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Abstract
Background & Aims—In this study, we sought to determine the temporal relationship between
hepatic mitochondrial dysfunction, hepatic steatosis and insulin resistance, and to examine their
potential role in the natural progression of non-alcoholic fatty liver disease (NAFLD) utilising a
sedentary, hyperphagic, obese, Otsuka Long–Evans Tokushima Fatty (OLETF) rat model.

Methods—OLETF rats and their non-hyperphagic control Long–Evans Tokushima Otsuka
(LETO) rats were sacrificed at 5, 8, 13, 20, and 40 weeks of age (n = 6–8 per group).

Results—At 5 weeks of age, serum insulin and glucose and hepatic triglyceride (TG)
concentrations did not differ between animal groups; however, OLETF animals displayed
significant (p < 0.01) hepatic mitochondrial dysfunction as measured by reduced hepatic carnitine
palmitoyl-CoA transferase-1 activity, fatty acid oxidation, and cytochrome c protein content
compared with LETO rats. Hepatic TG levels were significantly elevated by 8 weeks of age, and
insulin resistance developed by 13 weeks in the OLETF rats. NAFLD progressively worsened to
include hepatocyte ballooning, perivenular fibrosis, 2.5-fold increase in serum ALT, hepatic
mitochondrial ultrastructural abnormalities, and increased hepatic oxidative stress in the OLETF
animals at later ages. Measures of hepatic mitochondrial content and function including β-
hydroxyacyl-CoA dehydrogenase activity, citrate synthase activity, and immunofluorescence
staining for mitochondrial carbamoyl phosphate synthetase-1, progressively worsened and were
significantly reduced at 40 weeks in OLETF rats compared to LETO animals.
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Conclusions—Our study documents that hepatic mitochondrial dysfunction precedes the
development of NAFLD and insulin resistance in the OLETF rats. This evidence suggests that
progressive mitochondrial dysfunction contributes to the natural history of obesity-associated
NAFLD.
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Introduction
A critical complication of the obesity epidemic experienced by children and adults in
Westernized societies is non-alcoholic fatty liver disease (NAFLD). NAFLD affects ~30%
of all US adults and 75–100% of obese and morbidly obese individuals [1,2] and is now
considered the hepatic representation of the metabolic syndrome [3]. Even more alarming,
as the number of overweight and obese children has doubled in the past 2–3 decades in the
US, there is an increasing propensity of NAFLD and non-alcoholic steatohepatitis (NASH)
development in younger individuals [4]. In fact, it is estimated that 10% of lean and 38% of
obese children have fatty livers [5]. Consequently, clinicians warn that the demand for liver
transplants may rise as these children become adults if steps are not taken to reverse this
trend.

Day and James [6] have proposed the “two-hit hypothesis” to explain the development of
hepatic steatosis and the progression to inflammation (NASH), fibrosis, and cirrhosis. This
hypothesis states that factors such as insulin resistance and impaired hepatic fatty acid
oxidation contribute to NAFLD development [3] and that once steatosis is present,
inflammation and oxidative stress are thought to activate stellate cells and increase collagen
deposition and fibrogenesis [6]. However, it has been speculated that mitochondrial
abnormalities may be involved in the pathogenesis of NAFLD [7–10]. In fact, we previously
demonstrated that heterozygosity for mitochondrial β-oxidation defects causes development
of NAFLD in aging mice [10], which raises the possibility that NAFLD may be a
mitochondrial disease. However, little is known about the spectrum of changes in
mitochondrial content and function and their potential role in the natural history of NAFLD.

Otsuka Long–Evans Tokushima Fatty (OLETF) rats are a commonly studied model of
obesity and type 2 diabetes [11]. Selectively bred for lack of cholecystokinin-1 receptor
expression, OLETF rats exhibit a within meal feedback defect for satiety, resulting in
hyperphagia and obesity [12]. OLETF rats display normal glycemic control at a young age
[13–15], and we have previously shown they display insulin resistance at 13 and 20 weeks
and develop overt type 2 diabetes by 40 weeks of age [16]. In addition, OLETF rats develop
hepatic steatosis in the absence of significant liver injury and have hepatic mitochondrial
dysfunction at 20 weeks of age [17,18]. However, the causative relationship between hepatic
steatosis, hepatic mitochondrial dysfunction, and insulin resistance in this model is
unknown. Furthermore, the mechanisms responsible for disease progression in this model,
including the potential role of hepatic mitochondrial dysfunction, have not been fully
examined. The lack of understanding of early precipitating changes for this disease could
restrict the development of optimal therapies to lessen its prevalence.

NAFLD in the OLETF rat resembles that associated with human obesity and occurs in the
absence of extreme dietary manipulations. Thus, the OLETF rat represents an excellent
model to explore the potential initiating factor in NAFLD development and the role of
mitochondrial function in obesity-associated NAFLD, which perhaps mirrors conditions
seen in children and through adulthood. We hypothesized that development and progression
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of NAFLD in the hyperphagic, obese OLETF rat is likely due to early and progressive
reductions in hepatic mitochondrial content and function. In this study, we utilised this novel
model to assess hepatic mitochondrial content and function in the natural history of NAFLD.

Methods
Animal protocol

The animal protocol was approved by the Institutional Animal Care and Use Committee at
the University of Missouri. OLETF and LETO male rats at 4 weeks of age were kindly
supplied by Otsuka Pharmaceutical (Tokushima, Japan). Cages were in temperature-
controlled animal quarters (21 °C) with a 06:00–18:00 h light: 18:00–06:00 h dark cycle,
maintained throughout the experimental period. All animals were provided standard rodent
chow (Formulab 5008, Purina Mills, St. Louis, MO, USA) in clean cages at the beginning of
each week. Body mass and food intake were measured weekly throughout the investigation.
At 5, 8, 13, 20, and 40 weeks of age, rats were anaesthetised with sodium pentobarbital (100
mg kg−1) and killed by exsanguination by removal of the heart. All animals were fasted for
5 h prior to sacrifice.

Tissue homogenisation procedure and mitochondrial isolation
Livers were quickly excised from anaesthetised rats and either flash frozen in liquid
nitrogen, placed in 10% formalin, or placed in ice-cold buffer (100 mM KCl, 40 mM Tris–
HCl, 10 mM Tris–Base, 5 mM MgCl2·6H2O, 1 mM EDTA, and 1 mM ATP; pH 7.4). Fresh
tissue hepatic fatty acid oxidation assays were performed as previously described [18].
Mitochondrial suspensions were prepared according to modified methods of Koves et al.
[19], as previously described [20].

Fatty acid oxidation
Palmitate oxidation was measured with radiolabeled [1-14C]palmitate (American
Radiochemicals) in fresh liver homogenate preparations as previously reported [18].
Both 14CO2, representing complete fatty acid oxidation, and 14C labelled acid soluble
metabolites (ASMs), representing incomplete oxidation, were collected in the previously
described trapping device and then counted on a liquid scintillation counter.

Intrahepatic lipid content, Oil-Red O staining, liver histology, and carbamoylphosphate
synthetase-1 (CPS-1) staining

Intrahepatic lipid content, Oil-Red O (neutral lipid), hematoxylin and eosin (H&E),
picrosirius red (collagen deposition), CPS-1, and transforming growth factor beta (TGF-β)
staining were performed as previously described [18,21,22]. CPS-1 and TGF-β staining
were only assessed in 13, 20, and 40-week-old animals. For assessment of hepatic steatosis,
histopathologic criteria proposed by Kleiner et al. [23] were adopted. Hepatic steatosis was
graded as follows: <5% (score 0), 5–33% (score 1), >33–66% (score 2), or >66% (score 3).

Western blotting
Western blot analyses were performed for the determination of the protein content of total
hepatic cytochrome c (Cell Signaling, Beverly, MA, USA) and uncoupling protein-2
(UCP-2, Santa Cruz, Santa Cruz, CA, USA), as previously described [17,18]. Total protein
staining (0.1% amido-black) for each lane was used to correct for any differences in protein
loading or transfer of all band densities [18]. The intensities of the bands and total protein
staining were quantified using Quantity One software (Bio-Rad).
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Fat pad collection and serum assays
Retroperitoneal and omental adipose tissue fat pads were removed from exsanguinated
animals and weighed. In addition, whole-body composition was measured using a Hologic
QDR-1000/w DEXA machine calibrated for rats. Serum glucose, TG, free fatty acids (FFA),
insulin, serum alanine aminotransferase (ALT), and hemoglobin A1c (HbA1c)
concentrations were measured as previously described [16,18]. Serum ALT and HbA1c
were not assessed in 5 and 8 week old rats.

Reduced (GSH) and oxidized glutathione (GSSG)
GSH and GSSG concentrations were determined by fluorometric methods as previously
described [24], utilising methods of Hissin and Hilf [25].

Enzyme activity assays
Liver superoxide dismutase (SOD) activity was determined by commercially available
methods (Cayman Chemicals, Ann Arbor, MI, USA). Citrate synthase and beta-
hydroxyacyl-CoA dehydrogenase (β-HAD) activities were determined in isolated liver
mitochondria using the methods of Srere [26] and Bass et al. [27], respectively, as
previously described [17,18]. Hepatic carnitine palmitoyl-CoA transferase-1 (CPT-1)
activity from isolated liver mitochondria was measured as previously described [20]. Due to
technical difficulties, CPT-1 activity was not assessed in the liver of 8 and 13 week old
animals and citrate synthase and β-HAD activities were not assessed in 8 week old animals.

Transmission electron microscopy (TEM)
Liver sections were prepared for EM imaging as previously described [10]. EM images (n =
4 animals per group; 13, 20, and 40 week old animals; 5–7 views per animal) were taken at
the University of Missouri EM Core using a TEM (1200-EX, Jeol, Ltd., Tokyo, Japan).

Statistics
Each outcome measure was examined in 6–8 animals per age per group. For each outcome
measure, a one-way analysis of variance was performed (SPSS/15.0, SPSS, Chicago, IL,
USA) for each animal group at each age studied. A significant main effect (p <0.05) was
followed-up with Student–Newman–Kuel post hoc comparisons. Values are reported as
means ± standard error of the mean (SE), and a p value less than 0.05 denotes a statistically
significant difference.

Results
Animal and serum characteristics

Body mass and fat pad mass (omental and retroperitoneal) was significantly greater in the
OLETF rats compared with the LETO animals at all ages studied (Table 1). Similar to our
previous report [16], percent body fat determined by DEXA was also significantly greater in
OLETF compared with LETO animals at 13, 20, and 40 weeks (data not shown). Absolute
weekly food consumption increased with age (p <0.05) in both groups and was significantly
greater (p <0.01) in OLETF rats at all ages compared with LETO animals (Table 1). Food
consumption relative to body weight decreased with age in both groups and was
significantly greater at 40 weeks only in the OLETF compared with LETO rats (p <0.01,
data not shown). Serum TGs were not significantly elevated until 8 weeks of age and FFAs
until 13 weeks in the OLETF animals compared with LETO (Table 2).
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Liver anti-oxidative status
Liver SOD activity was initially higher at 5 and 8 weeks in the LETO rats and dropped
significantly with age in both groups (Table 2), becoming significantly lower in the OLETF
animals at 40 weeks compared with LETO animals. OLETF animals displayed an age-
associated increase in liver GSH levels, which was significantly higher than LETO animals
by 40 weeks. However, GSSG levels were significantly higher in the OLETF animals at 13,
20, and 40 weeks compared with LETO animals (Table 2). Collectively, these data suggest
that the liver of the OLETF animals was in a pro-oxidative environment.

Glycemic control
Serum insulin and glucose did not differ between OLETF and LETO rats at 5 or 8 weeks of
age (Fig. 1A and B). These findings are consistent with several previous reports indicating
normal glycemic control in OLETF rats 10 weeks old and younger [13–15]. In contrast to
the LETO groups, the insulin-resistant OLETF animals developed elevated serum glucose
(Fig. 1A) at 13 and 20 weeks, followed by the total loss of glycemic control and the
development of overt diabetes mellitus as shown by a 70% drop in insulin and doubling in
HbA1c between 20 and 40 weeks (Fig. 2B and C).

NAFLD progression
Significant hepatic lipid accumulation was not present in 5-week-old OLETF or LETO
animals (Fig. 2A, B, and D); however, by 8 weeks of age, the OLETF rats exhibited
significant hepatic TG accumulation, which progressed with age (Fig. 2A, B, and D).
Steatosis scoring and % of hepatocytes with lipids did not differ at 5 weeks between OLETF
and LETO animals, but significantly increased from 8 through 40 weeks in the OLETF rats
and was significantly greater in OLETF compared with LETO animals (Table 3). The
OLETF animals also had hepatocyte ballooning (Fig. 2A, 40 week old OLETFs), nuclear
displacement (Fig. 2A, 40 week old OLETFs), and increased fibrosis and collagen
deposition in perivenular (around terminal hepatic veins) regions as indicated by picrosirius
red and TGF-β staining (Fig. 2C and D; no differences observed at younger ages and data
are not shown). Furthermore, significant inflammatory cell infiltration was observed in the
liver of 40 week OLETF animals (Fig. 2C; no differences observed at younger ages and data
are not shown). Substantial liver injury was further indicated by a 2.5-fold increase in serum
ALTs by 40 weeks in the OLETF animals (Fig. 2D), elevations that were absent in the
LETO rats.

Altered hepatic mitochondrial function, content, and ultrastructure
Liver CPT-1 activity was significantly reduced in 5-week-old OLETF rats compared with
LETO animals (Fig. 3A) and the reduced activity persisted through 40 weeks of age,
suggesting that the OLETF animals have reduced potential for hepatic mitochondrial fatty
acid entry prior to the development of hepatic steatosis and insulin resistance and throughout
the natural history of the disease. OLETF animals also exhibited an age-associated reduction
in hepatic β-HAD (the rate limiting step in mitochondrial β-oxidation) and citrate synthase
(rate limiting step in the TCA cycle) activities by 40 weeks. These values were significantly
reduced compared with LETO animals (Fig. 3B and C). In addition, complete hepatic
palmitate disposal (CO2 production) was reduced by ~50% at all ages studied (Fig. 4A) and
total palmitate oxidation (CO2 + acid soluble metabolites) was reduced at 5 and 8 weeks in
the OLETF compared with LETO rats (Fig. 4B). In 13, 20, and 40-week animals, total fatty
acid oxidation was significantly reduced in both animal groups and did not differ between
groups (Fig. 4B). Moreover, hepatic mitochondrial content in OLETF rats, as assessed by
total cytochrome c protein content, was reduced at all ages examined (Fig. 4C).
Furthermore, reduced CPS-1 staining, a hepatic mitochondrial membrane specific marker,
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was observed in 40 week old OLETF compared with LETO animals (Fig. 5A; no differences
were observed at younger ages, data not shown). By 20 and 40 weeks of age, the OLETF
rats also had developed ultrastructural abnormalities of the mitochondria, including apparent
disruptions in the cristae, hypodense matrix, and mitochondrial swelling/rounding; these
findings were not apparent in the LETO animals (Fig. 5B and C).

In order to examine the possible role of mitochondrial uncoupling in NAFLD development
and progression in OLETF rats, hepatic UCP-2 protein content was determined (Fig. 6).
Hepatic UCP-2 protein content significantly increased from 5 to 8 weeks (two-fold, p <0.05)
and from 8 to 13 weeks of age (10-fold; p <0.001) in both groups; however, hepatic UCP-2
protein content did not differ between groups until 40 weeks of age, where content was
significantly greater in OLETF compared with LETO animals (Fig. 6, p <0.05).

Discussion
Overnutrition is considered the most common cause of NAFLD, with an estimated incidence
of 15–20% of Western populations [28]. Here we report several novel findings related to the
development and natural history of NAFLD in the hyperphagic, obese OLETF rat, an animal
model that we liken to overeating, sedentary, obese humans. Reduced hepatic fatty acid
oxidation and mitochondrial enzyme activity preceded NAFLD development and insulin
resistance; reduced hepatic mitochondrial function was present at 5 weeks of age, followed
by hepatic micro-vesicular steatosis by 8 weeks, and then the development of systemic
insulin resistance by 13 weeks of age in the OLETF rats. NAFLD progressed to include
hepatocyte ballooning and nuclear displacement, perivenular fibrosis, inflammation, and
elevated serum ALTs by 40 weeks of age. These changes occurred in conjunction with a
worsening in glycemic control and a loss of hepatic anti-oxidative capacity, increased
hepatic oxidative stress, reduced hepatic mitochondrial content and function, and disruption
in hepatic mitochondria ultrastructure. In addition, these findings occurred in the absence of
extreme dietary manipulations, such as methionine and choline-deficient diets, which are
known to exacerbate the disease condition in this rodent model [29,30], but do not induce
insulin resistance or obesity, both hallmark features of human NAFLD. Furthermore, rats
were fed low-fat chow, diminishing the contribution of dietary fat consumption. These novel
findings suggest that reduced mitochondrial function precedes insulin resistance and may
thus be the primary event that triggers NAFLD development, at least in OLETF rats.
Secondly, the natural progression pattern observed in OLETF rats in the current report
closely resembles that observed in both overweight children and adults, suggesting its
application as an excellent model for further mechanistic insight into NAFLD pathogenesis.

It has been proposed that insulin resistance serves as the “first hit” in hepatic steatosis
development [6], and that once steatosis is present, inflammation and oxidative stress are
thought to activate stellate cells and increase collagen deposition and fibrogenesis [6].
However, others have recognized the potential importance of impaired hepatic fatty acid
oxidation and speculated that mitochondrial abnormalities may be involved in NAFLD [3,7–
10,31]. Mitochondrial oxidative capacity is decreased in the liver tissue of patients and
animal models with hepatic steatosis [32,33], but not always in NASH patients [31]. These
studies raise the possibility that mitochondrial dysfunction can be a cause, effect or a
concurrent feature in development of NAFLD. In the current report, we have conducted a
longitudinal assessment of mitochondrial content and function, and NAFLD to provide
insights into the causative relationship between mitochondrial dysfunction and development
of NAFLD in our model. We have noted that hepatic CPT-1 activity (the rate limiting step in
mitochondrial fatty acid entry), complete disposal of fatty acids, and total fatty acid
oxidation were reduced in the livers of 5-week-old OLETF rats prior to development of
NAFLD or insulin resistance. Importantly, these differences also were observed before the
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presence of hyperlipidemia or significant differences in abdominal fat pad mass. Based on
our previous work [17] and the preliminary observations of increased hepatic acetyl-CoA
carboxylase protein content in the OLETF compared with LETO animals (RSR, preliminary
results), it is likely that excess food consumption in the OLETF rats leads to substrate driven
malonyl-CoA formation, which inhibits hepatic CPT-1 in the OLETF animals, reducing
mitochondrial fatty acid entry and fatty acid oxidation, and thereby increasing liver TG
accumulation. These findings are in agreement with previous work where the
overexpression of CPT-1 increases fatty acid oxidation and reduces TG accumulation in
hepatocytes [34], and collectively suggest that deficiencies in mitochondrial fatty acid entry
and oxidative capacity play a role in hepatic steatosis development in this hyperphagic
animal model.

Complementing the reduced capacity to oxidize fatty acids at 5 weeks in the OLETF
animals was decreased electron transport protein cytochrome c per unit of liver mass. Our
study also documents a progressive loss of hepatic mitochondrial content and function in the
OLETF rat, which likely contributed to the progression of NAFLD in this animal model. By
40 weeks of age, all measures of mitochondrial function and content were reduced by 30–
50% in the OLETF compared with LETO controls. This collectively demonstrates the
inability to maintain normal levels of hepatic mitochondrial content in this obese rodent
model of NAFLD. These findings are in support of previous work showing that depletion of
hepatic mitochondrial DNA impairs mitochondrial function and causes hepatic steatosis and
liver injury [35]. Interestingly, the progression of hepatic mitochondrial dysfunction and
NAFLD was associated with worsening of insulin resistance and the development of type 2
diabetes in OLETF rats at 40 weeks of age. While loss of glycemic control does not appear
to be the primary cause of NAFLD in this model, insulin resistance and type 2 diabetes
development certainly play a role in disease progression. Further mechanistic examination
of this relationship is warranted in future studies.

Hepatic activity of the free radical scavenger SOD was significantly reduced in 5 and 8
week old OLETF animals, with a subsequent increase in GSSG levels at 13, 20, and 40
weeks of age. This negative imbalance between increased oxidative stress and reduced anti-
oxidant defence systems likely predisposes hepatocytes and hepatic mitochondria to
progressive injury [31]. One possibility for the increase in oxidative stress was reduced
complete hepatic fatty acid oxidation in the OLETF rats, which likely lead to the
accumulation of mitochondrial and peroxisomal derived lipotoxic lipid moieties, factors
known to activate hepatic mitochondrial oxidative stress [36]. Furthermore, the findings that
abnormal reduction of oxygen by the electron transport chain lead to additional reactive
oxygen species formation [31], the loss of mitochondrial content in the current study likely
contributed to the elevated levels of serum ALT, perivenular fibrosis, and ultrastructural
abnormalities seen in the mitochondria (commonly seen in NASH patients) [8,9] in livers
from the OLETF animals.

UCP-2 is a mitochondrial inner membrane protein that mediates protein leak by uncoupling
fuel oxidation from ATP synthesis [37]. Although it is upregulated in models of obesity and
NAFLD [38], the precise role of UCP-2 in fatty liver disease is not completely understood.
Increased UCP-2 expression is thought to help promote substrate disposal and limit
mitochondrial ROS production [39] by decreasing the redox pressure on the electron
transport chain [40]. However, it has also been found that obesity-related fatty liver disease
is unchanged in UCP-2 deficient mice [41]. In the current study, hepatic UCP-2 protein
expression dramatically increased with age in both the non-hyperphagic LETO and the
hyperphagic OLETF rats, and it was not until 40 weeks of age that OLETF rats had higher
hepatic UCP-2 protein content compared with LETO rats. These findings would collectively
suggest the lack of a role of hepatic UCP-2 in the initiation of NAFLD in the OLETF rat, but
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perhaps a potential factor in the progression of NAFLD in the OLETF rat. This possibility
warrants future investigation.

In summary, compelling evidence is provided that hepatic mitochondrial dysfunction
precedes the development of NAFLD and insulin resistance in the hyperphagic, obese
OLETF rat. In addition, our study documents that a progressive loss of mitochondrial
function in conjunction with the transition from insulin resistance to type 2 diabetes likely
contributes to NAFLD progression. Mitochondrial function represents an attractive
therapeutic target in the prevention and treatment of NAFLD.
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NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis
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ASM acid soluble metabolite

CPS-1 carbamoylphosphate synthetase-1

H&E hematoxylin and eosin

TGF-β transforming growth factor-β

TG triglycerides

FFA free fatty acids

ALT alanine aminotransferase

HbA1c hemoglobin A1c

GSSG oxidized glutathione

SOD superoxide dismutase

β-HAD beta-hydroxyacyl-CoA dehydrogenase

CPT-1 carnitine palmitoyl-CoA transferase-1

TEM transmission electron microscopy

SE standard error of the mean

UCP-2 uncoupling protein-2
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Fig. 1. Serum glucose (A), serum insulin (B), and HbA1c (C) levels at 5, 8, 13, 20, and 40 weeks of
age
Values (means ± SE, n = 6–8) with different letter superscripts within each animal group are
significantly different (p <0.01). *Significantly different from LETO at respective ages (p
<0.01).
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Fig. 2. Representative images of H&E (A), Oil-Red O (B), and picrosirius red staining, TGF-β
staining, and inflammatory cell infiltration (C)
Note the large lipid vacuoles (A) and macro- and micro-vesicular steatosis (B) and the
progression from 8 to 40 weeks in the liver of the OLETF rats. Staining for fibrosis, TGF-β,
and inflammatory cell infiltration did not differ between OLETF and LETO animals at 5, 8,
13, or 20 weeks of age (data not shown); however by 40 weeks, there was significantly
greater staining for picrosirius red and TGF-β (brown staining) and inflammatory cells
(black arrows) in the OLETF animals compared with LETO controls (C). Quantification of
hepatic TG, serum ALT, and hepatic picrosirius red staining (40 weeks only) are shown in
(D). Values (means ± SE, n = 5–8) with different letter superscripts within each animal
group are significantly different (p <0.01). No significant differences existed within the
LETO groups for any measured parameter (p >0.05). *Significantly different from LETO at
respective ages (p <0.01).
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Fig. 3. Hepatic mitochondrial CPT-1 activity (A), β-HAD activity (B), and citrate synthase
activity (C)
Values (means ± SE, n = 5–8) with different letter superscripts within each animal group are
significantly different (p <0.05). *Significantly different from LETO at respective ages (p
<0.05).
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Fig. 4. Complete hepatic palmitate oxidation (CO2 production; A), total hepatic palmitate
oxidation (CO2 + ASMs; B), and total cytochrome c protein content (C)
Values are means ± SE, n = 6–8. *Significantly different from LETO at respective ages (p
<0.01). †Significantly reduced in the 13, 20, and 40 week old compared with 5 and 8 week
old animals (p <0.05).
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Fig. 5. Representative immunofluorescent photomicrographs from liver for mitochondrial
marker CPS-1 (red) shows granular staining patterns in liver sections (A)
While there were no differences between animal groups at 5, 8, 13, and 20 weeks of age (not
shown), the OLETF livers (left) had visibly decreased CPS-1 staining compared to the
LETO animals (right) at 40 weeks of age. Also shown are representative electron
micrographs (EM) from liver of OLETF (left) and LETO (right) rats at low (B) and high (C)
magnifications. While no apparent differences were observed at 5, 8, or 13 weeks of age
(data not shown), the mitochondria in the OLETF animals at 20 and 40 weeks show signs of
rounding (B) and disruptions in cristae and outer and inner mitochondrial membranes (C).
LD = lipid droplet.
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Fig. 6. Hepatic UCP-2 protein content in LETO and OLETF rats
Values are means ± SE, n = 6–8. †Significantly greater in 8 week old compared with 5 week
old animals (p < 0.05). ‡Significantly greater in the 13, 20, and 40 week old compared with
5 and 8 week old animals (p <0.001). *Significantly greater in OLETF compared with
LETO animals (p <0.05).

Rector et al. Page 17

J Hepatol. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Rector et al. Page 18

Ta
bl

e 
1

A
ni

m
al

 c
ha

ra
ct

er
is

tic
s.

A
ge

L
E

T
O

O
L

E
T

F

B
od

y 
w

ei
gh

t (
g)

Fo
od

 c
on

su
m

pt
io

n 
(g

/w
k)

Fa
t p

ad
 m

as
s (

g)
B

od
y 

w
ei

gh
t (

g)
Fo

od
 c

on
su

m
pt

io
n 

(g
/w

k)
Fa

t p
ad

 m
as

s (
g)

5 
w

k
10

7.
6 

± 
6.

0a
65

.2
 ±

 2
.8

a
0.

3 
± 

0.
03

a
13

2.
4 

± 
5.

1a*
88

.5
 ±

 6
.5

a*
0.

4 
± 

0.
04

a

8 
w

k
22

8.
4 

± 
6.

3b
13

5.
4 

± 
5.

3b
0.

9 
± 

0.
08

b
28

8.
5 

± 
5.

0b*
18

2.
9 

± 
2.

8b*
3.

5 
± 

0.
19

b*

13
 w

k
38

0.
8 

± 
5.

9c
15

5.
3 

± 
1.

4c
4.

9 
± 

0.
3c

49
5.

4 
± 

15
.8

c*
22

2.
5 

± 
4.

8c*
15

.7
 ±

 1
.6

c*

20
 w

k
47

7.
9 

± 
6.

6d
16

4.
0 

± 
2.

1d
8.

9 
± 

0.
6d

60
7.

0 
± 

10
.5

d*
24

1.
8 

± 
7.

0c*
25

.8
 ±

 1
.0

d*

40
 w

k
55

7.
4 

± 
15

.0
e

16
6.

5 
± 

4.
6d

14
.6

 ±
 1

.2
e

68
5.

2 
± 

34
.6

e*
30

8.
5 

± 
18

.6
d*

55
.7

 ±
 7

.5
e*

V
al

ue
s a

re
 m

ea
ns

 ±
 S

E 
(n

 =
 6

–8
). 

D
iff

er
en

t l
et

te
r s

up
er

sc
rip

ts
 w

ith
in

 a
n 

an
im

al
 g

ro
up

 in
di

ca
te

 a
 si

gn
ifi

ca
nt

 c
ha

ng
e 

be
tw

ee
n 

ag
es

 (p
 <

0.
05

). 
Si

gn
ifi

ca
nt

 a
ge

-a
ss

oc
ia

te
d 

in
cr

ea
se

s w
er

e 
no

te
d 

in
 b

ot
h 

an
im

al
s

gr
ou

ps
 fo

r b
od

y 
w

ei
gh

t, 
ab

so
lu

te
 fo

od
 c

on
su

m
pt

io
n,

 a
nd

 fa
t p

ad
 m

as
s (

om
en

ta
l a

nd
 re

tro
pe

rit
on

ea
l f

at
 p

ad
s)

.

* In
di

ca
te

s v
al

ue
s a

t t
he

 re
sp

ec
tiv

e 
ag

e 
ar

e 
si

gn
ifi

ca
nt

ly
 d

iff
er

en
t i

n 
O

LE
TF

 c
om

pa
re

d 
w

ith
 L

ET
O

 ra
ts

 (p
 <

0.
01

).

J Hepatol. Author manuscript; available in PMC 2011 May 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Rector et al. Page 19

Ta
bl

e 
2

Se
ru

m
 a

nd
 li

ve
r c

ha
ra

ct
er

is
tic

s.

A
ge

L
E

T
O

O
L

E
T

F

Se
ru

m
 T

G
(m

g/
dl

)
Se

ru
m

 F
FA

s
(μ

m
ol

/L
)

L
iv

er
 G

SH
(μ

m
ol

/μ
g)

L
iv

er
 G

SS
G

(μ
m

ol
/μ

g)
L

iv
er

 S
O

D
ac

tiv
ity

 (U
/m

l)
Se

ru
m

 T
G

(m
g/

dl
)

Se
ru

m
 F

FA
s

(μ
m

ol
/L

)
L

iv
er

 G
SH

(μ
m

ol
/μ

g)
L

iv
er

 G
SS

G
(μ

m
ol

/μ
g)

L
iv

er
 S

O
D

ac
tiv

ity
 (U

/m
l)

5 
w

k
29

.5
 ±

 3
.6

a
18

3.
0 

± 
51

.8
2.

76
 ±

 0
.1

8a
0.

30
 ±

 0
.0

2
9.

4 
± 

0.
6a

34
.0

 ±
 5

.2
a

17
9.

1 
± 

27
.3

a
2.

53
 ±

 0
.1

4a
0.

26
 ±

 0
.0

2a
7.

3 
± 

0.
5a*

8 
w

k
20

.3
 ±

 2
.6

a
13

9.
2 

± 
30

.7
2.

62
 ±

 0
.1

5a
0.

28
 ±

 0
.0

2
8.

1 
± 

0.
3a

36
.2

 ±
 5

.0
a*

17
6.

6 
± 

38
.9

a
2.

35
 ±

 0
.1

5a
0.

26
 ±

 0
.0

1a
6.

3 
± 

0.
5a*

13
 w

k
36

.8
 ±

 4
.7

b
15

4.
7 

± 
43

.2
2.

95
 ±

 0
.0

6a
0.

31
 ±

 0
.0

1
5.

6 
± 

0.
5b

11
4.

7 
± 

18
.2

b*
20

3.
9 

± 
20

.7
a*

3.
16

 ±
 0

.1
3b

0.
35

 ±
 0

.0
1b*

5.
9 

± 
0.

3b

20
 w

k
42

.7
 ±

 4
.3

b
17

0.
3 

± 
23

.6
3.

45
 ±

 0
.0

6b
0.

35
 ±

 0
.0

1
5.

9 
± 

0.
4b

17
7.

1 
± 

24
.8

c*
31

1.
4 

± 
46

.0
b*

3.
54

 ±
 0

.1
1b

0.
38

 ±
 0

.0
2b,

c*
4.

7 
± 

0.
9b,

c

40
 w

k
42

.2
 ±

 3
.1

b
18

7.
4 

± 
22

.0
3.

21
 ±

 0
.1

3a,
b

0.
35

 ±
 0

.0
2

4.
9 

± 
0.

7b
25

3.
4 

± 
32

.8
d*

30
9.

7 
± 

56
.6

b*
3.

74
 ±

 0
.0

7c*
0.

42
 ±

 0
.0

2c*
3.

6 
± 

0.
5c*

V
al

ue
s a

re
 m

ea
ns

 ±
 S

E 
(n

 =
 6

–8
). 

D
iff

er
en

t l
et

te
r s

up
er

sc
rip

ts
 w

ith
in

 a
n 

an
im

al
 g

ro
up

 in
di

ca
te

 a
 si

gn
ifi

ca
nt

 c
ha

ng
e 

be
tw

ee
n 

ag
es

 (p
 <

0.
05

). 
Si

gn
ifi

ca
nt

 a
ge

-a
ss

oc
ia

te
d 

in
cr

ea
se

s w
er

e 
no

te
d 

in
 b

ot
h 

an
im

al
s g

ro
up

s f
or

 se
ru

m
 T

G
 a

nd
 li

ve
r G

SH
 le

ve
ls

 a
nd

 a
ls

o 
se

ru
m

 F
FA

s a
nd

 li
ve

r
G

SS
G

 c
on

ce
nt

ra
tio

ns
 in

 th
e 

O
LE

TF
 ra

ts
 o

nl
y.

 S
ig

ni
fic

an
t a

ge
-a

ss
oc

ia
te

d 
de

cr
ea

se
s w

er
e 

no
te

d 
in

 b
ot

h 
gr

ou
ps

 fo
r l

iv
er

 S
O

D
 a

ct
iv

ity
.

* In
di

ca
te

s v
al

ue
s a

t t
he

 re
sp

ec
tiv

e 
ag

e 
ar

e 
si

gn
ifi

ca
nt

ly
 d

iff
er

en
t i

n 
O

LE
TF

 c
om

pa
re

d 
w

ith
 L

ET
O

 ra
ts

 (p
 <

0.
05

).

J Hepatol. Author manuscript; available in PMC 2011 May 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Rector et al. Page 20

Table 3

Liver histology parameters.

Age LETO OLETF

Steatosis score Hepatocytes with lipids (%) Steatosis score Hepatocytes with lipids (%)

5 wk 0.0 ± 0.0 0.0 ± 0.0 0.13 ± 0.13a 1.5 ± 1.1a

8 wk 0.08 ± 0.08 4.3 ± 2.5 1.06 ± 0.16b* 19.6 ± 4.5b*

13 wk 0.42 ± 0.25 6.0 ± 4.1 1.15 ± 0.10b* 26.5 ± 3.0b*

20 wk 0.50 ± 0.10 6.3 ± 1.0 1.80 ± 0.24c* 43.4 ± 8.6c*

40 wk 0.21 ± 0.13 1.5 ± 0.9 2.83 ± 0.11d* 83.6 ± 5.8d*

Values are means ± SE (n = 4–6). Different letter superscripts within an animal group indicate a significant change between ages (p <0.05).
Significant age-associated increases were noted for steatosis score and hepatocytes with lipids in the OLETF rats only.
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