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ANIMAL MODELS
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Hereditary tyrosinemia type 1 (HT1) is an autosomal recessive disease caused by deficiency in fumar-
ylacetoacetate hydrolase, the last enzyme in the tyrosine catabolic pathway. In this study, we inves-
tigated whether fumarylacetoacetate hydrolase deficient (FAH�/�) pigs, a novel large-animal model of
HT1, develop fibrosis and cirrhosis characteristic of the human disease. FAH�/� pigs were treated with
the protective drug 2-(2-nitro-4-trifluoromethylbenzoyl)-1, 3 cyclohexandione (NTBC) at a dose of
1 mg/kg per day initially after birth. After 30 days, they were assigned to one of three groups based on
dosing of NTBC. Group 1 received �0.2 mg/kg per day, group 2 cycled on/off NTBC (0.05 mg/kg per
day � 1 week/0 mg/kg per day � 3 weeks), and group 3 received no NTBC thereafter. Pigs were
monitored for features of liver disease. Animals in group 1 continued to have weight gain and
biochemical analyses comparable to wild-type pigs. Animals in group 2 had significant cessation of
weight gain, abnormal biochemical test results, and various grades of fibrosis and cirrhosis. No evidence
of hepatocellular carcinoma was detected. Group 3 animals declined rapidly, with acute liver failure. In
conclusion, the FAH�/� pig is a large-animal model of HT1 with clinical characteristics that resemble
the human phenotype. Under conditions of low-dose NTBC, FAH�/� pigs developed liver fibrosis and
portal hypertension, and thus may serve as a large-animal model of chronic liver disease. (Am J Pathol
2017, 187: 33e41; http://dx.doi.org/10.1016/j.ajpath.2016.09.013)
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Hereditary tyrosinemia type 1 (HT1; Online Mendelian
Inheritance in Man number 276700) is an autosomal
recessive inborn error of metabolism caused by deficiency
of fumarylacetoacetate hydrolase (FAH ), the last enzyme
in the tyrosine catabolic pathway (Supplemental
Figure S1).1 Fumarylacetoacetate (FAA), the substrate
for FAH in the tyrosine pathway, causes oxidative injury
to hepatocytes and proximal renal tubular cells.2e4 HT1
has heterogeneous clinical manifestations, including acute
liver failure, chronic liver disease, and renal tubular
dysfunction. Early treatment with 2-(2-nitro-4-
trifluoromethylbenzoyl)-1, 3 cyclohexandione (NTBC) re-
duces the development of liver disease and the need for
liver transplantation.5e8
stigative Pathology. Published by Elsevier Inc
Animalmodels ofHT1 are useful research tools to study the
mechanisms involved in metabolic liver disorders. Fah�/�

mutant mice, a small-animal model of HT1, have been
generated.9,10 However, these small-animal models have
limited ability to reproduce the similar phenotype as in
humans. FAH deficiency is more severe in the mouse than in
humans, and hepatocellular carcinoma (HCC) is readily
. All rights reserved.
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elicited in Fah�/� mice.11 However, Fah�/� mice do not
demonstrate liver fibrosis when subjected to chronic liver
injury.12 To address the lack of a preclinical model of FAH
deficiency, a novel large-animal model was generated by
adeno-associated virus-mediated gene knockout and
outbreeding of the produced FAHþ/� animals to generate
homozygote FAH�/� pigs.13,14 Because of their similarity in
size, anatomy, and overall metabolic activity to humans, pigs
offer improved models for translational biomedical
research.15e17 As described previously,FAH�/� pigs provide
a clinically relevant model of the acute HT1 phenotype.14

This study characterizes the chronic phenotype of HT1 in
a large-animal model. Given a low maintenance dose of
NTBC, FAH�/� pigs demonstrated growth retardation and
biochemical abnormalities, such as elevated liver enzymes,
tyrosine, succinylacetone (SUAC), and a-fetoprotein (AFP).
Subsequently, FAH�/� pigs developed chronic liver disease
with fibrosis, cirrhosis, and portal hypertension.

Materials and Methods

Animals and Animal Care

FAH�/� pigs were produced by mating FAHþ/� heterozy-
gotes, as described before.13,14 Genotyping of all pigs was
performed by established PCR and Southern blot assays
using ear and tail tissue.14 All animals received care ac-
cording to the criteria outlined by the Institutional Animal
Care and Use Committee at Mayo Clinic (Rochester, MN).
After delivery, piglets received 1 mg/kg per day NTBC, in a
liquid suspension, for the first 30 days of life (Supplemental
Figure S2). FAH�/� piglets were initially assigned to one of
four dosing regimens (1.0, 0.5, 0.2, and 0 mg/kg per day).
However, based on preliminary observations, FAH�/� pigs
maintained on 0.2 to 1.0 mg/kg per day NTBC remained
healthy, with normal liver function test results at 3 months
of age. Therefore, to reduce the overall cost of NTBC and
increase study power, all pigs initially receiving 0.2, 0.5, or
1.0 mg/kg per day of NTBC were combined in one treat-
ment group (six pigs in group 1). Subsequently, an addi-
tional low dose (0.05 mg/kg per day with 1 week on,
3 weeks off cycles) NTBC treatment group was added (five
pigs in group 2). Pigs that received no NTBC after the first
month were classified as group 3 (two pigs). Animals in
group 3 had overlap with our former study.13,14

Weight Follow-Up

All animals were weighed daily for the first month, twice
weekly up to 3 months of age, and then weekly to the end of
the study. Weight gain in kg per month was determined for
each pig, and the average was calculated for all pigs in one
group. Comparison of weight gain was made between the
different groups. Weight measurements were done over the
lifetime of each animal. All animals were observed for clinical
symptoms and signs of liver disease and its complications.
34
Biochemical Analysis

Pigs were sedated with i.m. injection of 5 mg/kg telazol and
2 mg/kg xylazine. Blood was collected from the femoral
vein under ultrasound guidance. Serial samples were
collected biweekly for the first 3 months and then monthly
for the remainder of the study. Standard serum and plasma
analyses were performed. Enzyme-linked immunosorbent
assay was used to measure AFP. Amino acid was measured
in dried blood spots on Whartman 903 Protein Saver Cards
(GE Healthcare Ltd., Cardiff, UK) by means of tandem
mass spectrometry.18

Magnetic Resonance Elastography

Pigs were sedated with i.m. injection of 5 mg/kg telazol and
2 mg/kg xylazine. Intravenous access was obtained in an ear
vein, and an endotracheal tube was placed for ventilation
and administration of maintenance anesthesia with 2% to
3% isoflurane during imaging. Pigs were placed in the su-
pine position and imaged with two acoustic pressure-
activated drivers placed against the body wall adjacent to
the liver and the spleen. Magnetic resonance elastography
(MRE) examinations were performed using a 1.5-Tesla
whole-body GE imager (HDx; GE Healthcare, Milwaukee,
WI). A four-shot, multislice, spin-echoebased echo planar
imaging MRE sequence was used to collect axial wave
images. The number of slices ranged from 32 to 48,
depending on animal size. A continuous acoustic vibration
at 60 Hz was transmitted to produce propagated wave im-
ages. The acquired wave images were then processed using
the direct inversion algorithm19 to generate quantitative
images of the elastogram. All quantities were reported as
means and SDs of regions of interest manually drawn to
encompass as much of the liver as possible that had sig-
nificant wave propagation by visual evaluation. The criteria
of region of interest placement were as follows: i) including
liver parenchyma only; ii) excluding regions without
adequate magnitude signal or shear wave amplitude; iii)
keeping a certain distance from the boundaries (at least 3-
pixel away); and iv) excluding the top and bottom seven
slices to obviate edge artifacts. Each MRE imaging session
lasted approximately 30 minutes. Pigs were recovered
immediately after the scan.

Transabdominal Ultrasound

Serial abdominal ultrasound scans were obtained every
3 months in all animals under sedation, as described above.
Scans were performed by an expert sonographer using a
SonoSite-S series machine (SonoSite Inc., Bothell, WA).

Percutaneous Liver Biopsy

Only pigs in group 2 underwent multiple serial biopsies to
correlate the degree of fibrosis to MRE findings. Biopsy
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Chronic Phenotype of FAH�/� Pigs
procedures were conducted during scheduled sedation times
for MRE. The pig was placed in the supine position. The
right lateral abdomen was prepared with antiseptic, and a
0.5-cm skin incision was made at the midaxillary line.
Under ultrasound guidance, a Jamshidi biopsy needle was
passed through this incision, through a lower intercostal
space, and into the liver parenchyma. After completion of
the biopsy, the liver was again evaluated with ultrasound to
monitor for complications, specifically hematoma forma-
tion. In all groups, liver samples were obtained at the time of
euthanasia.
Portal Pressure Measurement

Before euthanization, three pigs from group 2 underwent an
upper midline laparotomy to assess the portal pressure and
the hepatic venous pressure gradient. Induction of general
anesthesia was achieved with i.m. injection of 5 mg/kg
telazol, 2 mg/kg xylazine, and 0.01 mg/kg glycopyrrolate.
An i.v. catheter was placed in the ear, and pigs were intu-
bated with an appropriately sized endotracheal tube. Inhaled
1% to 2% isoflurane was used for continuous anesthesia
during the procedure. After laparotomy and open exposure
of the portal and main hepatic veins, an 18-gauge needle
was inserted into each vessel. The needle was attached to
tubing and a standard blood pressure transducer for mea-
surement of pressures in each vessel. The pigs were eutha-
nized after the procedure.
Histopathologic Analysis

Histological analysis was performed by a veterinary
pathologist (R.J.M.). Tissue samples were fixed in buffered
formalin, embedded in paraffin, and stained with hema-
toxylin and eosin and trichrome stains using standard
protocols. FAH immunohistochemistry was performed by
using a polyclonal rabbit anti-FAH primary antibody, as
previously described.14,20 Fibrosis was graded with the
modified METAVIR classification scheme, as previously
described.21
Statistical Analysis

Baseline variables were described as means � SD or me-
dians and interquartile ranges for continuous data. Cate-
gorical variables were expressed as counts and percentages.
The t-test was used to determine statistical significance in
normally distributed continuous data. The Wilcoxon test
was used for skewed data. Matched-pair continuous data
were analyzed with the paired t-test and Wilcoxon signed
rank test. Continuous variable outcome predictors were
determined with simple linear regression and correlated with
Pearson’s test. JMP version 10 (SAS Institute Inc., Cary,
NC) was used for analysis.
The American Journal of Pathology - ajp.amjpathol.org
Results

Growth Retardation Occurs in FAH�/� Pigs

As a result of FAH deficiency, liver function and many
metabolic processes, including gluconeogenesis, detoxifi-
cation of ammonia, and synthesis of secreted proteins, are
impaired in different animal models.10,14 Therefore, we set
out to characterize the chronic phenotype of FAH�/� pigs. A
total of 13 pigs were included in this study, 6 in group 1, 5
in group 2, and 2 in group 3 (Figure 1 and Supplemental
Figure S2). The minimum and maximum durations of
follow-up were 3 and 24 months, respectively. We initially
monitored weight gain as a parameter of metabolic defi-
ciency in these animals (Figure 2). Animals in groups 2 and
3 ceased to gain weight because of inadequate dosing and
withdrawal of NTBC, respectively. In contrast, animals in
group 1 continued to gain weight, indicating the adequacy
of �0.2 mg/kg per day NTBC to prevent development of
the HT1 phenotype. Average monthly weight gain was
determined for each group and compared to the average
weight gain in wild-type (WT) animals in the same institute.
Comparison was also made between paired groups. Average
weight gain per month was significantly lower in groups
2 and 3 compared to WT pigs, but remained insignificant in
group 1.

FAH�/� Pigs Have Abnormal Tyrosine and SUAC Levels

HT1 results from deficiency of FAH, the last enzyme in the
catabolic pathway of tyrosine. This causes accumulation of
the toxic metabolite FAA. SUAC is a stable derivative of
FAA, which can easily be measured. NTBC inhibits
4-hydroxyphenylpyruvic acid dioxygenase and restricts the
production of toxic metabolites. Tyrosine accumulates with
NTBC treatment as a result of 4-hydroxyphenylpyruvic acid
blockage (Supplemental Figure S1). In this study, we used
tyrosine and SUAC as surrogate parameters to monitor the
effect of NTBC dosing among the three groups. FAH�/�

pigs had significantly higher blood tyrosine levels compared
to WT pigs (Figure 3A). The variation in tyrosine levels in
the treatment groups presumably reflected the differences in
NTBC dosage. Although SUAC levels were significantly
higher in both groups 2 and 3 than in WT, the difference in
levels between group 1 and WT remained insignificant
(Figure 3B). Consistent with blood SUAC, the urinary
SUAC level was significantly higher in both groups 2 and
3 (Figure 3C). The difference between group 1 and WT was
insignificant.

FAH�/� Pigs Have Abnormal Liver Function

In the human phenotype of HT1, FAA causes oxidative
damage to hepatocytes, manifested as abnormal liver func-
tion test results. FAH�/� pigs had abnormal biochemical
markers, consistent with liver malfunction and injury
35
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Figure 1 Schematic of timeline for animal ex-
periments. All pigs weremaintained on 1.0 mg/kg per
day from birth until 30 days. Pigs were then assigned
to three 2-(2-nitro-4-trifluoromethylbenzoyl)-1, 3
cyclohexandione (NTBC) treatment groups. Group (G)
1 received 0.2 to 1 mg/kg per day NTBC. Group 2
received 0.05 mg/kg per day with 1 week on and 3
weeks off NTBC cycles. Group 3 had no NTBC admin-
istered. n Z 6 pigs (group 1): L846 (male), L845
(female), L801 (female), L799 (female), L757 (male),
and L756 (male); n Z 5 pigs (group 2): Y49 (male),
Y133 (female), Y135 (male), Y130 (male), and Y131
(female); n Z 2 pigs (group 3): L795 (female) and
L755 (male).

Elgilani et al
(Figure 4 and Table 1). This pattern was more obvious in
groups 2 and 3, where inadequate dosage of NTBC was
administered. Animals in groups 2 and 3 had multiple
biochemical abnormalities consistent with liver injury
(Figure 4, AeC). Animals in group 3 demonstrated a more
severe pattern, with statistically significant higher levels of
aspartate aminotransferase, ammonia, and international
Figure 2 Changes in weight gain in FAH�/� pigs. Weight gain in kg per
month was determined for each pig, and the average was calculated for all
pigs in one group. Comparison of average weight gain was made between
the different groups. Group (G) 2 and G3 had significantly less weight gain
compared to G1 and wild type (WT). P values represent the significance of
difference in weight gain between each group and WT. WT versus G1 was
not significant (P Z 0.07). ***P < 0.001.
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normalized ratio compared to animals in group 1 and WT.
This is consistent with acute liver failure secondary to
complete withdrawal of NTBC. Animals in group
2 demonstrated a steady increase in aspartate aminotrans-
ferase and ammonia that remained significantly higher than
in animals in group 1 and WT. However, the international
normalized ratio remained within normal levels among an-
imals in this group. In contrast, animals in group 1, which
were adequately treated with NTBC, demonstrated normal
values of aspartate aminotransferase, ammonia, and inter-
national normalized ratio compared to WT. This is consis-
tent with the protective effect of NTBC.
In addition, we used AFP as a marker for hepatocyte

proliferation and development of HCC (Figure 3D and
Table 1). Serial blood samples were analyzed every
3 months. AFP was detected in all FAH�/� pigs included in
this study (range, 0.2 to 7.7 ng/mL). AFP levels remained
<2 ng/mL during the first 12 months in all pigs. A gradual
and significant increase in serum AFP was observed in
group 2 pigs after the age of 15 months, coinciding with the
onset of advanced liver fibrosis.
FAH�/� Pigs Undergo Minor Changes in Kidney
Function and Histology

In humans, FAH is strongly expressed in proximal renal
tubules, and HT1 is associated with renal impairment. Serial
creatinine measurements were used to determine renal
function (Figure 4D). FAH�/� pigs in both groups 1 and 2
had a higher blood creatinine level than WT pigs; however,
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Biochemical abnormalities in
FAH�/� pigs. A: Blood tyrosine levels. Tyrosine
levels, as shown in boxplots, were higher in all
groups compared to wild type (WT). B: Blood
succinylacetone (SUAC) levels. Both group (G) 2
and G3 had significantly higher levels of SUAC than
WT. C: Urinary SUAC levels. Both G2 and G3 had
significantly higher levels of urinary SUAC than WT
controls. D: a-Fetoprotein (AFP) levels. AFP level
was significantly higher in G2 when compared to
G1. *P < 0.05, **P < 0.01, and ***P < 0.001;
yyP < 0.01 between G1 and G2.

Chronic Phenotype of FAH�/� Pigs
the mean differences were not significant. The lower level of
creatinine in group 3 could be attributed to severe loss of
muscle mass and liver failure. As group 2 pigs had the
longest duration of follow-up, the baseline creatinine and
the final creatinine at the time of euthanasia were compared
using a matched-pairs t-test; however, the difference
remained insignificant.

Histological analysis of the kidney was conducted in all
animals at the time of euthanasia. Only pigs in group
2 (Supplemental Figure S3) demonstrated abnormalities,
which were characterized by tubular dilatation, prominent
intraluminal eosinophilic droplets, and occasional sloughed
The American Journal of Pathology - ajp.amjpathol.org
epithelial cells. Tubular epithelial hypertrophy was promi-
nent, with the affected epithelium having abundant eosino-
philic cytoplasm. Glomeruli appeared slightly hypercellular,
and Bowman’s membranes were prominent because of
slightly hypertrophied lining epithelium. A mild interstitial
fibrosis was scattered throughout.

Progression of Fibrosis Was Monitored Noninvasively in
FAH�/� Pigs

We hypothesized that the low dose of NTBC given to the
animals in group 2 would keep them alive but would not
Figure 4 Liver and kidney function in FAH�/�

pigs. A: Aspartate aminotransferase (AST) levels.
Groups 2 and 3 demonstrated a more severe
pattern of liver injury. AST was significantly higher
in groups 2 and 3 than in group 1. B: Ammonia
levels. The difference in ammonia level was sig-
nificant among various groups. Groups 2 and 3
had significantly higher levels compared to
group 1. C: International normalized ratio (INR)
levels. INR was significantly higher in group 3
compared to groups 1 and 2. No significant dif-
ference in INR was detected between groups 1 and
2. D: Creatinine levels. There was no significant
difference in creatinine level among the three
groups. G1 versus G2, P Z 0.9; G1 versus G3,
P Z 0.1; G2 versus G3, P Z 0.2. *P < 0.05,
**P < 0.01, and ***P < 0.001 versus G1;
yyP < 0.01 versus G1 and G2.
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Table 1 Biochemical Analyses

Biochemical marker Group 1 Group 2 Group 3 WT

SUAC (blood), mmol/L 1.5 � 0.2 2.5 � 0.9* 3.7 � 0.4** 0.9 � 0.2
Tyrosine, mmol/L 890 � 108*** 640 � 162*** 596 � 90*** 132 � 3
SUAC (urine), mmol/L 2.1 � 1.5 9.3 � 5.2** 8.9 � 1.6* 1.1 � 01.3
Ammonia, mmol/L 33 � 5 84 � 18** 160 � 26*** 32 � 7
AST, U/L 49 � 10 77 � 13* 102 � 38** 61 � 19
INR 1.0 � 0.1 1.1 � 0.1 1.4 � 0.1** 1.0 � 0.1
ALP, U/L 234 � 56 223 � 54 537 � 198 331 � 75
Albumen, g/dL 3.7 � 0.6 2.9 � 0.6 2.8 � 0.9* 3.6 � 0.3
Total bilirubin, mg/dL 0.12 � 0.07 0.11 � 0.04 0.17 � 0.10 0.12 � 0.04
Creatinine, mg/dL 0.87 � 0.1 0.74 � 0.1 0.64 � 0.01 0.70 � 0.10
AFP, ng/mL 0.90 � 0.70 2.30 � 1.40** 1.50 � 1.00 0.10 � 0.06

Means of biochemical markers in each group were statistically compared to WT pigs as a control. Results expressed as means � SD.
*P < 0.05, **P < 0.01, and ***P < 0.001.
AFP, a-fetoprotein; ALP, alkaline phosphatase; AST, aspartate aminotransferase; INR, international normalized ratio; SUAC, succinylacetone; WT, wild type.
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prevent progression of HT1. We used MRE in this study to
investigate the influence of portal hypertension and devel-
opment of fibrosis. This is a noninvasive imaging technol-
ogy for measuring tissue stiffness by the propagation of
shear waves and generating images with quantitative maps
of tissue stiffness. Liver and spleen stiffness levels were
measured serially, as described above. Four pigs from group
2 underwent monthly MRE to assess progression of liver
disease and development of fibrosis (Figure 5). Liver stiff-
ness increased progressively over time and strongly corre-
lated to the duration of the disease. The mean difference
between baseline liver stiffness and the final stiffness
(before euthanasia at 6 months and 12 months) was statis-
tically significant. Spleen stiffness was measured as an in-
dicator of portal hypertension. The mean difference between
baseline and final spleen stiffness was also statistically
significant. Stiffness in both liver and spleen showed a
strong positive correlation.
Figure 5 Magnetic resonance elastography (MRE) of the liver and the
spleen. MRE was measured in four animals from group 2. Both liver stiffness
and spleen stiffness were positively correlated to the duration of the dis-
ease. The points on both liver and spleen stiffness lines correspond to the
mean stiffness measured at that point of time. The peak in liver stiffness
after month 12 corresponds to the time when one of the pigs had a major
gastrointestinal bleed. *P < 0.05, ***P < 0.001 compared to baseline
stiffness.
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Serial abdominal ultrasound was also performed in all
animals under sedation. All animals had a normal liver when
scanned after 1 month. Fatty changes were detected at
3 months onward, and most animals developed a coarse
pattern and increased liver echogenicity at 6 to 9 months.
Splenomegaly and small ascites were detected at 9 months.
Liver nodularity and reversal of portal flow were detected
on animals that were observed for >15 months.
Portal pressure measurements were obtained from three

pigs in group 2, one at the age of 18 months and the other
two at 24 months (Table 2). All three pigs developed portal
hypertension, as indicated by a high hepatic venous pressure
gradient of >5. The hepatic venous pressure gradient was
significantly higher in group 2 compared to three WT pigs.
Before euthanasia, all three pigs underwent ultrasound
scans, which revealed reversal of portal blood flow, ascites,
and splenomegaly.
FAH�/� Pigs Show Histologic Evidence of Liver Fibrosis

Liver samples were obtained at necropsy from all animals in
the three groups (Figure 6). After a follow-up of 18 months,
group 1 animals showed no significant pathology
Table 2 Portal Pressure Measurements

Pressure
measurement

Group 2

Means � SD WT (n Z 3)Pig 1 Pig 2 Pig 3

PVP 18 18 14 16.7 � 2.3*** 5.0 � 1.0
HVP 8 10 8 8.0 � 2.0* 3.3 � 1.2
HVPG 10 8 8 8.7 � 1.2*** 1.7 � 0.6

Direct portal pressure measurements (in mmHg) were collected from
three pigs in group 2 and three WT pigs. HVPG and PVP were significantly
higher in group 2 animals compared to WT. Results expressed as
means � SD.
*P < 0.05, ***P < 0.001.
HVP, hepatic vein pressure; HVPG, hepatic venous pressure gradient;

PVP, portal vein pressure; WT, wild type.
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Figure 6 Liver fibrosis and nodularity in FAH�/� pigs. A: Representative trichrome stain shows minimal fibrosis in group 1. B: Representative trichrome
stain in group 2 shows extensive interlobular fibrosis with distortion of normal lobular architecture, prominent hepatocellular hypertrophy, and abnormal
lobular formation, which appears as multiple nodules. C: Representative trichrome stain in group 3. Histology shows increased interlobular fibrosis with
expansion into the hepatic parenchyma. D: Macroscopic appearance of FAH�/� pig from group 2 shows liver hypertrophy and nodularity (scale in centimeters).
E: Trichrome stain from group 2 pig shows abnormal lobular formation appearing as multiple nodules. Prominent bands of fibrosis surround clusters of
irregularly sized hepatic lobules, consistent with advanced fibrosis. Scale bars: 200 mm (AeC); 4 mm (E).

Chronic Phenotype of FAH�/� Pigs
(Figure 6A); four animals had a modified METAVIR fibrosis
score of 0 to 1, and only one animal had a fibrosis score of 3.
Histologic findings in group 3 animals were consistent with
increased interlobular fibrosis with some expansion into the
Figure 7 Liver fibrosis and stiffness measurements in one pig from group 2
performed at 3, 6, 12, and 22 months, with corresponding magnetic resonance ela
for the stiffness images is shown in the column on the right. B: Correlation plot of
grade based on modified METAVIR score: 0, no increase in fibrosis; 1, fine bands
fibrosis extending into the surrounding hepatic parenchyma and isolating hepatoc
the hepatic parenchyma; 4, extensive expansion of existing fibrous bands, resultin
central venous bridging fibrosis. Scale bars Z 200 mm (A).

The American Journal of Pathology - ajp.amjpathol.org
hepatic parenchyma (Figure 6C). In group 2 animals, histol-
ogy showed considerable distortion of normal lobular archi-
tecture primarily because of extensive interlobular fibrosis
(Figure 6B). Prominent bands of fibrosis surrounded clusters
. A: Representative trichrome stains show liver fibrosis in serial biopsies
stography (MRE) images of liver stiffness measurements. The color map used
change in liver stiffness in kPa and liver fibrosis grade (r Z 0.85). Fibrosis

of fibrosis extending into the surrounding hepatic parenchyma; 2, bands of
ytes; 3, expansion of existing fibrous bands with prominent extension into
g in clusters of irregularly sized hepatic lobules, often with some periportal-
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of irregularly sized hepatic lobules. Hepatocellular hyper-
trophy was prominent in affected lobules. Fibrosis had pro-
gressed with time to grade 3 at 18 months and to grade 4 at 22
months. Extensive nodularity was noted in this group
(Figure 6,D andE), but noHCC tumorswere identified. Serial
biopsies were performed from one pig in group 2 at 6, 9, 12,
and 22 months. The degree of fibrosis correlated positively
(rZ 0.85) with liver stiffness measured by MRE at the same
time points (Figure 7).
Discussion

FAH�/� pigs are the first genetically modified large-animal
model of metabolic liver disease.13,14 The acute phenotype
of HT1 in FAH�/� pigs, seen after withdrawal of NTBC,
closely resembles acute-onset HT1 in humans, which is
characterized by acute liver failure and death.14,22 In
humans, treatment with NTBC abolishes the acute compli-
cations of HT1 in most patients.23 In this study, we char-
acterized the influence of dosage of NTBC on the chronic
phenotype of HT1 in FAH�/� pigs. Based on previous ob-
servations, 1 mg/kg per day NTBC was administered to all
pigs during the first 30 days to prevent perinatal morbidity
and mortality.14 Subsequently, pigs were assigned to groups
based on dosing of NTBC. In group 1, pigs were treated
with 0.2 to 1 mg/kg per day NTBC; in group 2, pigs
received 0.05 mg/kg per day, with on/off cycles; and in
group 3, pigs received 0 mg/kg per day. As predicted, lower
doses of NTBC led to more severe phenotypic expression.

The most common presentation of HT1 in human infants is
the cessation of weight gain and failure to thrive.24,25 All
FAH�/� pigs demonstrated decreased weight gain compared
to WT animals; the most severe phenotypic expression was
observed in group 3 animals. Furthermore, the FAH�/�

phenotype in the pig model was confirmed with elevation of
tyrosine and SUAC in the blood and urine, as seen in the
clinical presentation of the disease. More substantial eleva-
tions in SUAC were seen in the group 3 animals, consistent
with a more severe phenotypic expression. In contrast, tyro-
sine levels were higher in the group 1 animals, which can be
attributed to the mechanism of action of NTBC.26

All group 2 and 3 animals developed varying pre-
sentations of chronic liver disease, with elevation in their
liver biomarkers, ammonia, and international normalized
ratio as a marker of synthetic liver function. Postmortem
histology demonstrated evidence of bridging fibrosis in the
group 2 and long-term group 3 survivors. Animals in
group 3, which succumbed early, demonstrated evidence
of acute liver failure, as previously reported.14 Although
HCC is observed in humans and mice, presumably
because of mutagenicity of FAA, none of the pigs in this
study demonstrated de novo progression to HCC. This is
could be, in part, because of the shorter duration of the
study (2 years). Regenerative liver nodules were seen in
the longest surviving pigs. Future studies with longer
40
follow-up are needed to determine the true incidence of
HCC in FAH�/� pigs. Animals in group 2 undergoing
MRE analysis demonstrated clinically significant increases
in stiffness. This correlated to the degree of fibrosis and
premortem hepatic vein pressure gradient. Recent studies
demonstrated the accuracy of MRE in staging fibrosis in
humans.27e29 This large animal model further validates
the use of MRE as a predictor of clinical cirrhosis and
worsening portal hypertension.30e32

In summary, the FAH�/� pig model represents an
exciting and reproducible model for study of chronic liver
disease. Withdrawal of NTBC at various time points and
dosing strategies led to spontaneous progression of clini-
cally significant liver disease, as evidenced by biochemical
markers, ultrasound imaging, MRE, and postmortem his-
tology. Potential applications of a de novo large-animal
model of liver cirrhosis include drug development and
toxicity testing and evaluating modern imaging technology.
The FAH�/� pig model also offers an exciting potential for
continuing to test the efficacy of gene therapy.33 Future
studies include efforts to correct the pig’s mutant FAH gene
as a preclinical treatment strategy for human patients with
HT1 and other inherited metabolic liver diseases. In
conclusion, our data demonstrate that FAH�/� pigs will
provide a substantial clinical benefit for preclinical testing of
pharmaceuticals, imaging modalities, and gene therapy.
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