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Abstract
Long term consumption of a high fat diet (HFD) contributes to increased morbidity and mortality.
Yet the specific effects of HFD consumption on brain aging are poorly understood. In the present
study 20-month old male C57Bl/6 mice were fed either “Western Diet” (WD, 41% fat), very high
fat lard diet (HFL, 60% fat), or corresponding control diets for 16 weeks and then assessed for
changes in metabolism and brain homeostasis. Although both HFDs increased adiposity and
fasting blood glucose, only the HFL diet increased age-related oxidative damage (protein
carbonyls) and impaired retention in the behavioral test. This selective increase in oxidative
damage and cognitive decline was also associated with a decline in Nrf2 levels and Nrf2 activity,
suggesting a potential role for decreased antioxidant response. Taken together, these data suggest
that while adiposity and insulin resistance following HFD consumption are linked to increased
morbidity, the relationship between these factors and brain homeostasis during aging is not a
linear relationship. More specifically, these data implicate impaired Nrf2 signaling and increased
cerebral oxidative stress as mechanisms underlying HFD-induced declines in cognitive
performance in the aged brain.
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Introduction
Metabolism is a composite of multiple cellular processes which regulate both lipid storage
and substrate utilization to ensure that sufficient energy is available for vital functions in the
face of continually changing energy demands and food availability (Figlewicz 2003, Gao &
Horvath 2007, Lam et al. 2009). Consumption of high fat diets (HFDs) negatively impacts
this system, resulting in excess energy intake, increased adiposity and impaired regulation of
multiple metabolic processes (Woods et al. 2004, Zhang et al. 2009). Epidemiological and
experimental studies implicate glucose dysregulation and obesity as factors which increase
morbidity and mortality (Cornier et al. 2008, Zimmet et al. 2001), yet the impact of HFD on
the brain remains poorly understood, particularly the potential synergies between aging and
HFD consumption in regards to the neurochemistry and function of the brain.
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Aging is associated with a decline in multiple aspects of cognitive performance, including
reductions in mental speed, attention, and multiple aspects of learning and memory (Park &
Reuter-Lorenz 2009). Several studies implicate diet and metabolism as modulators of brain
aging, with reduced caloric intake preserving cognitive performance (Mattson 2005) but
diabetes and obesity in contrast impairing cognitive performance (Bruce-Keller et al. 2009,
Farr et al. 2008, Zhang et al. 2009). While overt diabetes and obesity are implicated as
mediators of brain dysfunction, they represent relative extremes of metabolic dysfunction,
and little is known regarding the effects of subtle metabolic disturbances on brain health
within the elderly. Specifically, the possibility that HFD might potentiate age-related
cognitive decline in the absence of overt diabetes has not been investigated systematically,
nor have studies identified the relative contribution of subclinical glucose dysregulation or
adiposity to a decline in cognitive performance in the aged brain.

Both aging and HFD consumption lead to increased brain oxidative damage (Bruce-Keller et
al. 2009, Cecarini et al. 2007, Zhang et al. 2009). Considering the well documented
relationship between oxidative stress and cognitive decline (Moreira et al. 2008, Su et al.
2008, Swerdlow 2007, Smith et al. 1991, Forster et al. 1996, Head 2009, Perry et al. 2002),
these data are consistent with the possibility that increased oxidative stress mediates the
effects of HFD consumption on brain pathogenesis and cognitive disturbances in the elderly.
While there are multiple forms of oxidative damage, protein oxidation (particularly protein
carbonyls) is highly associated with cognitive decline and cellular dysfunction (Sohal 2002,
Dalle-Donne et al. 2003, Smith et al. 1991, Forster et al. 1996). Although the mechanisms
that lead to these increases in protein oxidation are varied, a number of studies suggest an
important role for NF-E2-related factor 2 (Nrf2)-mediated signaling in the protection against
brain oxidative damage (Johnson et al. 2008). Via its interaction with the antioxidant
response element (ARE), Nrf2 is a major pathway regulating phase II antioxidant responses;
however, the role of Nrf2 as a regulator of HFD effects on brain has not been elucidated
previously. In the current study, we demonstrate that HFD consumption impairs cognitive
function in aged mice, and that this cognitive impairment is specifically associated with
increased protein oxidation and impaired Nrf2 signaling.

Materials and Methods
Animals and dietary treatment

All animal experiments were approved by the Institutional Animal Care and Use Committee
of Pennington Biomedical Research Center. Twenty-month old male C57Bl/6 mice were
obtained from the contract colony of the National Institute on Aging maintained at Charles
River Laboratories and housed in standard caging with 12:12 light:dark cycle and food and
water provided ad libitum unless otherwise noted. At the start of the experiment, mice were
randomly assigned to one of two high fat diets or their respective control diets (12/group):
Western diet (WD; D12079B) consisting of 40% butterfat and 29% sucrose, a High Fat Lard
diet (HFL; D12492) composed of 60% animal fat, or their corresponding low fat control
diets (WD-C or HFL-C; 98052602, D12450B). All diets were purchased from Research
Diets (New Brunswick, NJ). Mice were maintained on diet for 16 weeks, with body weight
recorded every 2 weeks.

After 13 weeks on their respective diets, total body adiposity was measured via nuclear
magnetic resonance (NMR) spectroscopy (Minispec, Brucker Optics, Billerica MA).
Additionally, during week 13 the mice were fasted overnight and blood glucose levels
measured on tail-blood samples using a commercially available glucometer (AccuCheck
Advantage, Roche). On weeks 14-15 of diet treatment, all mice were measured for cognitive
performance using a newly designed 14-Unit T-Maze ((Pistell & Ingram 2009) described
below). At week 16 of diet treatment, mice were fasted overnight and euthanized by
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isoflurane anesthesia followed by rapid decapitation. Trunk-blood was collected and fat pads
(epididymal, retroperitoneal, visceral) manually dissected and weighed (White et al. 2009).
Brains were rapidly removed following decapitation, and the hippocampus manually
dissected and frozen on dry ice for measures of protein oxidation (see below).

Serum hormone analysis
Trunk blood was collected at sacrifice, allowed to clot overnight at 4°C, spun at 3000xg, and
serum stored a −80°C. Serum levels of leptin and insulin were measured via a multiplex
hormone analysis system (Milliplex Panel; Millipore Corporation, Billerica, MA), using a
Luminex 100 IS.

Analysis of protein oxidation
Oxidative modifications to proteins were evaluated by quantifying protein carbonylation in
brain tissue homogenates by spectrophotometric analyses using modifications of previously
described procedures (Dalle-Donne et al. 2003, Ding et al. 2006, Forster et al. 1996).
Hippocampal tissue samples were homogenized in PBS (pH 7.0) containing protease
inhibitor cocktail (Sigma Aldrich, Inc.), and homogenates (10 μg of total protein) were
incubated with an excess of 2,4-dinitrophenylhydrazone (DNPH) for 20 minutes, followed
by the addition of 12% sodium dodecylsulfate (SDS). Each experiment included samples
that underwent the protein carbonyl detection procedure without the derivatization step as
negative controls. Protein carbonyls were quantified by monitoring the absorbance 370 nm
in a quartz 96 well plate using a spectrophotometer, and calculated using extinction
coefficient of 22.0 M-1 × cm −1 for aliphatic hydrazones to calculate the amount of protein
carbonyls in terms of nmol/mg protein.

Analysis of Nrf2 levels, Nrf2 activity and Nrf2 responsive pathways
Levels of Nrf2 protein were measured via Western blot analysis, using beta-actin to ensure
equal loading of the samples. It should be noted that while the levels of Nrf2 protein could
be observed to be decreased in HFL fed mice, we did notice considerable variability in the
degree to which Nrf2 levels were changed, which is likely based on the fact that beta-actin
levels also change with aging and the fact nuclear localization of Nrf2 may interfere with
our ability to detect total Nrf2 in pre-cleared lysates. Therefore, we also quantified Nrf2
DNA binding activity using a TransAM™ Kit (Active Motif, Carlsbad, CA) which consisted
of an immobilized double-stranded oligonucleotide specific for Nrf2 binding motifs. In this
assay increased levels of Nrf2 binding are detected as increased optical density. For these
studies a total of 2.5 μg of nuclear extract was used in accordance with manufactures
instructions, with data reported as relative Nrf2 activity. Levels of heme oxygenase-1
(HO-1) and NAD(P)H:quinone oxidoreductase 1 (NQO-1), which are established Nrf2-
responsive pathways, were measured via Western Blot analysis as an additional measure of
Nrf2 activity.

Behavioral analysis of cognitive performance: 14-Unit T-maze
Apparatus and Training—A straight runway (60 cm), constructed of acrylic with opaque
sides and clear top was used to pre-train the mice to run for escape in the goal box. The mice
were pre-trained in the straight runway to meet a criterion of 13/15 successful escapes in
under 15 sec. Following this training, the 14-unit T-maze (Supplementary Figure 1;
constructed of the same material as the straight runway), was used for behavioral analysis.
Both the straight run and maze were placed in a tray of water (21-23°C) filled to a level (1.5
cm) that allowed the mice to maintain their head out of the water while maintaining contact
with the floor, but the height of the ceiling prevented rearing. In all training and testing
procedures, successful task performance was rewarded by escape into a dark and dry goal
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box. Specifics of the maze and its applicability to aging research is described by Pistell and
Ingram (Pistell & Ingram).

Maze Performance—Following successful performance in the straight runway, mice
were given 15 trials in a single day within the T-maze. The mice were run through
sequentially in squads of 8-10, such that all mice were given their first trial before the 1st

mouse received trial 2 (protocol similar to traditional protocols used for water maze
training). This approach insures that each mouse had sufficient rest between trials to reduce
the potential impact of fatigue. Both the latency to reach the goal box and the number of
errors committed were recorded, with errors committed as the primary measure of learning
because it is unbiased by potential confounds resulting from differences in motor function.
Each trial was also recorded using video tracking software (Viewpoint Lifesciences, Inc) to
allow re-analysis following the session.

Following the 15-trial training (acquisition) session, which was conducted in a single day,
mice were returned to their homecage. Seven days later, mice were administered 5 more
trials in the maze to evaluate retention, with both latency and errors recorded as above.
Because completion of the first retention trial essentially serves as an additional acquisition
trial, the most accurate representation of retention is provided by errors committed on the
first retention trial.

Statistical Analysis
Analytical calculations were performed using SAS V9, SAS Institute, Cary, NC. Changes in
body weight and other outcomes were summarized as means ± SE. Analysis of variance was
conducted via the general linear statistical model to test the experiment-wide significance of
differences among dietary outcome. Means and least significant difference tests were
employed for specific preplanned post hoc comparisons. Statistical associations were
assessed in terms of Pearson product-moment correlation coefficients (r).Statistical
significance was determined as P≤ 0.05.

Results
Changes in body weight, adiposity and leptin

Following 16 weeks on the individual diets, both groups exposed to high fat exhibited
significant increases in body weight gain relative to their low fat controls (P < 0.01; Fig 1A),
but animals on HFL exhibited a significantly greater weight gain on average compared to all
other groups (P = 0.001 vs. WD; Fig 1A). No significant differences in body weight gain
were observed for mice on the two control diets. Each high fat diet also increased total body
fat relative to its respective control diet (P < 0.001; Figure 1B), with the HFL diet again
producing the largest increase in body adiposity (P = 0.001 vs WD; Fig 1B). The high fat
diets produced much smaller increases in muscle mass, with WD having a non-significant
effect (P = 0.10 vs WD-C) but HFL significantly in increasing muscle mass (P = 0.01; Fig
1B).

Both WD and HFD also increased the size of individual fat depots relative to their control (P
< 0.01), with WD having the largest effect on epididymal fat (P = 0.008 vs HFL; Fig 2) but
HFL having the largest effect on retroperitoneal fat (P = 0.001 vs WD; Fig 2). Visceral fat
was increased to a similar degree in both diet groups (Fig 2).

Changes in circulating levels of insulin, leptin and glucose
Fasting glucose levels were elevated in the mice on WD and HFL relative to their low fat
controls (P < 0.001; Fig 3), but there was no significant difference in glucose levels between
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the two HFDs (P = 0.15; Fig 3). Insulin levels were significantly higher in mice on HFL
relative to control diet (P = 0.006: Fig 3), but the effect of WD did not reach statistical
significance (P = 0.13). Circulating leptin levels were significantly higher in both WD and
HFL groups relative to their respective control groups (P < 0.04; Fig 3), but leptin levels
were similar between the two HFDs.

Changes in cerebral oxidative stress
WD did not significantly increase protein carbonyls compared to its control (P = 0.44; Fig
4), but mice on the HFL diet exhibited nearly double the amount of protein carbonyls within
their hippocampus compared to animals on HFL-C (P = 0.001; Fig 4). No significant
differences in protein carbonyls were observed for the control groups. Significant positive
correlations were observed between protein carbonyls and body weight change (r = 0.69, P =
0.001), total body fat (r = 0.67, P = 0.001), glucose (r = 0.63, P = 0.001), retroperitoneal fat
pads (r = 0.56, P = 0.001), insulin (r = 0.49, P = 0.005) and visceral fat (r = 0.40, P = 0.03;
Table 1).

Changes in Nrf2 levels and activity
While total levels of Nrf2 protein as well as phosphorylated Nrf2 tended to decrease in mice
fed the HFL diet (Fig 5A), significant variability was detected when measuring these
endpoints via Western Blot. Contrastingly, a quantitative ELISA system revealed a clear and
reproducible decrease in Nrf2 DNA binding activity in HFL-fed mice as compared to their
controls (P < 0.001; Fig 5C). Nrf2 activity was not altered following consumption of the
WD (P = 0.18 vs WD-C). Similarly, Western Blot analysis of the Nrf2 the responsive
proteins HO-1 and NQO-1 demonstrated that these proteins were increased in WD but
decreased in HFL animals relative to controls (Fig 5B). Taken together, these data indicate
that Nrf2 activity was selectively impaired within animals exhibiting increased protein
oxidation.

Effects on Cognitive Performance
All groups exhibited a distinct learning curve (decrease in errors made) across the
acquisition trials in the 14-Unit Stone Maze (Pistell & Ingram), with no difference in errors
made among groups at any point during this learning stage (P > 0.10; Fig 6). However, the
ability to retain this information 7 days later was selectively impaired in the HFL group (Fig
6C), as indicated by an increase in the number of errors made in the retention trial in the
HFL group (P=0.002 relative to HFL-C), but not in the WD group (P = 0.20 relative to WD-
C). A significant correlation was observed between retention errors and total body fat (r =
0.44; P = 0.002), glucose (r = 0.41; P = 0.005), body weight change (r = 0.38, P = 0.01), and
epididymal fat pad weights (r = 0.35, P = 0.019), with a trend for leptin (r = 0.27, P = 0.06).
Contrastingly, no significant relationship was detected between retention and visceral fat,
retroperitoneal fat or insulin. In addition, a significant correlation was also detected between
retention errors made and levels of protein carbonyls within the hippocampus (r = 0.37; P =
0.036).

Discussion
The present study demonstrates for the first time the ability of a relatively moderate (16
week) exposure to a HFL diet to increase brain oxidative stress, alter Nrf2 signaling, and
impair cognitive function in aged animals. However, these effects seemly do not extend to
all high-fat diets, as mice consuming the WD exhibited significant alterations in glucose
homeostasis and body adiposity, but failed to exhibit age-related brain impairments
(oxidative damage and cognitive dysfunction). Taken together, these data suggest that subtle
differences in either the magnitude or pattern of diet-induced metabolic perturbations
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underlie the basis for HFD mediating brain pathogenesis, and that the use of multiple diets
or metabolic indices can lead to unique interpretations as compared to studies in which a
single diet or metabolic endpoint is evaluated. Lastly, these data demonstrate that the
observed increases in oxidative damage were associated with a selective impairment of Nrf2
activity within the HFL animals, suggesting that an impaired antioxidant response may
contribute to the observed effects of HFL consumption. In particular, these data implicate an
important role for Nrf2-mediated gene expression in the amelioration of oxidative stress and
cognitive decline following HFD consumption.

In the current study both HFDs significantly increased body weight gain and total body
adiposity, with the HFL diet producing a larger effect. Although we did not directly assess
caloric intake in these animals, our experience in other groups of animals suggests that both
HFDs lead to an increase in caloric intake which likely contributes to their increased weight
and adiposity. Whether subtle differences in food intake exist between these diets remains
undetermined. The larger effect on weight and adiposity was mirrored by larger changes in
brain oxidative damage and impaired cognition in the HFL as compared to WD group. Thus,
while weight gain and total body adiposity are not sufficient to predict brain pathogenesis,
they are highly associated with negative outcomes for the brain. Indeed, correlation analysis
indicated that body weight gain and total body adiposity exhibited relatively strong
relationships to both oxidative damage and cognitive decline. In addition, whole body
adiposity exhibited a stronger relationship to age-related brain pathogenesis than any
specific fat depot. Considering recent data indicating that visceral or abdominal fat is
more ’pathogenic’ when it comes to glucose homeostasis and cardiovascular disease
(Gabriely et al. 2002, Muzumdar et al. 2008), these data suggest an additional role for fat
deposited outside of the abdominal cavity in promoting cerebral oxidative stress and
cognitive decline in the aged brain (Kuk et al. 2009).

The current studies also assessed circulating levels of glucose, leptin and insulin. Recent
work has implicated leptin in the regulation of cognitive function (Morrison 2009), and
circulating levels of leptin and brain leptin signaling are altered in settings of HFD
consumption. Consistent with the increase in body adiposity, both HFDs significantly
increased circulating leptin, while both HFDs also lead to increases in fasting blood glucose.
Insulin was also numerically increased in both groups, but this increase was only statistically
significant in the HFL group. Based on these outcomes, it is difficult to predict the specific
contribution of these circulating signals to the brain pathogenesis, as the both HFDs tended
to alter these signals yet only the HFL resulted in brain pathogenesis. Interestingly,
correlation analysis reveals glucose as having the strongest relationship to cognitive
performance and oxidative damage, again despite the fact that glucose was similarly
increased by both diets. Additional circulating signals are also likely to contribute to the
negative effects of HFD on the brain. HFD-induced obesity is associated with alterations in
circulating fuel substrates (glucose, triglycerides, free fatty acids), as well as many adipose
derived hormones and chemokines, collectively known as adipokines, which influence the
function of peripheral tissues (Halberg et al. 2008, Rasouli & Kern 2008). Many of these
adipokines also impact the brain and thus may contribute to HFD-induced brain
pathogenesis. Clearly additional work is required to precisely define whether altered
circulating nutritional or adipose-derived signals contribute to increases in protein oxidation
and decreases in cognition.

One key observation of the current work is an association between increased protein
oxidation within the hippocampus and impaired behavioral performance. While metabolic
endpoints were altered by both diets (albeit at times more strongly by the HFL diet), protein
oxidation was significantly increased only by the HFL diet, which is also the only diet to
produce a significant increase in retention errors during the maze task. The mechanism
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through which HFL consumption produces this selective increase in hippocampal protein
oxidation is currently unclear. Increases in body adiposity and the resulting metabolic
dysfunction are likely mediators, and hippocampal oxidative stress was most strongly
related to body weight gain and whole body adiposity (NMR). However, aside from blood
glucose levels, measures of individual fat pads or circulating hormones (leptin, insulin) were
much more weakly correlated with hippocampal protein oxidation. What is more, both
HFDs produced significant alterations body adiposity and fasting blood glucose, despite
protein oxidation and cognitive decline only being observed in the HFL group. Thus while
the current work implicates increased protein oxidation as key contributor to cognitive
decline, the physiological or metabolic changes that drive this increased protein oxidation
remain undefined.

While the specific changes within the periphery which drive increased hippocampal protein
oxidation are unclear, our studies highlight a potential role for decreased Nrf2 signaling as a
local mediator of diet-induced oxidative stress within the brain. Nrf2 is a key regulator of
the antioxidant response system, being activated in settings of oxidative damage and
promoting increased antioxidant enzyme activity, at least in part via its binding to the
antioxidant response element (ARE) (Johnson et al. 2008). As such, activation of Nrf2 is
believed to be a key mechanism through which cells respond to and protect against
oxidation damage, and studies in liver suggest a role for Nrf2 in ameliorating HFD-induced
lipid peroxidation (Tanaka et al. 2008). Consistent with this result, the current studies
demonstrate that 16 weeks of HFL exposure significantly reduces Nrf2 DNA binding
activity; whereas, WD did not produce this decrease in Nrf2 nor the increase in protein
oxidation. This selective reduction of Nrf2 activity by HFL was also corroborated by a
selective reduction in Nrf2 responsive pathways (HO-1 and NQO-1). Taken together, these
data suggest that HFL selectively impairs Nrf2 levels and/or activity, leading to an
attenuated antioxidant defense and increased protein oxidation. Currently it is unclear
whether this decline in Nrf2 is mediated by a change in neuronal Nrf2 expression or glial
Nrf2 expression. Previous studies have demonstrated that selective Nrf2 activation in
astrocytes confers neuroprotection in a mouse model of amyotrophic lateral sclerosis
(Vargas et al. 2008), presumably via the secretion of astrocyte derived glutathione.
Identifying the potential role of such pathways in an aging-HFD mouse model could
contribute significantly to understanding the mechanistic basis for the selective induction of
oxidative stress and cognitive decline observed in HFL fed mice.

Aging-induced cognitive decline is often associated with insulin resistance and alterations in
adipose deposition in the absence of overt diabetes (Barbieri et al. 2008, Barbieri et al.
2001). While the ability of diabetes to promote brain pathogenesis is well documented
(Nelson et al. 2009, Stranahan et al. 2008a, Stranahan et al. 2008b), the present study does
not examine the effects of overt diabetes on the brain. Instead, the current study
demonstrates that moderate term exposure to HFD, in the absence of overt diabetes, is
sufficient to induce behavioral and neuropathological changes in aged mice. In future studies
it will be important to use these dietary models of metabolic dysfunction in combination
with more prolonged periods of HFD exposure and/or periodic HFD consumption as tools to
identify the basis by which metabolic disturbances promote brain pathogenesis, and whether
these changes are due to increased dietary fat consumption or increased obesity. Similarly,
these data are consistent with the established role for reduced energy consumption in
promoting beneficial effects on lifespan and brain homeostasis. The current work supports
the hypothesis that HFDs promote an excess of energy consumption, resulting in metabolic
imbalance and brain pathogenesis, while reduced energy intake protects against deleterious
metabolic changes and brain pathogenesis (Ferguson et al. 2008, Mattson 2005, Sohal et al.
2009).
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While the precise molecular events which precipitate aging-induced cognitive decline
remain unclear, we envisage two distinct scenarios through which dietary stressors might
induce cognitive decline and oxidative damage within the aging brain. In the first scenario,
HFD consumption and the resultant metabolic dysfunction act on or through existing
pathological processes, resulting in an acceleration or potentiation of normal brain aging.
Contrastingly, in the second scenario, HFD consumption and the resultant metabolic
dysfunction initiates new pathological processes which occur independently from and in
addition to normal brain aging. Identifying which of these mechanisms is responsible for the
cognitive decline and oxidative stress following HFD consumption is essential for
developing effective therapies. These findings may be particularly important to age-related
disorders, such as Alzheimer's disease (AD), considering our previous observation that
consumption of HFD accelerates pathogenesis in a mouse model of beta amyloid pathology
(Studzinski et al. 2009), and studies suggesting links between metabolic dysfunction and
AD (Perry et al. 2003).

In summary, the current data demonstrate that 16 weeks of HFD consumption increases total
body adiposity and fasting blood glucose levels in 20-month old mice. Although both the
WD and HFL diet produced significant changes in adiposity, blood glucose and circulating
leptin, only the HFL diet produced significant cognitive impairment, and this selective effect
on cognition was associated with a selective reduction in Nrf2 activity and an increase in
oxidative damage within the hippocampus. These data provide the first direct evidence for
HFD induced metabolic disturbances promoting increased levels of oxidative stress and
cognitive decline in the aged brain, and implicate a loss of Nrf2 as a potential mechanism for
this effect.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Changes in body weight and total adiposity
Twenty-month old male C57Bl/6 mice were placed on Western diet (WD), High Fat Lard
diet (HFL), or their respective control diets (WD-C,HFL-C) for 16 weeks and analyzed for
changes in body weight (A) or total body fat using NMR (B). Data are presented as the
mean and S.E.M. from 12 animals per group. *P < 0.01 for each high fat diet vs. its control;
†P < 0.01 for HFL vs. WD.
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Figure 2. Changes in individual fat pad weight
Twenty month old male C57Bl/6 mice were placed on Western diet (WD), High Fat Lard
diet (HFL), or the respective control diets (WD-C,HFL-C) for 16 weeks and analyzed for
changes in fat pad weight, which were manually dissected and weighed. Animals were
analyzed for total fad pad weight (A), retroperitoneal fat pad (B), epididymal fat pad (C),
and visceral fat pad weight (D). Data are presented as the mean and S.E.M. from 12 animals
per group. *P < 0.01 for each high fat diet vs. its control; †P < 0.01 for HFL vs. WD.
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Figure 3. Changes in fasting insulin, glucose, and leptin levels
Twenty month old male C57Bl/6 mice were placed on Western diet (WD), High Fat Lard
diet (HFL), or the respective control diets (WD-C,HFL-C) for 16 weeks and analyzed for
changes in fasting glucose (measured at 13 weeks; A), fasting insulin (B), and fasting leptin
levels (C). Data are presented as the mean and S.E.M. from 12 animals per group. *P < 0.01
for each high fat diet vs. its control; †P < 0.01 for HFL vs. WD.
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Figure 4. High fat lard, but not Western diet, consumption promotes increased oxidative stress
Twenty month old male C57Bl/6 mice were placed on Western diet (WD), High Fat Lard
diet (HFL), or the respective control diets (WD-C,HFL-C) for 16 weeks and analyzed for
changes in protein oxidation (protein carbonyls) within the hippocampus. Data are presented
as the mean and S.E.M. from 8 animals per group. *P < 0.01 for HFL vs. its control diet.
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Figure 5. High fat lard, but not Western diet, consumption promotes decreases in Nrf2 levels and
Nrf2 DNA binding activity
Twenty month old male C57Bl/6 mice were placed on Western diet (WD), High Fat Lard
diet (HFL), or the respective control diets (WD-C,HFL-C) for 16 weeks and analyzed for
changes in Nrf2 protein levels (A), in the NRF2 responsive proteins HO-1 and NQO-1 (B),
or changes in Nrf2 DNA binding activity (C). *P < 0.01 for HFL vs. control.
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Figure 6. High fat lard, but not Western diet, consumption promotes increased cognitive decline
Twenty month old male C57Bl/6 mice were placed on Western diet (WD), High Fat Lard
diet (HFL), or the respective control diets (WD-C,HFL-C) and cognitive performance was
assessed in a 14-Unit T-maze. A. Mean errors during the acquisition training across 15 trials
(collapsed into 3 trial blocks). B. Mean errors during the final acquisition trial. C. Mean
errors during the retention trial, 7 days following acquisition. *P < 0.05 vs control.
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