in non-

engrafted control FRG mice maintained on NTBC (e.g. mice whose livers only contain mouse 

hepatocytes) (p=0.06; Fig. 5C).  The behavior of 18F-DFA in humans will depend both on hepatic 

ribose salvage activity and the metabolism of 18F-DFA by other organs and tissues in the body.  

Nevertheless, this data may suggest that PET imaging with a radiotracer that measures ribose 

salvage activity could provide information on liver function in humans. 

Discussion 

Various approaches have been used to monitor the liver during drug-induced acute liver 

injury, including liver biopsies and biochemical tests of liver function (1,6–9,13,14).  There are a 

number of reasons why PET imaging may complement and provide additional information to these 

assays.  Liver biopsies sample 1/50,000 to 1/100,000 of the liver, leading to significant sampling 

error (37–40).  This may be especially true when the hepatic disease manifests heterogeneously, 

such as during acute liver injury (7,9).  PET imaging provides a view of the entire liver and 

eliminates sampling error.  Biochemical assessments of liver function from plasma are indirect, 

diluted across the entire blood volume, and confounded during acute liver failure when various 

processes are occurring simultaneously (41).  PET imaging with 18F-DFA allows for the direct 

visualization and quantification of a critical parameter: functional hepatocytes.  18F-DFA is not the 

only radiotracer that accumulates in the liver through specific biochemical processes, and other 



tracers include 99mTc-labelled galactosyl human serum albumin and 2-18F-fluoro-2-

deoxygalactose (42,43).  Future studies will be required to compare 18F-DFA to these and other 

tracers in this same model. 

Many treatments for acetaminophen-induced hepatotoxicity work by preventing liver 

damage (35,44).  These treatments, exemplified by NAC, can have a profound impact on patient 

health but their efficacy is limited to very early after acetaminophen ingestion, before 

hepatocellular damage has occurred (6).  Our data suggests that a threshold level of functional 

hepatocytes are required for survival following high dose acetaminophen.  We identify that hepatic 

18F-DFA accumulation increases specifically in the surviving mice between 7 and 21 hours post-

acetaminophen treatment, suggesting a potentially important role for liver regeneration in 

reaching that threshold.  This suggestion is consistent with preclinical studies indicating that 

stimulating liver regeneration can improve the survival of mice treated with high dose 

acetaminophen and limited clinical data suggesting that biomarkers of liver regeneration may be 

useful for identifying patients who will survive acetaminophen overdose without a liver transplant 

(11,45–48). 

 

Implications for human studies 

We demonstrate that PET imaging with 18F-DFA can be used to distinguish mice that will 

survive acetaminophen overdose from those that will not and, while appreciating important 

differences between mice and humans, postulate that this approach may have similar utility in 

people.  18F-DFA measures ribose salvage activity (15), and we demonstrate that in culture and 

engrafted into the livers of mice, human hepatocytes have similar levels of ribose salvage activity 

as mouse hepatocytes.  However, whether the approach here works in people will depend on a 

number of additional factors.  One factor is whether a PET scan can be performed in sufficient 



time to affect clinical decision making.  The mouse model we use shares many features of the 

clinical human disease but differs in the speed at which liver failure occurs (6,49–51).  Mice can 

succumb to high dose acetaminophen treatment within 24 hours while humans often do not 

present with clear symptoms of acetaminophen overdose for at least 72 hours.  Symptoms can 

last for months, although action is often taken within 3 – 5 days of presentation (1,6,49–52).  3 – 

5 days is a short but not inconceivable time period in which to perform and analyze a PET scan.  

Clinical PET protocols have been developed for imaging patients within 24 hours of presentation 

(53–57).  The majority of liver transplants in America are performed at less than 100 sites (58), 

suggesting that if a rapid protocol were developed, it would only need to be instituted at a limited 

number of specialized centers.   

Another important factor to consider when translating this approach to humans is the 

patient-to-patient variability in hepatic 18F-DFA accumulation.  A patient suffering from 

acetaminophen overdose would likely only be imaged once.  High patient-to-patient variability in 

hepatic 18F-DFA accumulation would make it challenging to differentiate between, for example, 

an individual with naturally low hepatic 18F-DFA accumulation from an individual with low hepatic 

18F-DFA accumulation due to a dramatic loss of hepatocytes.  18F-DFA has not been tested yet in 

humans so we cannot report on patient-to-patient variability.  However we show that the entropy 

present in the PET images has the lowest coefficient of variation among the variables analyzed 

within the cohort of treated mice and may represent an important quantity to evaluate if this 

approach is tested in humans.  

We demonstrate that 18F-DFA PET imaging provides a quantitative, whole organ measure 

of the functional hepatocyte density following acetaminophen induced acute liver injury.  As with 

any liver test, we do not expect that these results by themselves will be absolutely predictive of 

acute liver failure in humans.  We do anticipate that in combination with other measures, including 

those related to non-hepatic organ failure, the information gained through this PET assay may 



improve the allocation of livers for transplant.  Acetaminophen overdose is the most prevalent, 

though not the only, cause of acute liver failure (2,6,50,59).  Other causes of acute liver injury 

include Hepatitis B, Wilson Disease, and idiosyncratic drug-induced liver injury caused by such 

drugs as the EGFR inhibitor gefitinib, the anti-retroviral maraviroc, and the epilepsy medication 

levetiracetam (2,3).  Nothing about the biochemistry of hepatic 18F-DFA accumulation suggests 

that the results demonstrated here would be specific for acetaminophen induced acute liver injury.  

Thus it will be interesting to test this PET imaging approach in other models of acute and chronic 

liver injury.   
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Figure 1: PET imaging with 18F-DFA 7 hours after acetaminophen treatment can distinguish low 

and high dose acetaminophen-treated mice but cannot distinguish mice that will survive high dose 

acetaminophen from those that will not.  (A) Representative transverse and coronal 18F-DFA 

PET/CT images of mice, 7 hours after treatment with saline vehicle or acetaminophen. Dotted 

white lines encircle the livers.  Quantification of hepatic 18F-DFA accumulation in mice, 7 hours 

after treatment with saline vehicle or acetaminophen, plotted by (B) acetaminophen dose or (C) 

survival status.  (D) ALT, AST, and total bilirubin levels from the serum of mice treated for 7 hours 

with high dose acetaminophen, plotted by survival status.  All doses: n=4; survived: n=2; did not 

survive: n=6.  One-way ANOVA for (B); unpaired t tests for (C) and (D).  ****: p<0.0001. 

  



 

Figure 2:  PET imaging with 18F-DFA 21 hours after acetaminophen treatment can distinguish 

mice that will survive high dose acetaminophen from mice that will not. (A) Representative 

transverse and coronal 18F-DFA PET/CT images of mice, 21 hours after treatment with saline 

vehicle or acetaminophen. Quantification of hepatic 18F-DFA accumulation in mice, 21 hours after 

treatment with saline vehicle or acetaminophen, plotted by (B) acetaminophen dose or (C) survival 

status.  (D) ALT, AST, and total bilirubin levels from the serum of mice treated with high dose 

acetaminophen for 21 hours, plotted by survival status.  Vehicle and 100 mg/kg: n=4; 300 mg/kg: 

n=10; 500 mg/kg: n=3; survived: n=5; did not survive: n=8.  One-way ANOVA for (B); unpaired t 

tests for (C) and (D).  ***: p<0.001; ****: p<0.0001. 

  



 

Figure 3:  18F-DFA accumulation measures functional liver tissue following acetaminophen-

induced liver injury.  (A) Digital autoradiography of liver sections from mice treated with saline 

vehicle or 300 mg/kg acetaminophen for 7 hours and injected with 18F-DFA.  n=2.  (B) A correlation 

between percent non-necrotic tissue and hepatic 18F-DFA accumulation in mice treated with 300 

mg/kg acetaminophen for 21 hours (left).  Representative H&E stained liver sections and 

transverse 18F-DFA PET/CT images (right).  Scale bars represent 500 microns.  n=7. 

  



 

Figure 4:  PET imaging with 18F-DFA can monitor the efficacy of treatments for acetaminophen 

overdose.  (A) Representative H&E-stained liver sections, (B) representative transverse and 

coronal 18F-DFA PET/CT images, and (C) quantification of hepatic 18F-DFA accumulation of mice 

treated for 21 h with saline vehicle, with N-acetylcysteine (NAC) 1 h after 300 mg/kg 

acetaminophen, or with NAC 4 h after 300 mg/kg acetaminophen.  Scale bars represent 100 

microns.   Vehicle: n=3; Acetaminophen + NAC (1 h): n=3; Acetaminophen + NAC (4 h): n=2.  

One-way ANOVA with Tukey correction.  **: p<0.01. 



 

Figure 5:  Ribose salvage activity is similar between mouse and human hepatocytes. (A) 3H-

ribose consumption in mouse and human hepatocytes in cell culture.  n=3.  (B) Representative 

mouse liver tissue section from a mouse treated with human hepatocytes, immunostained for 

FAH.  Scale bar represents 100 microns.  (C) Representative coronal and transverse 18F-DFA 

PET/CT images of control mice and mice whose livers are engrafted with human hepatocytes 

(left).  Quantification of hepatic 18F-DFA accumulation in these mice (right).  n=2. 
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Supplemental Methods 

FRG mouse model of acute liver failure:  FRG male mice (12 weeks old) were maintained on 

drinking water supplemented with 16 mg/L NTBC (Yecuris) and Bactrim from birth and then 

switched to drinking water supplemented only with Bactrim.   

Human hepatocyte engraftment into FRG mice: 

Human hepatocytes:  Fresh human hepatocytes (Yecuris) were prepared according to the 

distributor’s protocol. Hepatocytes were washed by centrifugation (140xg, 5 min, 4 °C) and 

resuspended in HCM medium (Lonza).  Cells were counted and viability determined by an 

automated cell counter (Nexcelom Bioscience), and the hepatocytes were resuspended in HCM 

medium at a concentration of 1x106 cells/300 µL.  Hepatocytes were kept on ice until transplanted 

into mice. 

Hepatocyte transplantation into FRG mice:  FRG mice (Yecuris) were purchased and bred at 

UCLA.  Prior to transplantation, FRG mice were provided drinking water supplemented with 16 

mg/L NTBC (Yecuris) and Bactrim.  24 h before the hepatocyte transplantation, mice were 

anesthetized with isoflurane and inoculated with 1.25x109 pfu / 25g body weight of CuRx uPA 

Liver Tx Enhancer (Yecuris) via retro-orbital injection.  The day of the transplantation, the mice 

were anesthetized with isoflurane, and the area of incision in the left subcostal region was clipped 

of hair and washed with 70% EtOH and povidone-iodine solution.  A 0.5 cm transverse left 

subcostal incision was made through the skin, muscle, and peritoneum. The spleen was identified 

and gently retracted out of the incision onto sterile gauze.  A small part of the spleen was tied 

gently using a 4-0 silk taking care not to avulse the nub of spleen. 1x106 hepatocytes were slowly 

injected into the spleen using a 28.5 G needle syringe through the tied off splenic nub and loop 

of suture so as to minimize bleeding from the puncture site. The suture was cut and the spleen 

was returned to the abdomen. The peritoneum and muscle layers and subsequently, the skin, 



were closed separately using a 4-0 Vicryl suture. The mouse was recovered on a heated mat in 

a clean recovery cage.  

NTBC cycling:  24 hours prior to the hepatocyte transplantation, the drinking water was switched 

to water without NTBC and was maintained that way for 7 days, after which mice were provided 

with drinking water supplemented with 8 mg/L NTBC for 3 days. This cycle was repeated for a 

total of 60 days.  Next, mice were provided with drinking water without NTBC for 3 weeks followed 

by drinking water supplemented with 8 mg/L NTBC for 3 days.  From 4 – 6 months, mice were 

only provided with drinking water without NTBC unless the mice lost >20% of their body weight, 

in which case the mice were provided with drinking water supplemented with 8 mg/L NTBC for 1 

– 3 days. Supplemental nutritional support was provided by placing STAT liquid (PRN Pharmacal) 

in the mouse cages. 

Mouse numbers: 7 hours post acetaminophen-treatment, imaged with 18F-DFA and analyzed for 

blood chemistries – All doses: n = 4; survived: n = 2; did not survive: n = 6.  21 hours post 

acetaminophen-treatment, imaged with 18F-DFA and analyzed for blood chemistries – Vehicle 

and 100 mg/kg: n = 4; 300 mg/kg: n = 10; 500 mg/kg: n = 3; survived: n = 5; did not survive: n = 

8.  Autoradiography experiments: n = 2.  Hepatic 18F-DFA accumulation and non-necrotic tissue 

correlation study: n = 7.  Vehicle or acetaminophen-treated mice treated with NAC – Vehicle: n = 

3; Acetaminophen + NAC (1 h): n = 3; Acetaminophen + NAC (4 h): n = 2.  Human hepatocyte 

experiments – Control FRG mice: n = 2; human hepatocyte-engrafted FRG mice: n = 2.  Kaplan 

Meier curve – Vehicle: n = 8; 100 mg/kg: n = 8; 300 mg/kg: n = 14; 500 mg/kg: n = 10.  Serum 

AST and ALT values – 7 hours, all doses: n = 6; 21 hours, vehicle: n = 4; 100 and 300 mg/kg: n 

= 6; 500 mg/kg: n = 5.  Histology: n = 2.  Acetaminophen-treated mice imaged with 18F-FDG and 

analyzed for blood chemistries – Vehicle and 7 hours: n = 3; 21 hours: n = 4.  FRG mouse liver 

injury experiments – n = 6, imaged before and after withdrawal of NTBC. 
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