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Abstract

Miniature pigs residing in the Ossabaw Island (Ossabaw pigs) exhibit a thrifty genotype, and when
fed a high-calorie diet they consistently develop metabolic syndrome defined by obesity, insulin
resistance, hypertension, and dyslipidemia. We conducted a study to induce steatohepatitis in
Ossabaw pigs by dietary manipulation. Pigs were fed standard chow (controls, n = 15), high-
fructose diet (20% kcal from fructose and 10.5% kcal from fat) (fructose group, n = 9),
atherogenic diet (20% kcal from fructose and 46% kcal from fat and 2% cholesterol and 0.7%
cholate by weight) (atherogenic diet group, n = 13), and modified atherogenic diet (different
source of fat and higher protein but lower choline content) (M-Ath diet group, n = 7). All animals
were sacrificed at 24 weeks after dietary intervention. The high-fructose group had significant
weight gain, hypertension, and insulin resistance but showed normal liver histology. The
atherogenic diet group had metabolic syndrome and abnormal liver histology consisting of
significant microvesicular steatosis and fatty Kupffer cells but no ballooning or fibrosis. The M-
Ath diet group developed severe metabolic syndrome and markedly abnormal liver histology with
macrovesicular and microvesicular steatosis, fatty Kupffer cells, extensive hepatocyte ballooning,
and pericellular/perisinusoidal fibrosis. Compared with controls, the M-Ath diet group had
significantly lower serum adiponectin but higher serum leptin and tumor necrosis factor (TNF)
levels and higher hepatic triglyceride and malondialdehyde levels.

Conclusion—Ossabaw pigs fed a modified atherogenic diet develop severe metabolic syndrome
and abnormal liver histology with close resemblance to human nonalcoholic steatohepatitis
(NASH).
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Nonalcoholic fatty liver disease (NAFLD) is one of the most common chronic liver diseases
in humans.14 Its histology is broadly categorized into simple steatosis and nonalcoholic
steatohepatitis (NASH).14 Simple steatosis is generally believed to be benign and is
histologically characterized by macrovesicular steatosis without additional signs of liver
injury. However, NASH is considered to be a progressive condition and can cause advanced
fibrosis, cirrhosis, and liver failure.1# Histologically, it is characterized by macrovesicular
steatosis along with varying degrees of lobular inflammation, balloon degeneration, and
pericellular fibrosis.>6 It remains unclear why some patients exhibit only simple steatosis
whereas others with a comparable risk profile exhibit steatohepatitis. A two-hit hypothesis
was previously postulated as a conceptual framework for understanding the pathogenesis of
NASH,’ in which a first hit leads to the development of steatosis, and subsequently one or
more second hits lead to the development of steatohepatitis. However, the validity of this
oversimplified concept and the very relevance of macrovesicular steatosis in the
development of steatohepatitis have been questioned recently.8:9

Ossabaw Island, off the coast of Georgia near Savannah, is home to a feral breed of swine
that were left by Spaniards nearly 500 years ago (Ossabaw pigs).10 In the wild, Ossabaw
pigs are typically miniature in size and exhibit a thrifty genotype, which allows them to store
large amounts of fat during feasting and to survive long periods of famine.10 To protect the
island’s loggerhead turtles, the Georgia Department of Natural Resources had adopted a
policy in 2000 to eradicate all of its Ossabaw pigs.1% Recognizing the scientific value of
these pigs, one of the authors (M.S.) led an expedition that trapped and exported 26 disease-
free animals to the mainland.1? Sturek and his colleagues from Indiana and Purdue
Universities have subsequently established a breeding colony and published a number of
seminal studies to show that Ossabaw pigs serve as an excellent model for investigating
metabolic syndrome, progression to type 2 diabetes, and long-term complications including
coronary artery disease.10:11

In general, Ossabaw pigs when fed high-fat and high-calorie diets develop obesity, insulin
resistance, glucose intolerance, dyslipidemia, and hypertension—in other words, metabolic
syndrome—in a relatively consistent fashion.10:11 Because obesity and insulin resistance are
known risk factors for NAFLD, and the entire constellation of components of metabolic
syndrome is so closely linked to human NAFLD, we examined the histology of frozen liver
samples from 38 pigs that participated in two previous experiments. In these experiments,
Ossabaw pigs consumed for 55 weeks either standard chow or an excess calorie atherogenic
diet composed of 6% to 8% kcal from protein, 19% kcal from complex carbohydrates, and
46% to 75% kcal from hydrogenated soy bean oil (predominantly trans fatty acids) and 2%
cholesterol and 0.7% cholate by weight. All animals were sacrificed at the conclusion of the
study, and as published previously, animals receiving atherogenic diet exhibited marked
metabolic syndrome.12:13 However, to our surprise, despite these striking metabolic
abnormalities, pigs on the atherogenic diet had normal serum liver biochemistries and
normal liver histology (data not shown). This indicated that hydrogenated soybean oil-
containing atherogenic diets without fructose do not cause liver injury in Ossabaw pigs.
Therefore, we conducted a study in which Ossabaw pigs were subjected to different diets for
24 weeks, and our primary objective was to induce liver injury mimicking human NASH in
association with metabolic syndrome.

Materials and Methods

All protocols involving animals were approved by an Institutional Animal Care and Use
Committee and complied with the recommendations outlined by the National Research
Council and the American Veterinary Medical Association Panel on Euthanasia.12:13
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Male and female Ossabaw miniature swine, aged 5 to 10 months at the start of the study,
were divided into the following four groups for 24 weeks of treatment:

Standard Chow (Control Group, n = 15)

Pigs were fed standard chow consisting of 18.5% calories from protein, 71% calories from
carbohydrates, and 10.5% calories from fat for 24 weeks. Hydrogenated soybean oil was the
source of the fat calories, and this diet included normal levels of methionine and choline at
concentrations of 3500 ppm and 1500 ppm, respectively (Table 1).

Fructose Group (n =9)

These pigs received high-fructose but normal-fat diet for 24 weeks (5KAG; custom
formulated by Purina TestDiet, Inc., Richmond, IN). This diet provided 20% calories from
fructose and 10.5% calories from fat derived from hydrogenated soybean oil. It provided
methionine and choline at concentrations of 2800 ppm and 1200 ppm, respectively (Table
1).

Atherogenic Diet Group (n = 13)

These pigs received high fructose—containing atherogenic diet for 24 weeks with 18%
calories from fructose, 43% calories from fat, and 8% calories from protein. Hydrogenated
soybean oil was the source of fat calories. It provided methionine and choline at
concentrations of 2100 ppm and 900 ppm, respectively. This diet consisted of 2%
cholesterol and 0.7% sodium cholate by weight (Table 1).

Modified Atherogenic Diet Group (M-Ath Group) (n =7)

These pigs received fructose-based atherogenic diet that was modified in terms of source of
fat, protein content, and choline concentration (5B4L; custom formulated by Purina
TestDiet, Inc., Richmond, IN). It provided 46% calories from fat, 20% calories from
fructose, and 16.5% calories from protein. Fat calories were provided by an admixture of
hydrogenated soybean oil, coconut oil and lard, and an additional 8.5% calories from casein,
and it provided methionine and choline at 3500 ppm and 700 ppm concentrations,
respectively. It consisted of 2% cholesterol and 0.7% sodium cholate by weight (Table 1).

On average, control chow pigs consumed 2500 kcal standard chow per day, whereas pigs
belonging to the other three groups consumed 6000 kcal diet daily. All animals enjoyed free
access to feed during an approximately 6-hour feeding period each day and unlimited access
to water. At the end of the study, all animals were sacrificed by excision of the heart under
general anesthesia according to protocol described elsewhere. 1415

Body weights of all animals were obtained at the beginning of the study and thereafter at
weekly time intervals until the animals were euthanized. Anatomical measurements were
additionally obtained at the end of the dietary treatment period using a previously published
method.1415 Blood pressures were monitored weekly by using tail cuff sphygmomanometer.
An intravenous glucose tolerance test was conducted on each pig 1 week before sacrifice.
Animals were given an intravenous bolus of 1.0 g glucose/kg body weight, and subsequent
samples were obtained at 5, 10, 20, 30, 40, 50, and 60 minutes after injection.

Plasma/Serum Measurements

Plasma samples were analyzed for triglycerides, total cholesterol, low-density lipoprotein
(LDL), high-density lipoprotein (HDL), and nonesterified fatty acids using standard
methods. Serum liver biochemistries were measured before euthanasia by a local clinical
laboratory (Antech Diagnostics, Fishers, IN). Fasting serum levels of leptin and tumor
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necrosis factor alpha (TNF-a) were performed by a commercial laboratory (Millipore Corp.,
St. Charles, MO). Serum adiponectin was measured using mass spectrometry by Monarch
Laboratories (Indianapolis, IN), and it was expressed as protein intensity.

Determination of Hepatic Triglyceride, Malondialdehyde, and Trolox Equivalent
Antioxidant Capacity

As previously described,16 the Infinity Triglyceride Kit (Thermo Electron, Louisville, CO)
was used to analyze the homogenates for triglycerides using spectrophotometric assay. The
triglyceride content was normalized with the protein content of the liver sample, which was
measured by Lowry assay. Sample measurements were carried out in duplicates.
Malondialdehyde (MDA) levels in serum and liver tissue homogenates were measured using
high-performance liquid chromatography with ultraviolet detection as described previously
with some modifications.1” The total antioxidant capacity in serum and liver tissue
homogenates were measured using the Trolox Equivalent Antioxidant Capacity described
previously, with some modifications.18

Fatty Acid Methyl Esters

The analysis of fatty acids in diets and serum and live tissues was conducted by the gas
liquid chromatography. As previously described, lipids in liver, serum, and diet samples
were extracted with chloroform:methanol (2:1, vol/vol), saponified, and fatty acid methyl
esters prepared using boron trifluoride in methanol (10% wt/vol, Supelco Bellefonte, PA)
following the method of Watkins et al. with some modification.1® The fatty acid methyl
esters in samples were identified based on the retention time determined from authentic
standards (Nu-Chek-Prep Inc., Elysian, MN), and results are presented as area percentages.

Tissue Preparation and Histological Grading

Results

At the time of sacrifice, a portion of the liver left lobe was collected in 2-mL vials, flash-
frozen in liquid nitrogen, and stored in —80°C freezers. Frozen liver tissue was fixed in 10%
buffered formalin, processed and embedded in paraffin for hematoxylin-eosin (H&E),
trichrome, periodic acid-Schiff, oil red-O staining The stains were examined by light
microscopy and blindly scored by two expert pathologists (one veterinary and one human
hepatopathologist). Macrovesicular and microvesicular steatosis (none [<5%], mild
[5%-33%], moderate [34%-66%)], severe [>66%]), inflammation (none, mild, moderate,
severe), hepatocellular ballooning (none, mild, moderate, severe), fibrosis (hone, mild,
moderate, severe), Kupffer cell vacuolization (none, mild, moderate, severe), and Kupffer
cell fat accumulation (none, mild, moderate, severe) were systematically recorded.
Lysosomal staining was conducted to characterize Kupffer cell accumulation. Zonal
distribution of each of these variables was also systematically recorded.

Table 2 shows selected characteristics of Ossabaw pigs belonging to different groups.
Compared with control pigs, animals in the other three groups had significant weight gain (P
< 0.001), although the fructose group gained more weight than the atherogenic and M-Ath
diet groups (P < 0.001 for both comparisons). The weight gain between atherogenic and M-
Ath diet groups was not significantly different (P = 0.11).

Fructose Group

The pigs belonging to this group had the most weight gain (Fig. 1), but compared with the
control group their fasting levels of insulin (P = 0.14), glucose (P = 0.1), homeostasis model
assessment (HOMA) (P = 0.12), total cholesterol (P = 0.17), LDL (P = 0.5), HDL (P =
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0.15), and triglyceride (P = 0.18) were not different. However, these pigs exhibited evidence
of insulin resistance on intravenous glucose tolerance test and also had hypertension (Table
2). In essence, pigs in the high-fructose group had limited metabolic syndrome without
dyslipidemia. These pigs had significantly higher fasting levels of free fatty acids compared
with the control group (0.4 + 0.15 versus 0.96 + 0.2 mmol/L, P = 0.04). Compared with
controls, these animals had significantly higher levels of serum leptin (3.6 + 2.8 versus 1.5 £
0.5 ng/dL, P = 0.03) but not serum TNF-a (P = 0.5) or MDA (P = 0.1) levels. Serum
adiponectin levels were not measured in these animals. Serum levels of aspartate
aminotransferase (AST), alkaline phosphatase, and total bilirubin were not different between
the standard chow and fructose groups, but interestingly, the fructose group had significantly
lower levels of alanine aminotransferase (ALT) than the control chow group (18.3 = 3.6
versus 40 + 2 IU/L, P = 0.008). Liver histology of pigs in the fructose group was
indistinguishable from that of control pigs. Pigs in neither group showed steatosis,
ballooning, or fibrosis (Figs. 2, 3).

Atherogenic Diet Group

Pigs belonging to this group had significantly greater weight gain than the control group, but
their weight gain was not as pronounced as in the fructose group (Table 2). Compared with
controls, pigs in the high-fat group had significantly higher fasting serum levels of insulin (P
= 0.048) and HOMA values (P = 0.02) but not glucose (P = 0.07). Not surprisingly, fasting
serum levels of total cholesterol, LDL, HDL, and triglycerides of pigs in the atherogenic diet
group were dramatically higher than in the control and fructose groups (Table 2). Serum free
fatty acid levels were significantly higher than in the control chow group (0.92 + 0.1 versus
0.41 + 0.15 mmol/L, respectively; P = 0.018), but not different from the fructose group (0.92
+ 0.1 versus 0.96 £ 0.1 mmol/L, respectively; P = 0.8). Serum leptin levels in the
atherogenic diet group were significantly higher than in controls (P = 0.017), but not
compared with the fructose group (P = 0.85) (Table 2). Serum adiponectin levels were lower
compared with the control chow pigs, but this difference was of borderline statistical
significance (P = 0.06). Serum TNF-a levels were not significantly elevated in the
atherogenic diet group when compared with the control group or the fructose group.
Compared with controls, serum MDA levels of pigs in the atherogenic diet group were
significantly higher (P < 0.001), but the difference in serum MDA levels between the
atherogenic diet and the fructose groups was of borderline statistical significance (2.2 £ 0.13
versus 1.74 + 0.2 uM, respectively; P = 0.07). Serum AST, ALT, and total bilirubin levels of
pigs in the atherogenic diet group were not higher than pigs in the control and fructose
groups, but the alkaline phosphatase level was significantly higher (Table 2).

Liver histology showed that all pigs in the atherogenic diet group had microvesicular
steatosis occupying 80% to 100% of hepatocytes and foamy-appearing Kupffer cells with
small droplets of fat. One pig showed trivial macrovesicular steatosis (approximately 5%) of
hepatocytes, and another pig showed diffuse hepatocyte ballooning. None of the pigs
showed inflammation or fibrosis (Fig. 3).

M-Ath Diet Group

Pigs belonging to this group had significantly greater weight gain than the control chow
group, but their weight gain was not different from that of pigs in the atherogenic diet group
(Table 2). Serum insulin and HOMA values and lipid measures (total cholesterol, LDL,
HDL, and triglycerides) were significantly higher in the M-Ath diet group than in controls
(Table 2). Serum fasting free fatty acid levels of pigs in the M-Ath diet group was
significantly higher than the control group (1.03 + 0.3 versus 0.41 + 0.15 mmol/L,
respectively; P = 0.02), but not significantly different from the fructose or atherogenic diet
groups (Table 2). Compared with the control group, these pigs had significantly lower levels
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of serum adiponectin levels and higher levels of leptin and TNF-o (Table 2). Serum
adiponectin negatively correlated with HOMA in this group, but this was of borderline
statistical significance (r = —0.58, P = 0.1). However, the negative association between
serum adiponectin and HOMA in all three groups combined (control chow, atherogenic, and
M-Ath groups) was statistically significant (r = —0.60, P = 0.01 Spearman correlation).
Serum MDA levels in the M-Ath diet group were statistically not higher than in the other
three groups, although the difference between the M-Ath diet and the control groups was of
borderline statistical significance (P = 0.07). Serum AST, alkaline phosphatase, and total
bilirubin levels of the M-Ath diet group were significantly higher than the control chow
group, but ALT values were not different (Table 2).

Weight gain or measures of insulin resistance measures were not different between
atherogenic and M-Ath groups. Animals in the M-Ath group had significantly higher total
cholesterol, LDL, and triglycerides than those in atherogenic diet group, but HDL or free
fatty acid levels were not different (Table 2). Compared with the atherogenic diet group, M-
Ath diet—fed pigs had significantly higher AST and alkaline phosphatase but not ALT or
total bilirubin. Although serum adiponectin was not different, pigs in the M-Ath diet group
had significantly higher levels of serum leptin and TNF-« levels than those in the
atherogenic diet group (Table 2).

Of seven pigs in the M-Ath diet group, three pigs exhibited macrovesicular steatosis: one pig
with 40% and two other pigs with approximately 10% macrovesicular steatosis (Table 3,
Fig. 4). All pigs exhibited microvesicular steatosis involving 40% to 80% of hepatocytes.
Six pigs showed extensive ballooning changes in most of the hepatocytes, whereas one
showed focal ballooning (Table 3, Fig. 4). All pigs showed foamy appearance in all
visualized Kupffer cells, whereas microvesicular steatosis in 50% to 80% of visualized
Kupffer cells (Fig. 5). Sinusoidal fibrosis was present in all seven pigs, with focal
distribution in two pigs and more extensive in the other five pigs. The fibrosis was
predominantly in the periportal region originating from the septa that anatomically define
pig hepatic lobules. No pigs developed bridging fibrosis or cirrhosis (Table 3, Fig. 4).

Liver Tissue Analysis

Hepatic triglyceride levels in the atherogenic and M-Ath diet groups were significantly
higher than in the other two groups, but they were not different between themselves (Table
4). Hepatic triglyceride levels between the control chow and fructose groups were not
statistically different. Hepatic MDA and Trolox Equivalent Antioxidant Capacity levels are
shown in Table 4. MDA levels were significantly lower in the control chow group compared
with other treatments, but they were not different among fructose, high-fat, and test-diet
groups. There was no statistically significant difference in Trolox Equivalent Antioxidant
Capacity between any of the groups. Hepatic fatty acid methyl ester data are shown in the
following section.

Fatty Acid Composition

The fatty acid composition of serum from pigs is presented in Table 5. The results in serum
generally reflect the fatty acid composition of the dietary lipids fed during the study (data
shown in Supporting Table 1). The serum of pigs fed the control chow had the highest
amount of 18:2n6, arachidonic acid (20:4n6), total polyunsaturated fatty acids (PUFA), n-6
PUFA, ratio of saturated to monounsaturated fatty acids, and ratio of long chain n-6/n-3
PUFA (Table 5). As expected, the M-Ath diet resulted in the highest amounts of 12:0, 14:0,
and 18:1n9 and the highest ratio of Mono/PUFA and ratio of Saturated/PUFA (Table 5).
Total PUFA and n-6 PUFA values were lowest in the serum of pigs given the M-ATG diet.
Trans 18:1 fatty acids, present in hydrogenated soybean oil used in all diets, resulted in the
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detection of these isomeric forms in the serum from most of the groups. Most of the fatty
acid values in serum of pigs fed on fructose and atherogenic diets were intermediate
compared with the amounts found in the control and M-ATG diet groups (Table 5).

The fatty acid composition of lipids from liver tissue is shown in Table 6. The patterns of
liver fatty acid composition of pigs from different groups are similar to those of serum as
described previously. In liver of pigs fed the M-ATG diet, the levels of 12:0 and 14:0 were
the highest compared with all the other groups. The amount of 18:1n9 and the essential fatty
acid 18:2n6 and totals of PUFA and n-6 PUFA were lowest in the liver lipids of pigs fed the
atherogenic and M-ATG diets compared with the control and fructose groups.

In general, there was a high degree of correlation among diet and serum and hepatic levels
of MUFA and PUFA (both n6 and n3) levels; however, the saturated fatty acid and trans-
fatty acid levels of diet did not have statistically significant correlation with either serum or
hepatic levels of saturated fatty acids or trans-fatty acids (Supporting Table 2). Serum levels
of saturated fatty acids, MUFA, and PUFA (both n6 and n3) correlated significantly with
their respective levels in the hepatic tissue (Supporting Table 2). Interestingly, trans-fatty
acids levels of diet, serum, or hepatic levels did not correlate with each other.

Sex-Matched Subgroup Analyses

In a subset analysis, we compared seven female pigs in the M-Ath diet group with nine pigs
in the control chow and eight in the atherogenic diet groups, and selected results are shown
in Supporting Tables 3 and 4. The results in this subset analysis are generally consistent with
results of analyses conducted on the whole cohort. Because our M-Ath diet group had no
male pigs, our study design could not investigate whether the M-Ath diet is able to induce
liver lesions in male pigs as it has in female pigs.

Discussion

The pathogenesis of NASH is not well understood, and for obvious ethical and practical
reasons, it has been difficult to conduct detailed mechanistic studies in humans. Thus,
numerous attempts have been made to develop rodent models of NASH to investigate its
pathogenesis.2® However, most of these models have failed to reproduce either characteristic
hepatic histology or the features of metabolic syndrome that are nearly universal in human
NASH.20 For example, the widely used methionine-deficient and choline-deficient model
induces steatohepatitis in mice that histologically has a close resemblance to human
histopathology,21:22 but these animals do not typically exhibit obesity or insulin resistance.23
However, some recent rodent models have shown encouraging results.20:24-26 Undoubtedly,
these newer models are far more attractive than earlier models, but there are two important
shortcomings to any rodent models of NASH: (1) inability to conduct serial histological
examination on the same set of animals and (2) general difficulty in inducing steatohepatitis
in female rodents.

Our study makes several novel observations. First, pigs in the fructose group, despite having
marked weight gain, hypertension, and insulin resistance, had normal liver histology. This
argues against a singular role for high-fructose intake in the pathogenesis of NAFLD. This
also suggests that metabolic syndrome in the absence of dyslipidemia is not sufficient to
cause liver injury. Second, pigs in the atherogenic diet group developed metabolic syndrome
and had abnormal liver histology consisting of diffuse microvesicular steatosis and foamy
and steatotic Kupffer cells but no ballooning or fibrosis. In our two earlier Ossabaw
experiments, pigs fed on atherogenic diet developed no liver injury, but diets in those two
experiments consisted of complex carbohydrates rather than fructose as the source for
carbohydrate calories. This observation indicates that only fructose-containing atherogenic

Hepatology. Author manuscript; available in PMC 2012 January 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 8

diets are injurious to liver. Third, pigs fed the M-Ath diet developed severe metabolic
syndrome and striking evidence of liver injury, with macrovesicular and microvesicular
steatosis, foamy and steatotic Kupffer cells, diffuse ballooning, and importantly,
perivenular/perisinusoidal fibrosis. It is not entirely clear why only the animals in the M-Ath
group developed steatohepatitis, but it is likely related to its different source of fat (mixed
fat) or modestly reduced choline concentration or casein supplementation (or their
combination). Recent experimental studies have shown that the source of protein may affect
insulin/glucagon secretion from pancreatic islet cells or hepatic gene expression related to
lipid metabolism.27:28

An interesting finding in our study is that pigs in our M-Ath diet group exhibited evidence
of hepatocyte injury and fibrosis in the absence of massive macrovesicular steatosis. This
suggests that significant macrovesicular steatosis is not a prerequisite for developing
hepatocyte injury and fibrosis. This observation is supportive of the recent contention that
macrovesicular steatosis may in fact represent a protective phenomenon by funneling
hepatic free fatty acids into triglycerides, which are generally inert and less toxic than free
fatty acids.%-29

It is striking that Ossabaw pigs were resistant to developing significant macrovesicular
steatosis despite marked weight gain and metabolic syndrome. Although not specifically
documented in the literature (to our knowledge), it appears that pigs generally are resistant
to developing macrovesicular steatosis for unclear reasons (personal communication, Ariel
Feldstein). Because serum triglyceride levels were not as high as other lipoproteins in the
obese Ossabaw pigs, it is unlikely that lack of significant macrovesicular steatosis is
attributable to brisk export of triglycerides from the hepatocytes in the form of very-low-
density lipoprotein. It is plausible that pig hepatocytes may not have fully developed
mechanisms for converting free fatty acids into triglycerides or alternatively may have
defective glycerol metabolism.

Another noteworthy finding is the accumulation of fatty Kupffer cells within the liver tissue
of Ossabaw pigs fed both types of atherogenic diet. Accumulation of fatty Kupffer cells is
not typical of human NAFLD, but it is a common hepatic finding in animals fed an
atherogenic diet39-33 and also in some animal models of steatohepatitis.3*3> ApoE2 knock-
in mice fed on Western diet developed steatosis and inflammation, and there was early
appearance of foamy Kupffer cells in the liver, which subsequently formed larger aggregates
with other inflammatory cells. In another study, apolipoprotein E knockout mice fed on
cholesterol and fat-enriched diets exhibit steatosis, inflammation, and macrophage
accumulation. In that study, administration of cholesterol and palm oil produced a higher
accumulation of macrophages than did cholesterol and olive oil. In our study, Kupffer cell
accumulation is unlikely to be related to the type of fat consumed because pigs belonging to
both types of atherogenic diet exhibited extensive fatty Kupffer cell accumulation.

To our knowledge, this is the first large animal model of steatohepatitis induced by dietary
manipulation, and it recapitulates human NAFLD very closely because of histological
resemblance and presence of the metabolic syndrome. Admittedly, large animal models are
expensive and can be developed and used only by centers with special resources and
expertise, but large animal models provide a unique opportunity for serial examination of
the same set of animals. Furthermore, large animals such as pigs resemble human anatomy
and physiology much closer than rodents. Two limitations of our study design require
discussion. First, our groups were not matched numerically or sex-wise because of practical
issues such as success of breeding, availability of young animals for experiments, and
laboratory space for simultaneous stationing of a large number of pigs. Second, we admit
that differences between our atherogenic and M-Ath diets are many, and this is not ideal
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from a methodological standpoint. However, we would like to point out that our primary
objective was to induce NASH phenotype in these animals, rather than testing which dietary
variable is more injurious to liver.

In summary, we describe a nutritional model of steatohepatitis in pigs fed a modified
atherogenic diet that closely mimics human NASH from a histological as well as a
metabolic co-morbidities standpoint. This model will provide a unique opportunity to
investigate the pathogenesis of NASH in a longitudinal fashion and also to test the efficacy
of novel therapeutic agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ALT alanine aminotransferase

AST aspartate aminotransferase

HDL high-density lipoprotein

HE hematoxylin-eosin

HOMA homeostasis model assessment

LDL low-density lipoprotein

M-Ath modified atherogenic

MDA malondialdehyde

NAFLD nonalcoholic fatty liver disease

NASH nonalcoholic steatohepatitis

PUFA polyunsaturated fatty acid

TNF tumor necrosis factor
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Fig. 1.
(Bottom) M-Ath diet fed Ossabaw pigs are significantly obese in comparison to (top)
Ossabaw pigs maintained on a standard chow diet.
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Fig. 2.
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Standard chow controls (Pig 774). No fat accumulation is seen on H&E (A) or trichrome
(B), and oil red O stains (C) show no abnormal findings. Fructose group (Pig 791): No fat

accumulation is seen on H&E (A) or trichrome (B), and oil red O stains (C) show no

abnormal findings. Atherogenic diet group (Pig 773): (A and B) H&E and trichrome stains

show foamy change involving Kupffer cells (short arrows). (C) Oil red O shows fat in

Kupffer cells (long arrows) and in hepatocytes. (D) Trichrome stain does not show fibrosis.
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Fig. 3.

Liver histology of Ossabaw Pigs belonging to the modified atherogenic (M-Ath) diet. Pig
771: (A and B) H&E and trichrome stains show extensive foamy change involving both
hepatocytes (long arrows) and Kupffer cells (short arrows). (C) Trichrome stain shows
fibrous tissue emanating from septa and depositing in a pericellular distribution. (D) Oil red
O shows macrovesicular and microvesicular fat, in both hepatocytes and Kupffer cells.
Many of the larger droplets are probably in Ito cells. Pig 823: (A and B) H&E and trichrome
stains show extensive foamy change involving both hepatocytes (long arrows) and Kupffer
cells (short arrows). (C) Trichrome stain shows fibrous tissue emanating from septa and
depositing in a pericellular distribution. (D) Oil red O shows fat in both hepatocytes (long
arrows) and Kupffer cells (short arrows). Many of the larger droplets are probably in Ito
cells. Pig 855: (A and B) H&E and trichrome stains show extensive foamy change involving
both hepatocytes (long arrows). (C) Trichrome stain shows fibrous tissue emanating from
septa and depositing in a pericellular distribution. (D) Oil red O shows fat in hepatocytes
(long arrows) and Kupffer cells (short arrows). Many of the larger droplets are probably in
Ito cells.
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Fig. 4.
Extensive foamy change in hepatocytes and Kupffer cells induced by modified atherogenic
diet (H&E stain). H, hepatocyte; I, Ito cell; K, Kupffer cell.
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Fig. 5.
Extensive foamy change in hepatocytes and Kupffer cells induced by modified atherogenic
diet (Trichrome stain). H, hepatocyte; I, Ito cell; K, Kupffer cell.
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Fig. 6.

Lysozymal staining of liver tissue of pig fed on modified atherogenic diet. Arrows, Kupffer
cells are large and foamy and stain positively for lysozyme. Box, ballooned hepatocytes with
markedly vacuolated cytoplasm. This photo also has scattered extramedullary
hematopoiesis.
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Table 3

Summary of Liver Histology of Ossabaw-6 Pigs at Sacrifice

Control  Fructose Atherogenic M-Ath Diet
Chow group Diet Group  Group

(n=15) (n=9) (n=13) (n=7)
Macrovesicular steatosis - - 1of 13 pigs 3 of 7 pigs
Microvesicular steatosis - - All pigs All pigs
Hepatocyte ballooning - - 1of 13 pigs  All pigs
Kupffer cell vacuoles - - All pigs All pigs
Kupffer cell fat - - All pigs All pigs
Inflammation - - - 4 of 7 pigs
Fibrosis - - - All pigs

See text, figures, and supporting material for additional description of liver histology.
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