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Abstract

Obesity is a serious chronic disease that increases the risk of numerous co-morbidities including 

metabolic syndrome, cardiovascular disease and cancer as well as increases risk of mortality 

leading some to suggest this represents accelerated aging. Obesity is associated with significant 

increases in oxidative stress in vivo and, despite the well-explored relationship between oxidative 

stress and aging, the role this plays in the increased mortality of obese subjects remains an 

unanswered question. Here, we addressed this by undertaking a comprehensive, longitudinal study 

of a group of high fat-fed obese mice and assessed both their changes in oxidative stress and in 

their performance in physiological assays known to decline with aging. In female C57BL/6J mice 

fed a high-fat diet starting in adulthood, mortality was significantly increased in high fat-fed mice 

as was oxidative damage in vivo. High fat-feeding significantly accelerated the decline in 

performance in several assays, including activity, gait, and rotarod. However, we also found that 

obesity had little effect on other markers and actually improved performance in grip strength, a 

marker of muscular function. Together, this first comprehensive assessment of longitudinal 

functional changes in high fat-fed mice suggests that obesity may induce segmental acceleration of 

some of the aging process.
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Introduction

The prevalence of obesity among all age groups in the US population has risen dramatically 

over the last few decades due in part to increased sedentary behavior and availability of high 

calorie food choices (1, 2). Without intervention, a large proportion of this population will 

be obese (defined as BMI ≥ 30) for a significant proportion of their lives. That is, people are 

living longer with obesity and are thus subject to increased incidences of the numerous co-

morbidities associated with this condition. Obese subjects are at an elevated risk of early 

mortality likely due to dramatic increases in the occurrence and severity of chronic illnesses 

such as cardiovascular disease, diabetes, and cancer among this group (3–5). Interestingly, 

the spectrum of diseases that are exacerbated by obesity are relatively similar to those that 

increase in prevalence with normal aging. Further, the deterioration and pathology of organs 

that occurs with chronic obesity is in many ways similar to that which occurs in normal 

aging leading some to suggest that chronic obesity accelerates the aging process.

There is substantial evidence that elevated oxidative stress mediates the progression of many 

of the comorbidities associated with obesity. The expansion of adipose tissue is linked with 

an increased production of reactive oxygen species (ROS) in both human and rodent models 

through various mechanisms (6, 7). Moreover, the production and secretion of inflammatory 

adipokines from adipose tissue under metabolic stress promotes a positive feedback loop 

further exacerbating oxidative stress both in this tissue and throughout the body (8, 9). The 

accumulation of oxidative stress is an early event in the pathology of obesity which 

precedes, and likely drives, the development of insulin resistance and diabetes (6, 10). This 

hypothesis is directly supported by studies that show reducing oxidative stress, either 

genetically or pharmacologically, does prevent metabolic dysfunction induced by high fat 

feeding in mice (11–13). This condition of high metabolic and oxidative stress is also 

thought to drive the prevalence and incidence of other comorbidities of obesity including 

cardiovascular disease and cancer (14).

Despite the well-examined relationship between aging and oxidative stress, it is not clear 

whether the high-levels of oxidative stress caused by obesity could contribute to an 

acceleration of the aging process. A limited number of studies have shown that obesity in 

mice, whether due to genetic mutation or high fat feeding, are relatively short-lived 

compared to lean mice (15–18). However, there remains a clear need to address both the 

causes and consequences of these outcomes. We addressed this question by undertaking a 

comprehensive, longitudinal study of a group of high fat-fed obese mice and assessed their 

performance in assays designed to measure several physiological functions known to decline 

with aging. By assessing a broad-range of functional assays, we can more clearly address 

whether caused by obesity fundamentally alters the rate of aging across a wide spectrum of 

tissue and organ systems or, alternatively, whether obesity shortens lifespan due to the 

increased incidence of a discrete spectrum of disease. In accordance with previous reports, 
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high fat-fed female C57BL/6J mice showed a significant reduced lifespan and increased 

levels of oxidative stress/damage in vivo. We found that both diet and age affected 

metabolism, muscular function, and coordination. Further, we identified that high fat-fed 

mice displayed evidence for accelerated decline in function after parsing out independent 

effects of increased body weight in these assays. Together, our data support the notion that 

the increase in mortality associated with obesity may be due to an accelerated aging rate of 

some physiological systems.

Methods

Mice

Female C57BL/6J mice bred in-house were used for all studies. All animal studies were 

conducted under SPF conditions in a facility maintained at a temperature of 22–25° C under 

a 12 hour light cycle (06:00 on-18:00 off). From weaning until 8 months of age, mice were 

maintained on a standard rodent chow based on the NIH-31 open source (Harlan Teklad, 

Madison WI). At 8 months of age, mice were randomly assigned to new cages at a density 

of 5 mice/cage. Each cage was randomly assigned to be fed either the standard rodent chow 

or a defined, high fat diet. Mice were checked daily and provided food and water ad libitum 

for the remainder of their nature life. Sample sizes at the beginning of experiments were 

n=15 on chow and n=40 on high fat diet. All animal studies were performed in accordance 

with the Institutional Animal Care and Use Committee (IACUC) at the University of Texas 

Health Science Center at San Antonio.

High fat diet

The high fat diet (catalog ID 58V8 or D12451) used in this study was a defined diet 

containing 45% total kCal from fat (or 23.6% of total weight) and was purchased from 

Purina/Test Diet (St. Louis MO). The primary fat sources of this diet was lard (20.7% of 

total weight) and soybean oil (2.9% of total weight). Monthly, average food consumption 

over a week period was determined per cage by measurement of remaining food and food 

waste.

Body composition

Body weight and composition were measured bi-weekly in non-anesthetized mice by 

Quantitative Magnetic Resonance imaging (QMRi) using an EchoMRI 3-in-1 composition 

analyzer (Echo Medical Systems, Houston TX).

Measurement of oxidative stress and inflammation

F2-isoprostane content was performed by chromatography–mass spectrometry as previously 

described by our group (12). Protein-bound 4-HNE was measured by immunoblot using a 

primary anti-4 HNE antibody (Abcam, Cambridge MA). Flash frozen liver or skeletal 

muscle samples were homogenized in RIPA buffer and separated by SDS-PAGE. After 

transfer to PVDF membrane and immunoblot, samples were visualized using ECL and 

quantified using ImageJ. Total superoxide and glutathione peroxidase activity were 

determined using colorimetric assays as per instructions of manufacturer (Cayman 
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Chemical, Ann Arbor MI). IL-6 and TNFα were measured in plasma samples by ELISA 

using manufacturer’s instructions.

Glucose metabolism

Glucose tolerance tests were performed in mice fasted overnight and injected 

intraperitoneally with glucose (in saline) at a dose of 1.5 mg per kg body weight. Blood 

glucose levels were measured using hand-held glucometer (One Touch Ultra). Insulin levels 

were measured in previously-frozen plasma samples by ELISA per manufacturer’s 

instructions (Crystal Chem, Downer’s Grove IL).

Respirometry

Resting metabolic rate, oxygen consumption, and carbon dioxide production, were measured 

for a period of 24 hours using a MARS indirect calorimetry system (Sable Systems 

International, Las Vegas, NV). Mice were individually housed with TEK-Fresh cellulose 

bedding and provided food and water ad libitum during metabolic measures. Animals were 

habituated to the cage and respirometry system for 12 hours prior to testing.

Spontaneous activity

Mice were housed individually in clear, plexiglass (40.6 × 22.9 × 14.0 cm) cages surrounded 

by a 2.5-cm grid of infrared sensors to record spontaneous activity in the x, y, and z plane 

with normal access to food and water. Each motion detected by these sensors is recorded as 

a beam break. Mice are acclimated to cages for the first 12 hours, following which beam 

breaks are measured for 24 hours, which includes one light and one dark phase cycle.

Gait analysis

Mice were tested on the TreadScan (Clever Sys, Reston, VA) apparatus starting at a 

treadmill speed of 12 cm/s. Belt speed is adjusted until mice maintain a constant walking 

speed for 5 minutes and this speed was used for all subsequent assays. Using a high-speed 

digital camera to record the reflected images of the footpads at 80 frames/s, and these 

images are used to assess more than 40 parameters of gait using mouse-specific algorithms 

included in the TreadScan software program.

Grip strength

Fore- and hind-limb grip strength was measured using a Grip Strength Meter with mesh grid 

pull bar (Columbus Instruments 1027 CSM) designed for mice. After allowing mice to grasp 

this bar with both fore and hind limbs, mice are pulled horizontally across the grid until grip 

is lost. Without prior training, ten consecutive trials are performed and both the average and 

maximum grip strength are determined.

Rotarod

Mice were trained on rotarod over four sessions spanning 2 weeks. Both training and testing 

are performed on rotarod with an acceleration of 0.2 rotation/s starting from 4 rpm. A total 

of five trials are performed during the testing session with latency to fall measured as the 

time in seconds mice are able to remain on bar.
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Statistical analysis

Differences between diet groups were analyzed by Student’s t-test. Parameters with both a 

diet and age component were analyzed by 2 way repeated measures ANOVA with post-hoc 

analysis using Holm-Sidak. Survival analyses were performed using the Log-Rank test. 

Correlations were determined by the methods of either Pearson product moment or 

Spearman rank coefficient as indicated.

Results

In this study, we began feeding female C57BL/6J mice a high fat diet at 8 months of age, or 

approximately ¼ of their predicted lifespan. Prior to this point, all mice were maintained on 

normal rodent chow based on the NIH-31 open source formula. Our rationale for this design 

was to test the effect of adult-onset obesity on the aging process rather than drive issues in 

development that may be related to consumption of a high fat diet. We defined adulthood as 

an approximate age at which mice have nominally reached their approximate maximum 

body size, length and weight. Based on The Jackson Laboratory mouse phenome database, 

this is between 6–12 months of age for C57BL/6J mice (19). Moreover, 8 months of age At 

8 months of age, the average weight of mice in this study was 24.9 ± 0.3 g with the heaviest 

mouse weighing 31.9 g and the lightest weighing 18.2 g. We used female mice for this study 

primarily because male C57BL/6 mice often have issues with fighting that can lead to 

censoring and reduced animal numbers. As a consequence, we could rehouse female mice at 

the beginning of this high fat study so the cage density was equivalent for all animals in this 

study.

Changes in body composition and lifespan

As shown in Figure 1, mice fed high fat diet become significantly heavier than their chow-

fed counterparts. This difference in body weight was largely due to an approximately 6-fold 

increase in the average fat mass of high fat-fed mice. We found that both body weight and 

fat mass reached a plateau between 10 and 16 months of feeding as these two points did not 

differ among high fat-fed mice. Figure 1 also shows that chow-fed mice did not significantly 

differ in body weight, fat mass or fat-free mass throughout this study. We found only small 

effects of either diet or age on changes in fat-free mass suggesting that most of the changes 

in weight driven by either diet or age are driven largely by an increase in adipose tissue. 

During the course of this study, food consumption of HFD-fed mice was approximately 75% 

(by weight) of that of chow-fed mice (data not shown). The caloric content of the HFD was 

4.6 kcal/g whereas that of the chow diet was approximately 3.0 kcal/g. Thus, even though 

HFD-fed mice consumed less food by weight, the diet of these mice provided both excess 

calories and excess fat.

Through 24 months of age (i.e, 16 months after high fat diet was begun), we found that 

mortality is increased in high fat-fed mice relative to their chow-fed counterparts (Figure 

1D). At this point, the survival curves for these two groups differ significantly by Log-Rank 

(p=0.04) with 87% of mice in the chow-fed group remaining and only 55% of the mice 

remaining in the high fat group, clearly showing that high fat diet shortens lifespan.

Zhang et al. Page 5

Arch Biochem Biophys. Author manuscript; available in PMC 2015 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Oxidative stress and damage

Several groups, including our own, have shown that obesity and high fat feeding are also 

associated with increased levels of oxidative stress and oxidative damage (6, 7, 12, 20, 21). 

In this study, we confirmed that high fat feeding is associated with increased levels of 

oxidative stress in multiple tissues. In an independent cohort of C57BL/6J female mice, we 

found that 4 months of high fat feeding is sufficient to increase in vivo levels of the lipid 

peroxidation marker F2-isoprostane in the liver (Figure 2A). Further, the protein-bound 

levels of a 4-hydroxynonenal (4-HNE), a reactive aldehyde generated by oxidative stress, 

were also increased in the liver and adipose at this time point (Figure 2B). Somewhat 

surprisingly, we found that high fat feeding did not alter either superoxide dismutase or 

glutathione peroxidase (Figure 2CD) activity in vivo suggesting that the increase in 

oxidative damage may be due to elevated oxidant production rather than insufficient oxidant 

defense. Changes in physiological function, including oxidative stress, associated with 

obesity have been linked to chronic stimulation of inflammatory processes. In plasma 

samples, we found that levels of pro-inflammatory markers IL-6 and TNFα were relatively 

higher in high fat-fed mice suggesting an increase in pro-inflammation (Figure 2D) although 

these differences did not reach statistical significance (p=0.18 and p=0.08 respectively) in 

the sample sizes we used.

Metabolic function

We next addressed whether the shortened lifespan of high fat fed mice is associated with 

diminished physiological function and performance by assessing the changes in a wide 

range of age-related health parameters. As the aging process affects nearly all physiological 

functions and organ systems, we used a systematic, comprehensive approach using 

functional assays that require the use of different physiological inputs. Moreover, we tested 

mice longitudinally to monitor changes in individual mice over time and to determine 

whether changes in performance with age were altered by obesity. Tests were performed in 

mice 4 months and 10 months after diets were begun (or mice that were 12 months and 18 

months of age, respectively), times at which we found no significant difference in mortality 

between chow and high fat-fed groups (Figure 1D). This is an important point for our 

analyses because it suggests that both groups were not near death and were relatively 

healthy during assessments.

Because of the difference in fat intake between the two diets, we predicted dramatic 

differences in metabolism between groups of mice. Indeed, the respiratory quotient (RQ) of 

high fat-fed mice was significantly lower than the RQ of chow-fed mice in both light cycle 

and dark cycle, suggesting preferential utilization of fat energy sources over carbohydrate 

(Figure 3). In terms of aging effects, we found that RQ in mice fed the chow diet became 

significantly lower between both time points suggesting a metabolic alteration from high 

carbohydrate utilization to more utilization of fat sources with advanced age. However, we 

found no significant change in this group over time in high fat-fed mice even though RQ for 

this group was lower at both time points relative to chow-fed mice. In contrast to these data, 

resting metabolic rate (RMR) was significantly higher in mice fed the high fat diet compared 

to chow-fed mice (Figure 3A). As recently reported, indirect calorimetry may significantly 

underestimate RMR in chow fed, though not high fat-fed, mice suggesting that the relative 

Zhang et al. Page 6

Arch Biochem Biophys. Author manuscript; available in PMC 2015 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



diet-difference in this parameter may not be as large as we report here (22). However, we 

found no change in RMR in chow-fed mice over this period, though this lack of change may 

be largely due to the relatively young age of mice (18 months) at the second time period. In 

contrast, high fat fed mice showed a further increase in RMR with advancing age. This is in 

contrast to the generally held notion that metabolic rate declines with age (23) and thus may 

suggest an adaptation to chronic high fat diet. In an independent cohort of mice, we 

confirmed that high fat feeding promoted metabolic dysfunction consistent with the 

development of a diabetes-like condition. In chronically high-fed mice (10 months), glucose 

tolerance was significantly impaired and circulating insulin levels were significantly 

elevated (Figure 3B).

Activity and strength parameters

At the initial time point in this study, we found that spontaneous activity was not altered by 

feeding high fat diet for 4 months. However, we did find that the change in spontaneous 

activity from 4 months to 10 months was altered in a diet-specific manner. Chow-fed mice 

showed a modest increase in activity as measured by beam breaks between 4 and 10 months 

of feeding (12 and 18 months of age). In contrast, high fat-fed mice showed no change in 

activity over this time period with a slight trend toward reduced activity (Figure 4A). This 

difference between groups was significant during the light cycle of testing.

We predicted the difference in activity might be partially related to altered physics of 

walking due to the expansion of fat mass in high fat fed mice. This was assessed by gait 

analysis of these mice; to simplify analyses, we focused on swing time, or the amount of 

time during each stride that the measured foot is not in contact with the tread. Aging has 

been reported to alter gait of C57BL/6 mice potentially indicative of longer and less frequent 

steps to maintain the same walking rate (24). At our initial time point, we observed that 

swing time reduced by 4 months of high fat feeding (135 ± 11 ms vs. 117 ± 2 ms for the 

front limb, 126 ± 7 ms vs. 108 ± 3 ms for the rear limb); i.e., the duration of stride was less 

in fat mice, indicative of shorter, more frequent steps. We also found that high fat-fed mice 

have a significantly wider stance than chow-fed mice (29.0 ± 0.4 mm vs. 30.1 ± 3 mm) 

suggesting the reduced swing time could be compensation for the increased bulk of these 

mice. When changes with age were assessed, we found a significant difference between diet 

groups with high fat fed mice tending to increase swing time and chow fed groups showing 

a moderate decrease in this parameter (Figure 4B). In line with the findings of Fahlstrom et 

al. (24), we also found the change in gait width significantly increased between these two 

time points in high fat-fed mice but not in chow-fed mice (1.25 mm vs. −0.42 mm). We 

could not exclude the possibility that these differences could be due to the bulk of 

accumulating fat mass in high fat-fed mice, so we also calculated the regression between 

change in body weight and each parameter. There was no significant correlation between 

change in front limb swing time (R2 = 0.035) or track width (R2= 0.094), though there was a 

significant correlation between body weight and rear limb swing time (R2= 0.141).

Differences in diet did not affect grip strength, a measurement of muscle function, at the 

initial point of assessment. However, both average (Figure 4C) and maximum (Figure 4D) 

grip strength were increased with age in the time frame of this study. Surprisingly, high fat 
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diet appeared to have a beneficial effect on average grip strength in mice tested at 18 months 

of age.

We also measured rotarod performance as a general assessment of changes in 

neuromuscular function. During the initial measurement following 4 months of feeding 

studies, it was clear that high fat-fed mice performed significantly worse on this assay than 

did chow-fed mice (Figure 5A). However, others have noted that body size directly affects 

performance in this assay (25). Here, we found a clear correlation between body size and 

ability to stay on the rod (Figure 5B) suggesting that poor performance of high fat-fed mice 

in this assay was likely due to their increase in size. We attempted to normalize for this 

difference by comparing only the change in rotarod performance of mice that were tested at 

both time points in this study. Both groups performed more poorly during their initial 

reintroduction to the rotarod with a significant reduction in time that mice remained on the 

rod (trials 1–3). However, once acclimated to the rotarod (trials 4 and 5), chow-fed mice 

showed no decline in performance compared to their earlier tests whereas high fat-fed mice 

performed more poorly in all trials tested following 10 months of feeding compared to those 

at 4 months of feeding (Figure 5C). Importantly, we found no significant correlation in each 

trial between the change in rotarod performance between tests and change in body weight 

(Pearson correlation p>0.1 for all trials) suggesting these results are not driven by 

differences in body size.

Correlation between health and lifespan

Lastly, we asked whether the changes over time in any of these parameters were correlated 

with the lifespan of mice on either diet. At the time of analysis, a total of 22 mice had died, 

of which 20 were in the high fat fed group and 2 in the chow group and we used the data 

collected on all of these mice regardless of diet for subsequent analyses. Within this group, 

lifespan was significantly correlated with an age-related change in RQ in both the light and 

dark cycle (and subsequently RMR because these parameters are auto-correlated), total and 

dark cycle beam breaks, and swing time of the front foot (Table 1). While a small data set, it 

seemed reasonable to propose that these correlations could be driven largely by differences 

in weight. However, only markers of changes in mass-specific metabolism (RQ and RMR) 

were negatively correlated with maximum weight (Table 2), suggesting that body weight is 

independent of the correlations between longevity and changes in either activity or gait.

Discussion

Our study shows evidence for accelerated loss of some, but not all, physiological functions 

with age in female C57BL/6J fed a high fat diet started in adulthood. The data presented 

here are a part of an ongoing study addressing the relationship between oxidative stress, 

obesity and aging. Even as an incomplete data set, our findings clearly show that the 

consumption of high fat diet both increases oxidative stress and damage among multiple 

tissues and markedly shortens lifespan. A cautious interpretation of these findings is that 

obesity in mice has both acute effects and chronic effects on performance in these assays 

designed to measure change in age-related physiology. While this might suggest an 

increased propensity towards chronic conditions that lead to mortality, a greater dissection 
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of the progression and development of pathologies caused by obesity will help determine 

whether this truly is an acceleration of aging. It is of interest to note that the fat content of 

the high fat diet used in this study is not markedly different from that of average diet in the 

US population (26). Our data suggest that the growing population defined as obese are likely 

at greater risk for developing more general age-related dysfunction in addition to diseases 

attributed directly to fat accumulation.

Metabolic regulation in response to nutrient availability is a significant factor in the control 

of aging. Dietary, or caloric restriction, represents the most significant example of this 

relationship with reduced nutrient intake leading to extension of lifespan and promotion of 

healthy aging. Maintaining, or improving, mitochondrial function, and thus the control of 

cellular energy metabolism, plays a key role in the prevention of several age-related diseases 

by dietary restriction (27). On the other hand, obesity and nutrient excess drives 

mitochondrial energetic dysfunction including, but not limited to, increased production of 

reactive oxygen species (ROS), reduced ATP production, and dysregulation of 

mitochondrial signaling (28). Here, we found that chronic obesity promoted declines in 

functional performance that were suggestive of reduced muscle and nerve function (i.e., 

rotarod, reduced front/hind limb swing-time, etc.). Several lines of study have demonstrated 

that reduced mitochondrial function, and in particular increased ROS production, are 

associated with age-related decline in these systems (29, 30). In at least two different 

studies, obesity-induced mitochondrial dysfunction was mitigated with the administration of 

mitochondrial antioxidants (11, 13). Moreover, reducing mitochondrial ROS production has 

been shown to extend mouse lifespan under normal aging conditions (31). Whereas others 

have suggested that obese rodents perform poorly in measures of muscle, neurological and 

cognitive function in rodents (32–34), our study suggests that these may largely be caused 

by gradual declines with age not merely as a consequence of being obese. One potential 

interpretation of this result is that some accumulating factor, like oxidative damage, could 

ultimately be responsible. It would be of great interest to determine if the functional declines 

with age or even the shortening of lifespan in high fat-fed mice we report here could be 

mitigated through the reduction of oxidative stress and/or damage.

As expected, the body composition changes caused by high fat diet in this study were 

largely driven by an increase in fat mass. There is growing recognition for the role of 

adipose tissue in the aging process. Largely thought of as an inert, energy storing tissue, 

white adipose tissue, particularly visceral fat, is often highly pro-inflammatory and is 

dramatically responsive to dietary inputs (8). Moreover, obesity and conditions of over 

nutrition promote cellular dysfunction of the adipose cells that contribute to further 

inflammation in this tissue (9). The reduction of adipose tissue by calorie restriction has 

been proposed to play a key role in this treatment’s pro-longevity effects (35). More 

directly, removal of visceral adipose tissue alone is sufficient to extend the lifespan of rats 

(36). It seems likely that the exacerbation of inflammation following the expansion of 

adipose tissue in obesity is a likely contributor to the increase in local and circulating 

oxidative stress found in obese subjects (6). Indeed, rats fed a high fat diet, but restricted to 

60% of the caloric intake of rats fed high fat diet ad libitum, had reduced fat mass, 

inflammation and oxidative stress showing a dissociation of the effects of a high fat diet and 

effects of obesity (37). This would seem to suggest that excess caloric intake may be a more 
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important “pro-longevity” factor than the increased intake of fat per se. Further addressing 

of this important question is needed. As mentioned above, excess fat tissue appears to 

accelerate the onset of many age-related diseases (3–5). In the clinically obese, the mass of 

adipose tissue can often reach greater than 50% of total mass (8) and it is easy to envision 

the increased inflammation and oxidative stress driving the higher incidence of disease and 

mortality in these patients. Anti-inflammatories have been used as therapeutics against 

obesity-induced metabolic disease, though the potential for more broad range benefit against 

mortality with obesity has not been addressed (38).

An interesting finding from our study is that the changes in some parameters of health 

between 12 and 18 months of age, including activity, front/hind limb swing time, and 

rotarod performance, seem to be predictive of remaining lifespan in mice fed high fat diets 

(Tables 1 and 2). Kiepert et al. addressed a similar analysis in a cohort of chow and high fat 

fed mice and found that lifespan negatively correlated with maximum body weight, rate of 

fat gain and energy expenditure (39). They found no correlation with activity, though this 

discrepancy with our study could be explained by the fact that activity was only measured at 

one time point by Kiepert et al. rather than as a change in activity. The relative decline in 

activity with age in high fat-fed mice that we report could also have broader implications on 

the subsequent health of the animal. In such a “vicious-cycle”, obese mice might physically 

move less thereby compounding the effects of metabolic dysfunction and potentially 

contributing to increased mortality. Exercise has the potential to improve pathological 

outcomes independently of its effects on weight (40). Moreover exercise could conceivable 

act to reduce some of the pro-inflammatory effects of obesity that have been proposed to 

mitigate the detrimental effects of this condition. Further tests of the effects of exercise on 

healthy aging in this model would be of interest.

While our study hints that obesity fundamentally alters the rate of aging, there is also 

evidence that the detrimental effects of obesity can be reversed through weight loss. List et 

al. found that weight cycling in mice, i.e., alternating between high fat and low fat diets 

every 4 weeks, did not significantly shorten lifespan relative to mice kept on low fat diet for 

life (41). Despite being larger and fatter than low fat-fed mice, weight cycled mice also 

showed a significant reduction in the pro-inflammatory cytokine IL-6. It could be that 

reducing inflammation, or improving glucose metabolism or some other individual 

physiological marker could be key to improving age-related health in the obese. Several 

candidate biomarkers for longevity or healthy aging have been proposed, but these have 

largely been generated in lean, “normally” aging rodents or healthy populations. However, it 

isn’t clear whether these biomarkers maintain the same validity in obese or metabolically 

stressed populations raising question about their usefulness in general.

By taking a comprehensive approach to assessing function, we were able to discover that 

some longitudinal performance results showed an improvement in age, some no difference, 

and some a decline with age. The design of our study somewhat limits the interpretation of 

these effects in normal, chow-fed mice as our latest time point at which we assessed mice 

was 18 months of age; the median lifespan of C57BL/6J mice is approximately one year 

greater than this so control mice were still relatively young when tested (42, 43). However, 

we were still able to discern some functional changes with age using these assays. Our 
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findings that high fat-feeding promoted significant declines in some assays support the 

hypothesis that obesity accelerates aging, but it also of interest that obesity seemed to 

improve some functions relative to control mice including grip strength and perhaps RMR. 

While it’s possible these results could simply be driven by differences in size or body 

composition that confound these assays, it is interesting to propose that chronic obesity may 

actually confer some physiological benefits with age (44, 45).

In conclusion, the study highlights the risk that life-long obesity has on both longevity and 

physiological function. Furthermore, we find evidence that some tissues may undergo an 

acceleration of the aging process with obesity that is associated with increased levels 

oxidative stress. Until recently, medicine has largely addressed obesity’s direct effects on 

metabolic dysfunctions and has not clearly understood the broader physiological 

implications of this condition. It is now clear that obesity increases the incidence of many 

diseases beyond diabetes and metabolic syndrome, including those generally thought of as 

age-related (3–5). As others have pointed out, finding ways to slow aging may have more 

far-reaching impact on treating these patients than individual disease treatment (46). As our 

results suggest, understanding these treatments could also benefit obese patients by 

extending their period of healthy aging.
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Figure 1. 
High fat diet started in adult female C57BL/6J increases body weight and fat mass and 

shortens lifespan. Average body weights (A), fat mass (B) and fat-free mass (C) of mice at 

indicated time points following start of feeding studies at 8 months of age. Bars indicate 

values ± SEM for n=15 chow (filled) or n=40 high fat (open) fed mice. Letters indicate 

differences among age-groups of high fat-fed mice as measured by 2 way ANOVA with 

Bonferroni post-hoc analyses. No differences with age were found among chow-fed mice 

using these tests. (D) Survival of mice from each group in this study. Arrows indicate time 

points (4 months and 10 months after initiation of diet studies) at which assays of health 

parameters were measured.
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Figure 2. 
High fat feeding of adult C57BL/6J females for 4 months promotes oxidative stress. (A) F2-

isoprostanes measured in liver. Circles represent values generated from individual animals, 

horizontal lines indicate mean values for each group and p value is given for t-test 

comparing diet group. (B) 4-HNE adducts measured in liver and adipose. (C) Superoxide 

dismutase and glutathione peroxidase activity in tissue muscle and adipose homogenates. 

(D) Plasma IL-6 and TNFα levels after 10 months high fat feeding. For B-D, bars indicate 

mean values ± SEM for mice fed chow (filled) or high fat (open) diets with asterisks 

representing p < 0.05 for t-test. For A-C, n=4/group; For D, n=5–18/group.
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Figure 3. 
Metabolic function is altered by both diet and age. A. Respiratory quotients during light and 

dark cycles and resting metabolic rate are given for mice 4 months and 10 months after 

starting high fat diet. Circles represent mean values ± SEM for n=15 chow (filled) or n=40 

high fat (open) fed mice. Letters indicate differences among groups as measured by 2 way 

ANOVA with Bonferroni post-hoc analyses. B. Glucose tolerance tests and insulin levels in 

chow and high fat fed mice after 10 months of high fat diet. Circles or bars represent mean 

values ± SEM for n=5 chow (filled) or n=5 high fat (open) fed mice.
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Figure 4. 
Age-related changes in activity and gait are diet-dependent. (A) Difference in activity (beam 

breaks) and (B) Difference in swing time of front and rear feet (treadscan analysis) between 

4 month and 10 month time-points after starting high fat diet. (C) Average and (D) 

maximum grip strength measured 4 and 10 months after starting high fat diet. For A and B, 

bars indicate mean values ± SEM for n=15 chow (filled) or n=40 high fat (open) fed mice. 

For C and D, mean values ± SEM for n=15 chow (filled) or n=40 high fat (open) fed mice. 

For all, asterisks represent p < 0.05 for t-test.
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Figure 5. 
Rotarod performance is altered by diet and age. (A) Average rotarod performance for chow 

(dark) and high fat fed (light) mice 4 months after diet started. p-value given is the result of 

Log-Rank test comparing the length of time each group remained on rod. (B) Correlation 

between body weight and time maintained on rotarod. Open (high fat) and closed (chow) 

circles indicate individual animals with trend-line given. R2 and p value are calculated for 

Spearman’s correlation. (C) Difference in latency to fall from rod between 4 month and 10 

month time-points after starting high fat diet. Circles represent mean values ± SEM for n=15 

chow (filled) or n=40 high fat (open) fed mice with asterisks representing p < 0.05 for t-test.
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