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Abstract

Acetaminophen (APAP) toxicity is responsible for approximately half of all cases of acute liver
failure in the United States. The mouse model of APAP toxicity is widely used to examine
mechanisms of APAP toxicity. Non-invasive approaches would allow for serial measurements in a
single animal to study the effects of experimental interventions on the development and resolution
of hepatocellular necrosis. The following study examined the time course of hepatic necrosis using
small animal magnetic reasonance imaging (MRI) following the administration of 200 mg/kg ip
APAP given to B6C3F1 male mice. Mice treated with saline served as controls (CON). Other
mice received treatment with the clinical antidote N-acetylcysteine (APAP+NAC). Mouse liver
pathology was characterized using T1 and T2 weighted sequences at 2, 4, 8 and 24 h following
APAP administration. Standard assays for APAP toxicity (serum alanine aminotransaminase
(ALT) levels and hemotoxylin and eosin (H&E) staining of liver sections) were examined relative
to MRI findings. Overall, T2 sequences had a greater sensitivity for necrosis and hemorrhage than
T1 (FLASH) images. Liver injury severity scoring of MRI images demonstrated increased scores
in the APAP mice at 4, 8 and 24 h compared to the CON mice. APAP+NAC mice had MRI scores
similar to the CON mice. Semi-quantitative analysis of hepatic hemorrhage strongly correlated
with serum ALT. Small animal MRI can be used to monitor the evolution of APAP toxicity over
time and to evaluate the response to therapy.
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INTRODUCTION

Acetaminophen or paracetamol (N-acetyl-p-aminophenol) toxicity is an important health
problem and accounts for more than 100,000 telephone calls to poison control centers (1)
and 500 deaths annually in the United States (US) (2). Patients that present to medical
centers early after overdose have a good response to treatment with the antidote N-
acetylcysteine (NAC). However, treatment delays are very common and recent reports
indicate that 45% of all cases of acute liver failure in the US are secondary to APAP toxicity
(3, 4). While the antidote NAC is highly effective for the treatment of APAP overdose, its
efficacy is greatly diminished in patients that present to medical centers 24 h after an APAP
overdose (5). The development of novel therapies for the treatment of APAP overdose, and
approaches to monitor the effects of new therapies, has the potential to improve overall
survival for this common clinical condition.

Depletion of hepatic glutathione and metabolism of APAP to the highly reactive
intermediate N-acetyl p-benzoquinonimine (NAPQI) are critical early steps in the
pathogenesis of APAP toxicity (6, 7). The histopathologic appearance of APAP toxicity by
light microscopy is characterized by hepatocellular necrosis that begins in the centrilobular
regions of the liver and extends to the midzonal regions over time (8, 9). In addition,
hemorrhage is associated with the appearance of necrosis. These histologic findings parallel
elevations of serum alanine aminotransferase (ALT), a standard biochemical indicator of
liver injury (2, 3, 6, 7). Mechanistic studies of APAP toxicity in the mouse model involve
time course experiments using large numbers of mice that are sacrificed at various time
points to obtain liver sections to examine relative changes in toxicity across time. These
studies can be expensive and labor intensive. Non-invasive approaches to study hepatic
injury in real time would allow for within animal comparisons of toxicity events. Small
animal MRI analysis of the liver represents a non-invasive approach that could be used to
study relative changes in mouse liver over time. The following report demonstrates the
temporal progression of MRI findings in the liver using the mouse model of APAP toxicity.
In addition, the effect of treatment with the clinical antidote, NAC, is examined.

METHODS AND MATERIALS

Reagents

APAP and NAC were obtained from Sigma Chemical Co. (St. Louis, MO). Gills
Hematoxylin and Eosin stain (H&E) and permount were acquired from Fisher Scientific,
Inc. (Pittsburgh, PA).

Experimental Animals

Treatments

Six week old male B6C3F1 mice (mean weight = 24.4 grams) were obtained from Harlan
Sprague Dawley (Indianapolis, IN). All animal experimentation was in accordance with the
criteria of the “Guide for the Care and Use of Laboratory Animals” prepared by the National
Academy of Sciences. Protocols for animal experimentation were approved by the
University of Arkansas for Medical Sciences Institutional Animal Care and Use Committee.
Mice were acclimatized one week prior to the planned experiments. Mice were fed ad
libitum and were housed in individual cages on a 12 h light/dark cycle. On the day prior to
experiments, mice were fasted overnight and dosing studies began at 0800 the following
morning.

Mice were dosed with APAP (200 mg/kg ip, n=3) or saline (CON, n=3). Additional mice
received APAP followed by NAC (1200 mg/kg IP in saline, pH 7.4) at 1 h after APAP
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(APAP + NAC, n=3). Immediately prior to MRI scans, retro-orbital blood samples were
collected for determination of ALT at 2, 4, 8 and 24 h following APAP injection. Blood
samples were allowed to coagulate at room temperature and then centrifuged to obtain
serum. At the end of the study, euthanasia was conducted by cervical dislocation and livers
were quickly removed for histopathological analyses. All samples were stored at —80°C
until analysis. Separate mice were used for histology sections for some of the experiments.

APAP Toxicity assays

MRI

Serum ALT levels (IU/L) were determined using an Ace Alera Chemistry Analyzer (Alfa
Wassermann Inc., West Caldwell, NJ). H&E staining was performed for histological
examination of mouse livers (10, 11).

Two hours following treatment with APAP, mice were imaged in a 7 Tesla (T) research
magnetic resonance imaging (MRI) scanner (7T Bruker PharmaScan with a Bruker BioSpec
console) using a Bruker 300 MHz mouse body coil to perform two sequences. Since this
study focused on anatomical changes in the liver resulting from APAP, two MRI pulse
sequences that provide excellent structural information, the T1 FLASH and T2 RARE
sequences, were used. Other sequences such as diffusion weighted imaging may also
provide useful information assessing the acute injury (12, 13), but are vulnerable to motion
artifacts caused by breathing and cardiac pulsation and image distortion caused by
susceptibility artifact. Relaxation parameter measurements such as T1 and/or T2 mapping
may be more specific than T1 and/or T2 weighted images, but require longer scan times and
would not be suitable for the mice in this study which underwent 4 MRI studies in 24 hours.
Contrast enhanced MRI was also not considered. Imaging parameters for the T1 (FLASH)
weighted images were TR=350.0 ms, TE= 3.7 ms, flip angle (FA) of 40 deg, field of view
(FOV) 46 mmx46 mm, image resolution of 0.180 mm/pixelx0.180 mm/pixel, slice size 1
mm, signal average of 1 and scan time of 2.14 min. T2 weighted sequences (T2 RARE)
parameters were TR=2500.0 ms and TE= 32.0 ms, FA 180.0 deg, FOV 46 mmx46 mm,
image resolution 0.180 mm/pixelx0.180 mm/pixel, slice size 1 mm, signal average of 3 and
scan time of 8 min. All images were obtained in the axial plane and were respiratory-gated
to minimize motion artifact. Subsequent scans were performed at 4, 8 and 24 h following
APAP injection. The animals were anesthetized with isoflurane at 1.5% or 2.0% isoflurane
mixed with oxygen.

MRI assessment of tissue necrosis and hemorrhage

Statistics

MRI images were reviewed and scored according to the degree of venous congestion and
hemorrhage, well-characterized histopathological findings of APAP toxicity (12, 13).
Qualitative evaluation of the severity of liver injury (Table 1) at three axial levels (I, 1l and
[11) obtained from images of the dome of the diaphragm to the kidneys in each animal was
performed by two radiologists that were blinded to the experimental groups. In addition, a
semi-quantitative approach was used to examine the severity of liver injury. In the semi-
quantitative approach, the drawing tool of National Institute of Health ImageJ was used to
outline focal areas of hemorrhage in two regions of the medial and lateral lobes of the liver.
These measurements were expressed relative to the total area of the liver parenchyma. The
total parenchymal area was calculated in six measurements/sequence type (FLASH and T2).

Results are expressed as means + SE. The ANOVA or Student’s t test was used to determine
comparisons between treatment groups. StatView for Windows, SAS Institute Inc Version
5.0 software was used for statistical analysis.
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Model of APAP Toxicity

Elevation of ALT is the most widely used biochemical marker of APAP toxicity. Blood
samples were obtained from the mice at the time of MRI scanning for analysis of serum
ALT. Consistent with previous data, (14, 15) serum levels of ALT were significantly
elevated in the APAP mice at 4, 8, and 24 h compared to CON mice (Fig 1, p<0.05). In
contrast, the APAP+NAC mice had serum ALT values that were comparable to the CON
mice at all time points (Fig 1; p=NS). Figure 2 demonstrates the histologic appearance of
hepatocellular necrosis in the CON (A), APAP (B-E), and APAP+NAC (F) mice at
200xmagnification. Beginning at 2 hours (B), there was pallor in the hepatocytes
surrounding the central veins and the nuclei of the hepatocytes were shrunken in some of the
cells. By 4 h (C), the area of necrosis was more defined and greater in extent. By 8 h (D),
the necrosis had increased to the midzonal regions of the hepatic lobule, with bridging
between the centrilobular regions in some areas. By 24 h (E), the central veins were
occluded and frank hemorrhage was present in the midzonal regions. In contrast, the area of
necrosis was contained to the cells surrounding the central vein in the mice that received
NAC 1 h after APAP (F), indicating that NAC prevented the further progression of necrosis.

MRI Findings

All mice were scanned using the T1 FLASH and T2 weighted sequences at 2, 4, 8 and 24 h
after APAP. Overall, the T2 weighted sequence images provided better visualization of liver
injury than the T1 FLASH sequence. A representative MRI T2 sequence of APAP toxicity is
shown in Figure 3. The T2 images illustrated the appearance of mottling soon after APAP
administration (Fig 3B, 2 h), which correlated with the histology appearance of centrilobular
pallor (Fig 2B). The mottled appearance became confluent by 4 h (Fig 3C) and in
subsequent images at 8 and 24 h, areas of necrotic hemorrhage were the predominant finding
(Fig 3D and 3E). In contrast, the mice that received APAP+NAC (Fig 3F) maintained a
mottled appearance which was similar to the APAP mice at 2 h. No evidence of hemorrhage
was apparent in the APAP+NAC mice.

Qualitative Scoring of MRI Images

To compare the relationship between MRI findings to the histologic appearance of
hepatocellular necrosis, MRI findings were scored by two blinded, independent reviewers
according to the system outlined in Table 1. MRI median and left lateral lobe T2 sequence
scores were averaged and are presented in Table 2. Significantly higher MRI scores were
present in the APAP mice at 4, 8 and 24 h, compared to the CON mice (Table 2; p<0.004).
In addition, the MRI image scores were significantly higher in the APAP mice compared to
the APAP+NAC (p<0.028) at 4, 8 and 24 h. There were no differences among APAP+NAC
image scores over time from 2 to 24 h (p=0.49) (Table 2). However MRI scores in APAP
+NAC reflected slight mottling and there was no necrosis or hemorrhage (Table 2).

Changes were noted in the extent of necrosis between the median and left lobes of the liver
in the APAP mice using the T2 sequence (p=0.03). Differences in scores between the T2
median and left lobe sequences may have been due to gravity as blood pooled in the
hemorrhagic liver. Similar to T2 images, FLASH sequence scores were significantly
different between the treatment groups (APAP 2.75+0.34 vs. APAP+NAC 1.38+0.24,
p=0.001). No difference was observed in the MRI scores between the median and left lateral
lobes (p=0.26) using the FLASH sequences.
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Semi-Quantitative MRI Analysis

Semi-quantitative MRI analysis using a drawing tool to isolate and quantify areas of
hemorrhage indicated that the APAP mice had higher percentages of hemorrhage at all time
points compared to the CON mice (mean %, 17.5+3.3 vs. 0.0, p=0.0003). In addition, the
APAP mice had increased hemorrhage compared to the APAP+NAC mice (mean %,
17.5+3.3 vs. 0.52+0.4, p<0.0001) (Figure 4).

Analysis of serum ALT and percent hemorrhage in the MRI images demonstrated a strong
positive correlation between ALT and the percent hemorrhage areas (Figure 5; R=0.83;
p<0.0001). In addition, analysis of percent hemorrhage and the T2 and FLASH scores
demonstrated a positive relationship between hemorrhage and T2 sequences (R=0.74;
p<0.0001) (Figure 6) and hemorrhage and FLASH sequences (R=0.73; p<0.0001) (figure
not shown).

DISCUSSION

Small animal MRI has not been widely used in studies of drug toxicity. Dupas et al (16)
reported the MRI appearance of liver necrosis in a rat model of alcohol hepatotoxicity.
Contrast agents were used to observe site injected alcohol in necrotic areas. Malarkey et al
(17) reported the use of MRI in the rat model of APAP toxicity, but did not examine relative
changes over time. The findings of the present study demonstrate that small animal MR,
and in particular, T2 weighted images, can be used as an alternative approach to examine in
vivo toxicity in a single mouse over time.

Traditional approaches to study APAP toxicity require large numbers of mice that are
sacrificed at multiple points across time following the administration of hepatotoxic doses of
APAP. MRI enables direct observation over time of the appearance of the liver in an
individual mouse. The present study examined the relationship between traditional endpoints
in toxicity studies (histology, serum ALT) and MRI changes in the mouse model of APAP
toxicity. Analyses by blinded observers indicated that changes in the MRI appearance of the
liver were present at the earliest time point studied (2 h) in APAP treated mice (Figure 2C;
Table 2). The histologic appearance of APAP toxicity by light microscopy at 2 h is that of
centrilobular pallor (or “congestion”) and pyknotic nuclei, as illustrated in Figure 2B. Using
high resolution techniques, such as scanning electronic microscopy, changes in the hepatic
sinusoids have been shown to occur from 30 min to 2 h in APAP toxicity (18-20).
Erythrocytes enter the Space of Disse via large pores or gaps that occur in sinusoidal
endothelial lining cells (20). The Space of Disse subsequently enlarges as sinusoidal
endothelial cells swell and separate from hepatocytes.

At the 4 h time point, the mottled appearance noted at 2 h became confluent (Figure 3C) and
corresponded to larger, distinct areas of necrosis in the histology images (Figure 2C). ALT
elevations were also apparent at 4 h (Figure 1). It is interesting to note that previous studies
using intravital microscopy have shown a progressive decline from 1 to 6 h in the number of
sinusoids containing red blood cell flow in APAP toxicity in the mouse (21). We postulate
that the MRI appearance of mottling may represent the correlate of changes in the hepatic
microcirculation that begin to occur before frank necrosis and the release of ALT from the
liver into serum (Figure 1). As necrosis progressed, demonstrated by ALT values and
histology at 8 and 24 h (Figure 1, Figure 2D, Figure E), the presence of hemorrhage became
the predominant pattern in the T2 Flash MRI images (Figure 3D, Figure 3E).

Finally, the data from the present study demonstrate that the T2 FLASH images had the
sensitivity to detect changes in the livers of mice that received treatment with the clinical
antidote, NAC. NAC works by replacing hepatic glutathione which is depleted early in
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APAP toxicity. Administration of NAC at 1 h after APAP halted subsequent progression to
frank necrosis and hemorrhage, but did not alter the appearance of mottling that was present
in the APAP mice at 1 h. In the clinical setting, NAC is highly effective if given early in
APAP toxicity. However, new therapies are needed for patients that present late in the
course of toxicity, following the depletion of hepatic glutathione, at which time NAC’s
efficacy is diminished. Future studies of new treatments for APAP toxicity could utilize
small MRI to perform longitudinal assessments of liver responses to treatment.
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Figure 1. Time course of APAP toxicity in mice

Mice were treated with saline vehicle (CON) or APAP or APAP+NAC and sacrificed after
24 hours. Serum ALT was significantly elevated in the APAP mice at 4, 8and 24 h
compared to the CON mice (*p<0.05). Mice treated with APAP+NAC had ALT levels that
were comparable to the CON mice.
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Figure 2. Effect of APAP toxicity on liver histology

Mice were treated with APAP (200 mg/kg IP) and sacrificed at 2, 4, 8 or 24 h (panels B-E,
respectively). Some mice received saline (panel A). Other mice received APAP+NAC
(panel F). Arrows indicate areas of necrosis. At 2 h (B), there was centrilobular pallor in the
hepatocytes surrounding the central vein and the nuclei were shrunken in some cells. By 4 h
(C), the regions of necrosis were defined and progressed in extent by 8 h (D). By 24 h (E),
the central veins were collapsed and filled with cellular debris and frank hemorrhage was
present. The progression of necrosis was halted in the mice treated with APAP+NAC (F).
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Figure 3. Axial T2 MRI weighted images in transverse views of the median (M) and left (L) liver
lobes in mice treated with APAP (200 mg/kg IP)

T2 weighted images representing the following groups (A) Saline vehicle treated mouse and
APAP treated mice at 2 (B), 4 (C), 8 (D) and 24 (E) h following treatment with 200 mg/kg
IP and (F) APAP+NAC mouse. The early appearance of mottling in the APAP mouse at 2 h
is followed by extensive hemorrhage at 8 and 24 h. The APAP+NAC (panel F) indicated
mottling without hemorrhage. Abbreviations: stomach (S), median lobe (M), left lobe (L).
Arrows indicate areas of hemorrhage.
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Figure 4. MRI measurements of hemorrhage in APAP toxicity in mice

Focal intensity measurements of hemorrhage, expressed as a percent of the hepatic
parenchyma, obtained from the MRI RARE T2 scan series. Data are expressed as means +
SE (*p<0.05).
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Figure 5. Alanine aminotransferase (ALT) vs. percent hemorrhage area measurements
Analysis of serum ALT and % hemorrhage area measurements demonstrated a positive
correlation (R=0.83; p<0.0001).
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Figure 6. Percent hemorrhage area vs. radiology scoring
Analysis indicated a positive correlation between image analysis of hemorrhage and
qualitative scoring of MRI by radiologists (R=0.74; p<0.0001).
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Table 1

Hepatic MRI Scoring

Score | Marked Change
0 =Normal
1 =Mottling only
2 =Mottling predominant
3 | =Confluent predominant with some Focal areas™
4

=Complete confluency*

*
Focal area shown as severe dark areas on MRI
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Table 2

Qualitative MRI assessment of tissue necrosis.

T2 Pathologic MRI scores | CON | apap? | APAP+NAC
oh 0.25+0 | 0.25+0 0.25+0
2h 02540 | 2.4x0.4 1.0£1.0
4h 020 [ 33+04" | 1.0+06™"
8h 020 [ 38+01" | 15+05™
24h 020 [ 39+01" | 1.7+03™

*
APAP means at similar times are > CON and APAP+NAC at p<0.028.

**k
Overall APAP+NAC treatment mean was significantly less than APAP alone at p<0.03.

TIn APAP treatment groups, 0 and 2 h was significantly different from 4, 8 and 24 h, however 4 and 8 h was not different from 24 h.
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