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Abstract: Despite numerous correlative data, a causative role for oxidative stress in mammalian
longevity has remained elusive. However, there is strong evidence that increased oxidative stress
is associated with exacerbation of many diseases and pathologies that are also strongly related to
advanced age. Obesity, or increased fat accumulation, is one of the most common chronic conditions
worldwide and is associated with not only metabolic dysfunction but also increased levels of oxidative
stress in vivo. Moreover, obesity is also associated with significantly increased risks of cardiovascular
disease, neurological decline and cancer among many other diseases as well as a significantly
increased risk of mortality. In this review, we investigate the possible interpretation that the increased
incidence of these diseases in obesity may be due to chronic oxidative stress mediating segmental
acceleration of the aging process. Understanding how obesity can alter cellular physiology beyond
that directly related to metabolic function could open new therapeutic areas of approach to extend
the period of healthy aging among people of all body composition.

Keywords: reactive oxygen species; mitochondria; inflammation; adipose; fatty acid oxidation;
longevity; health span

1. Introduction

A large number of diseases, pathologies and other maladies become much more prevalent with
advanced age. There is substantial evidence that the molecular regulators of most of these age-related
diseases overlap with many of those that are thought to regulate the aging process in general. Now
more than ever, understanding how to delay the constant acceleration of aging could profoundly
impact health and healthy aging in a growing aged population.

The oxidative stress theory of aging (OSTA) has been exceedingly well-studied as a primary
mechanistic theory to describe how the aging process is regulated. Evolution of life in an aerobic
environment has afforded species many benefits. However, this lifestyle also increases the likelihood
of generating cellular oxidative stress. At the most basic description, cellular oxidative stress is an
imbalance between the production of pro-oxidants (including reactive oxygen species (ROS), such as
superoxide, hydrogen peroxide, etc.) and the activity of the cellular antioxidant defense (including
enzymatic and non-enzymatic antioxidants). More than 60 years ago, Denham Harman developed an
original theory suggesting that the oxidative stress associated with aerobic life plays an essential role in
the regulation of the aging process [1]. The salient idea of this theory is that chronic levels of oxidative
stress lead to oxidative damage to cellular macromolecules that accumulates over time and causes the
progressive decline in function of cellular processes that ultimately define aging. Through the years,
Dr. Harman continued to develop and refine this theory and identified mitochondria as significant
contributors to cellular oxidative stress through their production of superoxide radicals [2] in addition
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to understanding the importance of multiple different forms of ROS that likely drive oxidative stress
in vivo [3].

At its most basic, the mechanistic framework of the OSTA predicts (1) that older organisms should
exhibit higher levels of oxidative stress and/or damage than younger organisms and (2) that altering
levels of oxidative stress should significantly impact the aging process. Thorough literature searches
published elsewhere show for the most part that aging is associated with accumulation of oxidative
damage to cellular macromolecules, reduced antioxidant defenses and increased susceptibility to
oxidative stress in vivo [4,5]. Moreover, these findings have generally held true for multiple organisms
tested including standard invertebrate and vertebrate laboratory models, wild-caught organisms and
human populations.

As to the prediction that altering levels of oxidative stress will impact aging, the data from
experimental approaches designed to test this prediction are still ambiguous. Studies using genetic
manipulation of invertebrate models (largely the roundworm Caenorhabditis elegans and the fruit
fly Drosophila melanogaster) have supported this prediction [6,7], refuted this prediction [8–10], and
in some cases suggested the opposite of this prediction, i.e., that increasing oxidative stress can
extend lifespan [11–13]. In mice, the general thrust of data derived from longevity studies regarding
genetic mutation of major enzymatic antioxidants has suggested negligible effects on aging (reviewed
in [14–16]). With few exceptions (discussed further below), altering the expression of these antioxidants
in mice does not affect longevity despite mild to dramatic effects on the accumulation of oxidative
damage. As we have discussed elsewhere however, modulation of these antioxidant enzymes may
have discrete effects on the etiology of different age-related diseases, such as cancer, cardiovascular
diseases, metabolic disease, etc., which may or may not be easily dissociated from the lack of effects on
longevity [14,15]. The OSTA began as a simple, elegant mechanism describing how aging is regulated;
however, the scientific field has discovered this to be far too elementary to adequately describe the
complexity of the aging process.

Interestingly, one antioxidant mutant mouse model that has shown repeatable, robust effects on
longevity is a mouse generated with complete ablation of superoxide dismutase 1 (Sod1). Several
groups have reported that Sod1´/´ mice have a shorter lifespan (~30%) than control mice, thereby
strongly supporting the OSTA [17–19]. In most cases, the shorter lifespan of Sod1´/´ mice may be
directly attributed to an increase in cancer rate, particularly of a rare (for C57BL/6 mice) cancer,
hepatocellular carcinoma [17–19]. However, the appearance of multiple age-related pathologies
relatively early in life in Sod1´/´ mice potentially hint at an acceleration of the aging process as a
whole in these mice. These mice have been reported to exhibit acceleration in the rate of development
(or increase in the incidence of) multiple pathological changes associated with age-related diseases
including sarcopenia and neuromuscular junction degeneration [20–22], and pathologies dealing with
the ear [23], eye [24,25], pancreatic β-cells [26] and neurons [27]. Why then should the lack of Sod1
drive acceleration of aging, whereas altering the expression of nearly all other antioxidants in mice
has no little to no effect on lifespan? One potential reasoning behind this difference is that Sod1´/´

mice, more so than all other antioxidant mutant mice tested, show a dramatic increase in oxidative
damage to cellular macromolecules [18,28–30]. For example, oxidation of nucleic acids (as measured by
8-oxo-2’-deoxyguanosine levels in the liver) are 2–3 times higher in aging Sod1´/´ than in mice lacking
glutathione peroxide 1 (Gpx1) or with reductions in other antioxidants such as Sod2 or Gpx4 [15].
Similar increases in lipid and protein oxidation have also been noted [18,28,30]. Thus, it is possible
that Sod1´/´ mice reach a “theoretical threshold limit of oxidative damage” required to accelerate
the aging process as a whole, or perhaps to drive the increase in cancer rate, that is unmet in other
antioxidant mutant mouse models.

Digging deeper into other antioxidant mutant mouse models more generally, there is sufficient
evidence to suggest that altering the accumulation of oxidative stress/damage does indeed often
correlate with changes in health associated with age if not longevity itself [14,15]. To generally
sum up these findings, mice with reduction of antioxidant enzymes are usually associated with
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an increase in incidence, or acceleration of onset, of age-related diseases. Conversely, mice with
elevated expression of antioxidant enzymes usually show slowed acceleration or even prevention
of many of these diseases even in the absence of changes in lifespan. These seemingly incompatible
findings may partly be explained by the particular model organisms used for testing and partly by
particular definitions of aging. In regards to the former, laboratory mice are an outstanding resource
for many biological studies; however, most strains of mice die almost completely due to neoplasia or
neoplasia-related pathologies [31]. Thus, it can be challenging to delineate whether a lack of effect on
lifespan is due to a lack of effect on the aging process as a whole or simply a lack of effect on altering
the progression of cancer. It is important to reiterate at this point that oxidative stress is known to
be critically important to many pathologies, including those that drive various forms of neoplasia,
neurodegeneration, cardiovascular disease, liver disease, kidney dysfunction, metabolic diseases
including insulin resistance and diabetes, among others [32–36]. While newer evidence suggests that
these relationships are by no means unambiguous [37,38], in human populations there is an association
between lower levels of oxidative stress and improved health in aging [36,39–41]. Thus, it seems
likely that oxidative stress plays a role in the regulation of healthy aging if not longevity per se, and
both lifespan and health span (including both functional and pathological assessment) likely need
quantification for a complete assessment of what we characterize as aging [42].

Because natural animal aging does not take place in a vacuum, it is important to also consider the
role that external inputs play on the development of age-related disease, if not aging itself. Life on
Earth is constantly exposed to numerous generators of ROS both natural (i.e., ultraviolet light, etc.) and
man-made (i.e., pesticides, electromagnetic fields, etc.) in addition to the oxidative stress generated
by mitochondrial oxidative phosphorylation. Aging experiments in the lab have rightfully focused
on elimination of hard-to-control external variables, but it would be remiss to completely dismiss
the role these play in healthy aging. In particular, external sources of stress might significantly alter
the outcome of longevity experiments through oxidative-stress mediated mechanisms. A potential
example of this is in the study of the role of the protein oxidation repair enzyme methionine sulfoxide
reductase A (MsrA´/´) in mammalian longevity. Moskovitz et al. first reported that MsrA´/´ mice
were short-lived; however, even control mice in this study were relatively short-lived for the strain of
mice used (a mixed background of C57BL/6 and 129) [43]. One possibility for the short lifespan of
control mice was an uncontrolled variable or source of stress in the vivarium that may have limited
mouse lifespan. Moreover, it seemed likely that this was ROS-mediated as the lack of MsrA caused
a further shortening of lifespan. To address this idea, we repeated the assessment of longevity in
MsrA´/´ mice under conditions designed to maximize control mouse lifespan (i.e., minimize external
stress). Under these conditions, we found no effect on longevity in mice lacking MsrA, providing
support for the hypothesis described above [44]. Identification of the potential variable is likely
impossible, but these studies raise the possibility that some form of controlled stress maintained either
for the duration or at specified times in an aging study might yield informative results regarding how
we age “normally”. That is, if we could control the source of stress sufficiently, this could be used to
determine (1) if these external variables really affect the aging rate or only the development of diseases
that limit lifespan and (2) what role oxidative stress plays in the process. Rather than trying to identify
vague sources of stress that may exist between animal vivaria, or between the laboratory and the real
world, we propose inducing low-level, chronic stress by promoting obesity and metabolic dysfunction
using high fat diets for reasons described below.

2. Obesity and Oxidative Stress

It is becoming increasingly clear that obesity has become one of the 21st century’s most significant
public health concerns. The proportion of those characterized as obese has risen dramatically over the
last few decades world-wide, with Western society currently suffering to the greatest degree [45,46].
Much of this is due to sedentary behavior and the availability of high calorie food choices starting
even at young ages meaning that many of those suffering from obesity will do so for a significant
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proportion of their lives. The presence of obesity or excessive fat accumulation is clearly associated
with dramatic increases in metabolic diseases and is the primary risk factor for the development
of diabetes. However, obesity not only alters the risk of metabolic diseases, but also is associated
with increased occurrence and other chronic diseases affecting kidney, the cardiovascular system
and cancer [47–49]. Not surprisingly then, obesity has been reported to be associated with increased
mortality likely due to the elevated incidences of these life-threatening diseases [50], though not
equivocally depending on the population [51].

Understanding how obesity alters cellular homeostasis in ways that drive the etiology of these
physiological defects could profoundly affect how diseases are prevented and could have significant
impact on public health. In this context, there are myriad potential molecular pathways that are affected
by obesity in both time- and tissue-specific patterns. One approach to begin to simplify this complexity
may be to focus on those common pathways that are (a) affected by obesity and (b) associated with
many, or all, the common pathologies associated with obesity. In this regard, we and others have noted
that oxidative stress may be a likely target on which to focus. Obesity is known to promote oxidative
stress [26,36,40,52–54], though it is still unclear whether this is due to the independent pathological
condition of obesity or through related alterations to physiological homeostasis such as hyperglycemia
and hyperlipidemia.

Oxidative stress associated with obesity originates from many sources; here we briefly discuss the
roles of mitochondrial dysfunction and increased inflammation. Mitochondrial respiration, through
the oxidation of glucose and/or fatty acids, can generate oxidative stress through the byproduct
of generation of ATP in an oxygenated environment [55,56]. This process can be exacerbated
in obesity due to the higher levels of available mitochondrial substrates, i.e., high glucose and
fatty acids. The increase of substrates available have been suggested to cause electron back-up
during the process of electron transport which, particularly at complex III, can cause superoxide
production in and of itself [57]. In line with this basic biochemistry, obesity has been reported to cause
mitochondrial dysfunction in multiple forms including elevated levels of reactive oxygen species
production [58–64]. Along with altering mitochondrial function, obesity and accumulating fat mass
can cause a pro-oxidative environment by stimulating chronic inflammation. Inflammation generates
high levels of free radical production by the immune cells as part of the immune response. Moreover,
oxidative stress associated with chronic inflammation and other sources may also promote further
production of pro-inflammatory cytokines in a “vicious cycle”. Obesity alters T-cell subsets, particularly
in the adipose tissue, and with obesogenic conditions there is a promotion of infiltration and activation
of macrophages in the growing adipose tissue [65–68]. As proof of principle, it has been reported that
genetic ablation or pharmaceutical reduction of some of the sources of this chronic inflammation can
prevent the incidence of metabolic dysfunction caused by obesity [69–72]. Presumably, at least some of
this beneficial effect could be attributed to the reduction in oxidative stress accompanied with reducing
inflammation [73].

Taken together, it seems clear that persistence of obesity is associated with chronically increased
levels of oxidative stress. Due to the growing numbers of juveniles now classified as clinically obese,
there is a growing portion of the population that will remain obese nearly their entire lives and who
are thus likely to be show increased risk of developing what we generally term age-related diseases
at earlier points in life and reduced health span if not lifespan. It then seems entirely possible that
this oxidative stress may be the molecular tipping point in the progression of poor health associated
with obesity. Importantly, clarification of oxidative stress at this key role then identifies a potential
therapeutic target to slow or prevent the associated health problems in this population group.

3. Obesity and Decline in Health Span

The most well-known physiological defect associated with obesity is the development of metabolic
disorders, including and primarily type 2 diabetes mellitus (T2DM). The primary etiology in T2DM is
the development of insulin resistance, or the pathological decline in insulin response in peripheral
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tissues [74]. A deficient cellular response to insulin is thought to be the primary deficit associated
with obesity and fat accumulation with the main tissues of significance in glucose metabolism being
skeletal muscle, liver and adipose tissue [75,76]. While the association between obesity and metabolic
dysfunction is well known, the means by which this process is controlled are still unclear.

Based on observational as well as experimental findings, there is now reasonable evidence
that oxidative stress likely plays a key role in the development of insulin resistance and metabolic
dysfunction. Perhaps most well-publicized are results from the Framingham Heart Study; several
reports from this longitudinal study have identified increased oxidative stress as a significant correlate
of metabolic disease [36,39,40,77]. Others too have found significant oxidative damage significantly
elevated in those with T2DM [78–80]. Importantly, there is also evidence that levels of oxidative
damage may predict metabolic dysfunction particularly among the obese, suggesting that oxidative
stress is increased prior to the development of insulin resistance [40,80,81]. As described above, obesity
is associated with a cellular environment relatively high in oxidant load. We have previously shown
that in vivo oxidative damage is significantly elevated in high fat fed, obese mice to a degree roughly
equivalent to the increase in oxidative damage associated with old age [15]. The sources of oxidative
stress discussed above contribute at least partially, but likely not wholly to the increased levels of
oxidative damage. Metabolic dysfunction is also associated with alterations in antioxidant defenses,
including both non-enzymatic such as glutathione as well as enzymatic such as superoxide dismutase
and glutathione peroxidase [82–87]. At least part of this modification of antioxidant defense might be
attribute to the negative effects of hyperglycemia on some enzymatic function [88,89].

Together, these studies paint a picture in which obesity causes high levels of oxidative stress,
though do not necessarily define oxidative stress/damage as the root cause of associated metabolic
dysfunction. However, several mouse studies using either genetic or pharmacological interventions
have fairly clearly defined the modulation of oxidative stress as a key step between high fat
feeding/obesity and the development of metabolic dysfunction. As an example, transgenic mice
with an increase in cytosolic (Sod1) or mitochondrial (Sod2) superoxide dismutase, those with an
increase in catalase targeted to the mitochondria (mCAT), an increase in peroxiredoxin (Prdx3), those
with an increase in cytosolic thioredoxin (Trx1), and those with an increase in mitochondria-targeted
methionine sulfoxide reductase A (TgMito MsrA) have all been shown to be protected against the
development of insulin resistance when fed high fat diets [53,58,73,90–92]. Similarly, treatment with
pharmaceuticals that either have antioxidant properties or induce antioxidant expression have been
shown to prevent obesity-induced insulin resistance in vivo and oxidant-induced insulin resistance in
cell culture models [58,90,93,94].

The precise mechanisms by which oxidative stress gives rise to insulin resistance or metabolic
dysfunction, though there are likely roles for the common agents of action including induction of
stress signaling pathways such as JNK or stimulation of pro-inflammation [95–97]. However, there is
growing evidence that the effects of oxidative damage to the cell may have an autonomous role on the
development of insulin resistance. For example, oxidation of the insulin receptor can diminish the
function of this protein in vitro, thereby reducing its ability to respond to insulin signals [98]. Our own
studies expanded on this idea using a mouse with a deletion in a key protein oxidation repair enzyme
MsrA. Under high fat-fed conditions, we showed that MsrA´/´ mice became more insulin resistant
than expected based on their diet-matched controls [99]. Further, we found that high fat feeding
increases the levels of oxidative damage that occur to the insulin receptor in vivo, and that the lack
of MsrA exacerbated this damage thereby further reducing insulin receptor function and promoting
insulin resistance. Boden et al. have recently defined a similar mechanism in high calorie-fed humans;
subjects treated with the high calorie diet showed a rapid onset of insulin resistance that correlated
with extensive oxidation of many proteins, including insulin-responsive cellular glucose transporter
GLUT4, in adipose tissue [100]. Together, these studies define a crucial, and potentially targetable, role
of oxidative stress in the link between obesity and subsequent metabolic dysfunction.
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In addition to diabetes and metabolic dysfunction, there is now ample evidence that obesity
can accelerate the progression of other age-related diseases and pathologies in both mouse models
of disease as well as normally aging mice [35,36,101–106]. For example, several reports have
shown high fat diets, or metabolic dysfunction, can accelerate learning and memory loss as well
as neurodegeneration in different mouse models of Alzheimer’s disease [107–111]. Moreover, chronic
high fat feeding has been shown to increase oxidative stress in the brain and cause cognitive impairment
in even normal aged rodents [106,112]. Similarly, many reports have shown an association between
high fat feeding and acceleration of multiple forms of cancer in rodent models; moreover, some of
these reports have found that reducing obesity-induced oxidative stress can reduce the prevalence or
severity of these forms of cancer [113,114]. Similar cases could be made for a variety of other disease
states and pathologies including atherosclerosis, kidney disease and cardiovascular disease [115–118].

These findings regarding obesity and disease raise an important, and rather unexplored, question
of whether obesity may actually be accelerating the aging process. Paraphrasing the definition of aging
established by Miller, aging is a process that converts healthy, young adults into frail, older adults
with diminished capacity to resist and increased vulnerability to most diseases and death [119]. As
described above, obesity is associated with increased incidence (susceptibility) to myriad diseases and
pathologies that would also generally be associated with age-related diseases. In addition, there is
ample evidence that obesity, high fat-feeding, or excess fat accumulation is associated with increased
mortality in both laboratory and clinical population [48,50,54,120–122]. Thus, it is tempting to propose
that obesity indeed accelerates the natural process of aging in rodents and humans. On the other hand,
a more cautious interpretation might be that the increased prevalence of diseases associated with
obesity causes increased likelihood to die because of those diseases but does not fundamentally alter
the aging process. There is a fine distinction between these two interpretations; the former suggests all
processes associated with aging are accelerated, whereas the latter only connects disease incidence
with mortality without concurrently affecting all cellular processes.

With a relative dearth of data to address this conflict, we recently published a study designed to
assess the effects of high fat diet-induced obesity on the health span of mice using a broad approach [54].
In this study, we introduced adult (8 mo.) C57BL/6 mice to a diet containing 45% fat and relatively
high levels of carbohydrates (in comparison to standard chow) to induce obesity for the remainder of
their life. In some ways, this is similar to what happens among many adults in Western civilization;
that is, being of normal weight early in life and at some point in early adulthood a steady increase
in body weight and adiposity due to several factors. As predicted from numerous studies, this high
fat/high sugar diet induced rapid weight gain in C57BL/6 mice due primarily to excess accumulation
of adipose mass. Importantly, and consistent with the idea that obesity causes oxidative stress, we also
found increased levels of oxidative stress in vivo. High fat fed mice had significantly higher levels
of lipid oxidation (F2-isoprostanes) and protein oxidation (protein-bound 4-hydroxynonenal) and
suggestion of elevated levels of circulating pro-inflammatory cytokines. These high levels of oxidative
stress were associated with a significant increase in glucose intolerance and increased plasma insulin
concentrations, both indicative of metabolic dysfunction consistent with insulin resistance. Most
relevant to this review, we also found a significant lifespan shortening of approximately 25% in mice
fed the high fat diet. This lifespan effect was in similar size and direction to previous studies comparing
lifespan of rodents fed various high fat diets compared to normal diet-fed controls [120,121].

During the course of this study, we assessed the performance of these mice in tests of several
physiological parameters in a longitudinal fashion, i.e., after 4 months on high fat diet (or 12 months of
age) and again after 10 months on high fat diet (or 18 months of age, or roughly mid-age for a C57BL/6
mouse). We selected a serious of physiological tests that were, prior to this study, not thought to be
largely related to the increased fat accumulation such as the relationship between insulin resistance
and obesity. Thus, we designed this study to address the effect of aging, diet and their interaction to
whether obesity, and the associated chronic oxidative stress and inflammation, altered the age-related
trajectories of physiological performance. For example, after 10 months of feeding, high fat-fed mice



Antioxidants 2016, 5, 24 7 of 14

showed a significant decline in activity whereas control-fed mice activity was unchanged. Similarly,
the swing-time of both front and rear limbs measured during gait analysis was significantly reduced
by high fat feeding over this time period and unchanged in control fed mice. In addition, mice fed a
high fat diet for 10 months showed a significantly reduced ability to stay on a rotating rod, a marker of
balance and coordination. We found the significance of these differences to exist even after accounting
for differences in body weight and fat mass. Further, these markers have been reported to decline with
normal aging in mice; thus, obesity caused by a high fat diet accelerated this decline in function and
contributed to a decline in health span. The exact nature of these declines are unclear, i.e., are they due
to dysfunctional muscles, or motor neurons, or other, and this is one of the significant challenges in
future studies. In addition, ongoing studies are addressing whether these declines in function can be
attributed directly to the increased levels of oxidative stress/damage. The larger question remains
though whether this increased incidence of disease is evidence for acceleration of the aging process, if
not wholly then at least segmentally? While still unclear, the prevalence of data certainly suggests this
and, moreover, implicates oxidative stress as a key player in this process.

4. Conclusions

Ultimately, the goal is to improve the period of healthy aging in all people which will include
both the lean and metabolically normal as well as the obese and metabolically compromised. The data
above point to the idea that perhaps addressing oxidative stress, either by preventing it through dietary
interventions or reducing it through pharmaceutical antioxidants, may be a potential therapeutic
approach in this process. On the other hand, mouse studies have largely shown no effect of altering
oxidative stress on longevity in lean, healthy rodents and antioxidant treatment has largely failed
as a human intervention against obesity and metabolic dysfunction [15,123]. However, as discussed
above, perhaps the lack of significant findings in these studies has been limited by their designed
approaches. For example, would the lifespan of high fat-fed, obese mice be extended by reducing
oxidative stress? Or could antioxidant treatment be used in obese patients with metabolic dysfunction
to prevent the progression of additional co-morbidities or slow the acceleration of the aging process
caused by chronic inflammation. With the low compliance rate for dietary or exercise changes in this
group of patients, identifying potential therapeutics that both improve glucose metabolism as well
as slow the progression of associated pathologies is an important target. Perhaps re-exploring a now
60+ year theory on why we age may be viable means to develop some of these therapeutic options.

Acknowledgments: This research was supported in part by the Geriatric Research Education and Clinical
Center of the South Texas Veterans Healthcare System, and funding from the American Heart Association
(grant 15BGIA23220016) and a grant from the American Federation for Aging Research. This material is the
result of work supported with resources and the use of facilities at South Texas Veterans Health Care System,
San Antonio, Texas. The contents do not represent the views of the U.S. Department of Veterans Affairs or the
United States Government.

Conflicts of Interest: The author declares no potential conflicts of interest.

References

1. Harman, D. Aging: A theory based on free radical and radiation chemistry. J. Gerontol. 1956, 11, 298–300.
[CrossRef] [PubMed]

2. Harman, D. The biologic clock: The mitochondria? J. Am. Geriatr. Soc. 1972, 20, 145–147. [CrossRef]
[PubMed]

3. Harman, D. Free radical theory of aging. Mutat. Res. 1992, 275, 257–266. [CrossRef]
4. Bokov, A.; Chaudhuri, A.; Richardson, A. The role of oxidative damage and stress in aging. Mech. Ageing Dev.

2004, 125, 811–826. [CrossRef] [PubMed]
5. Muller, F.L.; Lustgarten, M.S.; Jang, Y.; Richardson, A.; van Remmen, H. Trends in oxidative aging theories.

Free Radic. Biol. Med. 2007, 43, 477–503. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/geronj/11.3.298
http://www.ncbi.nlm.nih.gov/pubmed/13332224
http://dx.doi.org/10.1111/j.1532-5415.1972.tb00787.x
http://www.ncbi.nlm.nih.gov/pubmed/5016631
http://dx.doi.org/10.1016/0921-8734(92)90030-S
http://dx.doi.org/10.1016/j.mad.2004.07.009
http://www.ncbi.nlm.nih.gov/pubmed/15541775
http://dx.doi.org/10.1016/j.freeradbiomed.2007.03.034
http://www.ncbi.nlm.nih.gov/pubmed/17640558


Antioxidants 2016, 5, 24 8 of 14

6. Melov, S.; Ravenscroft, J.; Malik, S.; Gill, M.S.; Walker, D.W.; Clayton, P.E.; Wallace, D.C.; Malfroy, B.;
Doctrow, S.R.; Lithgow, G.J. Extension of life-span with superoxide dismutase/catalase mimetics. Science
2000, 289, 1567–1569. [CrossRef] [PubMed]

7. Sun, J.; Tower, J. Flp recombinase-mediated induction of Cu/Zn-superoxide dismutase transgene expression
can extend the life span of adult Drosophila melanogaster flies. Mol. Cell. Biol. 1999, 19, 216–228. [CrossRef]
[PubMed]

8. Keaney, M.; Gems, D. No increase in lifespan in Caenorhabditis elegans upon treatment with the superoxide
dismutase mimetic Euk-8. Free Radic. Biol. Med. 2003, 34, 277–282. [CrossRef]

9. Orr, W.C.; Sohal, R.S. Does overexpression of Cu, Zn-sod extend life span in Drosophila melanogaster?
Exp. Gerontol. 2003, 38, 227–230. [CrossRef]

10. Mockett, R.J.; Bayne, A.C.; Kwong, L.K.; Orr, W.C.; Sohal, R.S. Ectopic expression of catalase in drosophila
mitochondria increases stress resistance but not longevity. Free Radic. Biol. Med. 2003, 34, 207–217. [CrossRef]

11. Ristow, M.; Schmeisser, S. Extending life span by increasing oxidative stress. Free Radic. Biol. Med. 2011, 51,
327–336. [CrossRef] [PubMed]

12. Van Raamsdonk, J.M.; Hekimi, S. Deletion of the mitochondrial superoxide dismutase Sod-2 extends lifespan
in Caenorhabditis elegans. PLoS Genet. 2009. [CrossRef] [PubMed]

13. Schaar, C.E.; Dues, D.J.; Spielbauer, K.K.; Machiela, E.; Cooper, J.F.; Senchuk, M.; Hekimi, S.;
Van Raamsdonk, J.M. Mitochondrial and cytoplasmic ros have opposing effects on lifespan. PLoS Genet.
2015. [CrossRef] [PubMed]

14. Salmon, A.B.; Richardson, A.; Pérez, V.I. Update on the oxidative stress theory of aging: Does oxidative
stress play a role in aging or healthy aging? Free Radic. Biol. Med. 2010, 48, 642–655. [CrossRef] [PubMed]

15. Edrey, Y.H.; Salmon, A.B. Revisiting an age-old question regarding oxidative stress. Free Radic. Biol. Med.
2014, 71, 368–378. [CrossRef] [PubMed]

16. Pérez, V.I.; van Remmen, H.; Bokov, A.; Epstein, C.J.; Vijg, J.; Richardson, A. The overexpression of major
antioxidant enzymes does not extend the lifespan of mice. Aging Cell 2009, 8, 73–75. [CrossRef] [PubMed]

17. Sentman, M.-L.; Granström, M.; Jakobson, H.; Reaume, A.; Basu, S.; Marklund, S.L. Phenotypes of
mice lacking extracellular superoxide dismutase and copper- and zinc-containing superoxide dismutase.
J. Biol. Chem. 2006, 281, 6904–6909. [CrossRef] [PubMed]

18. Elchuri, S.; Oberley, T.D.; Qi, W.; Eisenstein, R.S.; Jackson Roberts, L.; van Remmen, H.;
Epstein, C.J.; Huang, T.T. Cuznsod deficiency leads to persistent and widespread oxidative damage and
hepatocarcinogenesis later in life. Oncogene 2005, 24, 367–380. [CrossRef] [PubMed]

19. Pérez, V.I.; Bokov, A.; Remmen, H.V.; Mele, J.; Ran, Q.; Ikeno, Y.; Richardson, A. Is the oxidative stress theory
of aging dead? Biochim. Biophys. Acta 2009, 1790, 1005–1014. [CrossRef] [PubMed]

20. Muller, F.L.; Song, W.; Liu, Y.; Chaudhuri, A.; Pieke-Dahl, S.; Strong, R.; Huang, T.T.; Epstein, C.J.;
Roberts, L.J., II; Csete, M.; et al. Absence of cuzn superoxide dismutase leads to elevated oxidative stress and
acceleration of age-dependent skeletal muscle atrophy. Free Radic. Biol. Med. 2006, 40, 1993–2004. [CrossRef]
[PubMed]

21. Jang, Y.C.; Lustgarten, M.S.; Liu, Y.; Muller, F.L.; Bhattacharya, A.; Liang, H.; Salmon, A.B.; Brooks, S.V.;
Larkin, L.; Hayworth, C.R.; et al. Increased superoxide in vivo accelerates age-associated muscle atrophy
through mitochondrial dysfunction and neuromuscular junction degeneration. FASEB J. 2010, 24, 1376–1390.
[CrossRef] [PubMed]

22. Larkin, L.M.; Hanes, M.C.; Kayupov, E.; Claflin, D.R.; Faulkner, J.A.; Brooks, S.V. Weakness of whole muscles
in mice deficient in Cu, Zn superoxide dismutase is not explained by defects at the level of the contractile
apparatus. Age 2013, 35, 1173–1181. [CrossRef] [PubMed]

23. Mcfadden, S.L.; Ding, D.; Reaume, A.G.; Flood, D.G.; Salvi, R.J. Age-related cochlear hair cell loss is enhanced
in mice lacking copper/zinc superoxide dismutase. Neurobiol. Aging 1999, 20, 1–8. [CrossRef]

24. Reddy, V.N.; Kasahara, E.; Hiraoka, M.; Lin, L.R.; Ho, Y.S. Effects of variation in superoxide dismutases (Sod)
on oxidative stress and apoptosis in lens epithelium. Exp. Eye Res. 2004, 79, 859–868. [CrossRef] [PubMed]

25. Imamura, Y.; Noda, S.; Hashizume, K.; Shinoda, K.; Yamaguchi, M.; Uchiyama, S.; Shimizu, T.; Mizushima, Y.;
Shirasawa, T.; Tsubota, K. Drusen, choroidal neovascularization, and retinal pigment epithelium dysfunction
in Sod1-deficient mice: A model of age-related macular degeneration. Proc. Natl. Acad. Sci. USA 2006, 103,
11282–11287. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.289.5484.1567
http://www.ncbi.nlm.nih.gov/pubmed/10968795
http://dx.doi.org/10.1128/MCB.19.1.216
http://www.ncbi.nlm.nih.gov/pubmed/9858546
http://dx.doi.org/10.1016/S0891-5849(02)01290-X
http://dx.doi.org/10.1016/S0531-5565(02)00263-2
http://dx.doi.org/10.1016/S0891-5849(02)01190-5
http://dx.doi.org/10.1016/j.freeradbiomed.2011.05.010
http://www.ncbi.nlm.nih.gov/pubmed/21619928
http://dx.doi.org/10.1371/Journal.Pgen.1000361
http://www.ncbi.nlm.nih.gov/pubmed/19197346
http://dx.doi.org/10.1371/Journal.Pgen.1004972
http://www.ncbi.nlm.nih.gov/pubmed/25671321
http://dx.doi.org/10.1016/j.freeradbiomed.2009.12.015
http://www.ncbi.nlm.nih.gov/pubmed/20036736
http://dx.doi.org/10.1016/j.freeradbiomed.2014.03.038
http://www.ncbi.nlm.nih.gov/pubmed/24704971
http://dx.doi.org/10.1111/j.1474-9726.2008.00449.x
http://www.ncbi.nlm.nih.gov/pubmed/19077044
http://dx.doi.org/10.1074/jbc.M510764200
http://www.ncbi.nlm.nih.gov/pubmed/16377630
http://dx.doi.org/10.1038/sj.onc.1208207
http://www.ncbi.nlm.nih.gov/pubmed/15531919
http://dx.doi.org/10.1016/j.bbagen.2009.06.003
http://www.ncbi.nlm.nih.gov/pubmed/19524016
http://dx.doi.org/10.1016/j.freeradbiomed.2006.01.036
http://www.ncbi.nlm.nih.gov/pubmed/16716900
http://dx.doi.org/10.1096/fj.09-146308
http://www.ncbi.nlm.nih.gov/pubmed/20040516
http://dx.doi.org/10.1007/s11357-012-9441-7
http://www.ncbi.nlm.nih.gov/pubmed/22696118
http://dx.doi.org/10.1016/S0197-4580(99)00018-4
http://dx.doi.org/10.1016/j.exer.2004.04.005
http://www.ncbi.nlm.nih.gov/pubmed/15642323
http://dx.doi.org/10.1073/pnas.0602131103
http://www.ncbi.nlm.nih.gov/pubmed/16844785


Antioxidants 2016, 5, 24 9 of 14

26. Muscogiuri, G.; Salmon, A.B.; Aguayo-Mazzucato, C.; Li, M.; Balas, B.; Guardado-Mendoza, R.; Giaccari, A.;
Reddick, R.L.; Reyna, S.M.; Weir, G.; et al. Genetic disruption of Sod1 gene causes glucose intolerance and
impairs B-cell function. Diabetes 2013. [CrossRef] [PubMed]

27. Fischer, L.R.; Igoudjil, A.; Magrané, J.; Li, Y.; Hansen, J.M.; Manfredi, G.; Glass, G.D. Sod1 targeted to the
mitochondrial intermembrane space prevents motor neuropathy in the Sod1 knockout mouse. Brain 2011,
134, 196–209. [CrossRef] [PubMed]

28. Busuttil, R.A.; Garcia, A.M.; Cabrera, C.; Rodriguez, A.; Suh, Y.; Kim, W.H.; Huang, T.T.; Vijg, J. Organ-specific
increase in mutation accumulation and apoptosis rate in cuzn-superoxide dismutase-deficient mice.
Cancer Res. 2005, 65, 11271–11275. [CrossRef] [PubMed]

29. Han, E.-S.; Muller, F.L.; Pérez, V.I.; Qi, W.; Liang, H.; Xi, L.; Fu, C.; Doyle, E.; Hickey, M.; Cornell, J.; et al.
The in vivo gene expression signature of oxidative stress. Physiol. Genom. 2008, 34, 112–126. [CrossRef]
[PubMed]

30. Zhang, Y.; Ikeno, Y.; Qi, W.; Chaudhuri, A.; Li, Y.; Bokov, A.; Thorpe, S.R.; Baynes, J.W.; Epstein, C.;
Richardson, A.; et al. Mice deficient in both Mn superoxide dismutase and glutathione peroxidase-1 have
increased oxidative damage and a greater incidence of pathology but no reduction in longevity. J. Gerontol.
Ser. A Biol. Sci. Med. Sci. 2009, 64, 1212–1220. [CrossRef] [PubMed]

31. Pettan-Brewer, C.; Treuting, P.M. Practical pathology of aging mice. Pathobiol. Aging Age Relat. Dis. 2011.
[CrossRef] [PubMed]

32. Berlett, B.S.; Stadtman, E.R. Protein oxidation in aging, disease, and oxidative stress. J. Biol. Chem. 1997, 272,
20313–20316. [CrossRef] [PubMed]

33. Giugliano, D.; Ceriello, A.; Paolisso, G. Diabetes mellitus, hypertension, and cardiovascular disease: Which
role for oxidative stress? Metabolism 1995, 44, 363–368. [CrossRef]

34. Barnham, K.J.; Masters, C.L.; Bush, A.I. Neurodegenerative diseases and oxidative stress. Nat. Rev. Drug
Discov. 2004, 3, 205–214. [CrossRef] [PubMed]

35. Matsuda, M.; Shimomura, I. Increased oxidative stress in obesity: Implications for metabolic syndrome,
diabetes, hypertension, dyslipidemia, atherosclerosis, and cancer. Obes. Res. Clin. Pract. 2013, 7, E330–E341.
[CrossRef] [PubMed]

36. Keaney, J.F.; Larson, M.G.; Vasan, R.S.; Wilson, P.W.F.; Lipinska, I.; Corey, D.; Massaro, J.M.; Sutherland, P.;
Vita, J.A.; Benjamin, E.J.; et al. Obesity and systemic oxidative stress: Clinical correlates of oxidative stress in
the framingham study. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 434–439. [CrossRef] [PubMed]

37. Piskounova, E.; Agathocleous, M.; Murphy, M.M.; Hu, Z.; Huddlestun, S.E.; Zhao, Z.; Leitch, A.A.;
Johnson, T.M.; DeBerardinis, R.J.; Morrison, S.J. Oxidative stress inhibits distant metastasis by human
melanoma cells. Nature 2015, 527, 186–191. [CrossRef] [PubMed]

38. Sayin, V.I.; Ibrahim, M.X.; Larsson, E.; Nilsson, J.A.; Lindahl, P.; Bergo, M.O. Antioxidants accelerate lung
cancer progression in mice. Sci. Transl. Med. 2014. [CrossRef] [PubMed]

39. Demissie, S.; Levy, D.; Benjamin, E.J.; Cupples, L.A.; Gardner, J.P.; Herbert, A.; Kimura, M.; Larson, M.G.;
Meigs, J.B.; Keaney, J.; et al. Insulin resistance, oxidative stress, hypertension, and leukocyte telomere length
in men from the framingham heart study. Aging Cell 2006, 5, 325–330. [CrossRef] [PubMed]

40. Meigs, J.B.; Larson, M.G.; Fox, C.S.; Keaney, J.F.; Vasan, R.S.; Benjamin, E.J. Association of oxidative stress,
insulin resistance, and diabetes risk phenotypes: The framingham offspring study. Diabetes Care 2007, 30,
2529–2535. [CrossRef] [PubMed]

41. Liu, C.K.; Lyass, A.; Larson, M.G.; Massaro, J.M.; Wang, N.; D’agostino, R.B.; Benjamin, E.J.; Murabito, J.M.
Biomarkers of oxidative stress are associated with frailty: The framingham offspring study. Age 2015, 38,
1–10. [CrossRef] [PubMed]

42. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153,
1194–1217. [CrossRef] [PubMed]

43. Moskovitz, J.; Bar-Noy, S.; Williams, W.M.; Requena, J.; Berlett, B.S.; Stadtman, E.R. Methionine sulfoxide
reductase (Msra) is a regulator of antioxidant defense and lifespan in mammals. Proc. Natl. Acad. Sci. USA
2001, 98, 12920–12925. [CrossRef] [PubMed]

44. Salmon, A.B.; Pérez, V.I.; Bokov, A.; Jernigan, A.; Kim, G.; Zhao, H.; Levine, R.L.; Richardson, A. Lack of
methionine sulfoxide reductase a in mice increases sensitivity to oxidative stress but does not diminish life
span. FASEB J. 2009, 23, 3601–3608. [CrossRef] [PubMed]

http://dx.doi.org/10.2337/Db13-0314
http://www.ncbi.nlm.nih.gov/pubmed/24009256
http://dx.doi.org/10.1093/brain/awq314
http://www.ncbi.nlm.nih.gov/pubmed/21078595
http://dx.doi.org/10.1158/0008-5472.CAN-05-2980
http://www.ncbi.nlm.nih.gov/pubmed/16357131
http://dx.doi.org/10.1152/physiolgenomics.00239.2007
http://www.ncbi.nlm.nih.gov/pubmed/18445702
http://dx.doi.org/10.1093/gerona/glp132
http://www.ncbi.nlm.nih.gov/pubmed/19776219
http://dx.doi.org/10.3402/Pba.V1i0.7202
http://www.ncbi.nlm.nih.gov/pubmed/22953032
http://dx.doi.org/10.1074/jbc.272.33.20313
http://www.ncbi.nlm.nih.gov/pubmed/9252331
http://dx.doi.org/10.1016/0026-0495(95)90167-1
http://dx.doi.org/10.1038/nrd1330
http://www.ncbi.nlm.nih.gov/pubmed/15031734
http://dx.doi.org/10.1016/j.orcp.2013.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24455761
http://dx.doi.org/10.1161/01.ATV.0000058402.34138.11
http://www.ncbi.nlm.nih.gov/pubmed/12615693
http://dx.doi.org/10.1038/nature15726
http://www.ncbi.nlm.nih.gov/pubmed/26466563
http://dx.doi.org/10.1126/Scitranslmed.3007653
http://www.ncbi.nlm.nih.gov/pubmed/24477002
http://dx.doi.org/10.1111/j.1474-9726.2006.00224.x
http://www.ncbi.nlm.nih.gov/pubmed/16913878
http://dx.doi.org/10.2337/dc07-0817
http://www.ncbi.nlm.nih.gov/pubmed/17586736
http://dx.doi.org/10.1007/s11357-015-9864-z
http://www.ncbi.nlm.nih.gov/pubmed/26695510
http://dx.doi.org/10.1016/j.cell.2013.05.039
http://www.ncbi.nlm.nih.gov/pubmed/23746838
http://dx.doi.org/10.1073/pnas.231472998
http://www.ncbi.nlm.nih.gov/pubmed/11606777
http://dx.doi.org/10.1096/fj.08-127415
http://www.ncbi.nlm.nih.gov/pubmed/19487311


Antioxidants 2016, 5, 24 10 of 14

45. Hedley, A.A.; Ogden, C.L.; Johnson, C.L.; Carroll, M.D.; Curtin, L.R.; Flegal, K.M. Prevalence of overweight
and obesity among us children, adolescents, and adults, 1999–2002. JAMA 2004, 291, 2847–2850. [CrossRef]
[PubMed]

46. Kuczmarski, R.J.; Flegal, K.M.; Campbell, S.M.; Johnson, C.L. Increasing prevalence of overweight among
us adults: The national health and nutrition examination surveys, 1960 to 1991. JAMA 1994, 272, 205–211.
[CrossRef] [PubMed]

47. Masters, R.K.; Reither, E.N.; Powers, D.A.; Yang, Y.C.; Burger, A.E.; Link, B.G. The impact of obesity on us
mortality levels: The importance of age and cohort factors in population estimates. Am. J. Public Health 2013,
103, 1895–1901. [CrossRef] [PubMed]

48. Kitahara, C.M.; Flint, A.J.; Berrington de Gonzalez, A.; Bernstein, L.; Brotzman, M.; Macinnis, R.J.; Moore, S.C.;
Robien, K.; Rosenberg, P.S.; Singh, P.N.; et al. Association between class III obesity (BMI of 40–59 kg/m) and
mortality: A pooled analysis of 20 prospective studies. PLoS Med. 2014. [CrossRef] [PubMed]

49. Peeters, A.; Barendregt, J.J.; Willekens, F.; Mackenbach, J.P.; Mamun, A.A.; Bonneux, L. Obesity in adulthood
and its consequences for life expectancy: A life-table analysis. Ann. Int. Med. 2003, 138, 24–32. [CrossRef]
[PubMed]

50. Flegal, K.M.; Kit, B.K.; Orpana, H.; Graubard, B.I. Association of all-cause mortality with overweight and
obesity using standard body mass index categories: A systematic review and meta-analysis. JAMA 2013,
309, 71–82. [CrossRef] [PubMed]

51. Loenneke, J.P.; Loprinzi, P.D. Obesity is associated with insulin resistance but not skeletal muscle dysfunction
or all-cause mortality. Age 2015, 38, 1–7. [CrossRef] [PubMed]

52. Furukawa, S.; Fujita, T.; Shimabukuro, M.; Iwaki, M.; Yamada, Y.; Nakajima, Y.; Nakayama, O.;
Makishima, M.; Matsuda, M.; Shimomura, I. Increased oxidative stress in obesity and its impact on metabolic
syndrome. J. Clin. Investig. 2004, 114, 1752–1761. [CrossRef] [PubMed]

53. Liu, Y.; Qi, W.; Richardson, A.; van Remmen, H.; Ikeno, Y.; Salmon, A.B. Oxidative damage associated
with obesity is prevented by overexpression of CuZn- or Mn-superoxide dismutase. Biochem. Biophys. Res.
Commun. 2013, 438, 78–83. [CrossRef] [PubMed]

54. Zhang, Y.; Fischer, K.E.; Soto, V.; Liu, Y.; Sosnowska, D.; Richardson, A.; Salmon, A.B.
Obesity-induced oxidative stress, accelerated functional decline with age and increased mortality in mice.
Arch. Biochem. Biophys. 2015, 576, 39–48. [CrossRef] [PubMed]

55. Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001, 414, 813–820.
[CrossRef] [PubMed]

56. Meza-Miranda, E.R.; Camargo, A.; Rangel-Zuniga, O.A.; Delgado-Lista, J.; Garcia-Rios, A.; Perez-Martinez, P.;
Tasset-Cuevas, I.; Tunez, I.; Tinahones, F.J.; Perez-Jimenez, F.; et al. Postprandial oxidative stress is modulated
by dietary fat in adipose tissue from elderly people. Age 2014, 36, 507–517. [CrossRef] [PubMed]

57. Brand, M.D.; Affourtit, C.; Esteves, T.C.; Green, K.; Lambert, A.J.; Miwa, S.; Pakay, J.L.; Parker, N.
Mitochondrial superoxide: Production, biological effects, and activation of uncoupling proteins. Free Radic.
Biol. Med. 2004, 37, 755–767. [CrossRef] [PubMed]

58. Anderson, E.J.; Lustig, M.E.; Boyle, K.E.; Woodlief, T.L.; Kane, D.A.; Lin, C.-T.; Price, J.W., III; Kang, L.;
Rabinovitch, P.S.; Szeto, H.H.; et al. Mitochondrial H2O2 emission and cellular redox state link excess fat
intake to insulin resistance in both rodents and humans. J. Clin. Investig. 2009, 119, 573–581. [CrossRef]
[PubMed]

59. Bournat, J.C.; Brown, C.W. Mitochondrial dysfunction in obesity. Curr. Opin. Endocrinol. Diabetes Obes. 2010,
17, 446–452. [CrossRef] [PubMed]

60. Ruggiero, C.; Ehrenshaft, M.; Cleland, E.; Stadler, K. High-fat diet induces an initial adaptation of
mitochondrial bioenergetics in the kidney despite evident oxidative stress and mitochondrial ros production.
Am. J. Physiol. Endocrinol. Metab. 2011, 300, E1047–E1058. [CrossRef] [PubMed]

61. Lowell, B.B.; Shulman, G.I. Mitochondrial dysfunction and type 2 diabetes. Science 2005, 307, 384–387.
[CrossRef] [PubMed]

62. Curtis, J.M.; Grimsrud, P.A.; Wright, W.S.; Xu, X.; Foncea, R.E.; Graham, D.W.; Brestoff, J.R.; Wiczer, B.M.;
Ilkayeva, O.; Cianflone, K.; et al. Downregulation of adipose glutathione S-transferase A4 leads to increased
protein carbonylation, oxidative stress, and mitochondrial dysfunction. Diabetes 2010, 59, 1132–1142.
[CrossRef] [PubMed]

http://dx.doi.org/10.1001/jama.291.23.2847
http://www.ncbi.nlm.nih.gov/pubmed/15199035
http://dx.doi.org/10.1001/jama.1994.03520030047027
http://www.ncbi.nlm.nih.gov/pubmed/8022039
http://dx.doi.org/10.2105/AJPH.2013.301379
http://www.ncbi.nlm.nih.gov/pubmed/23948004
http://dx.doi.org/10.1371/Journal.Pmed.1001673
http://www.ncbi.nlm.nih.gov/pubmed/25003901
http://dx.doi.org/10.7326/0003-4819-138-1-200301070-00008
http://www.ncbi.nlm.nih.gov/pubmed/12513041
http://dx.doi.org/10.1001/jama.2012.113905
http://www.ncbi.nlm.nih.gov/pubmed/23280227
http://dx.doi.org/10.1007/s11357-015-9865-y
http://www.ncbi.nlm.nih.gov/pubmed/26698153
http://dx.doi.org/10.1172/JCI21625
http://www.ncbi.nlm.nih.gov/pubmed/15599400
http://dx.doi.org/10.1016/j.bbrc.2013.07.029
http://www.ncbi.nlm.nih.gov/pubmed/23872067
http://dx.doi.org/10.1016/j.abb.2014.12.018
http://www.ncbi.nlm.nih.gov/pubmed/25558793
http://dx.doi.org/10.1038/414813a
http://www.ncbi.nlm.nih.gov/pubmed/11742414
http://dx.doi.org/10.1007/s11357-013-9579-y
http://www.ncbi.nlm.nih.gov/pubmed/23963800
http://dx.doi.org/10.1016/j.freeradbiomed.2004.05.034
http://www.ncbi.nlm.nih.gov/pubmed/15304252
http://dx.doi.org/10.1172/JCI37048
http://www.ncbi.nlm.nih.gov/pubmed/19188683
http://dx.doi.org/10.1097/MED.0b013e32833c3026
http://www.ncbi.nlm.nih.gov/pubmed/20585248
http://dx.doi.org/10.1152/ajpendo.00666.2010
http://www.ncbi.nlm.nih.gov/pubmed/21386058
http://dx.doi.org/10.1126/science.1104343
http://www.ncbi.nlm.nih.gov/pubmed/15662004
http://dx.doi.org/10.2337/db09-1105
http://www.ncbi.nlm.nih.gov/pubmed/20150287


Antioxidants 2016, 5, 24 11 of 14

63. Crescenzo, R.; Bianco, F.; Falcone, I.; Prisco, M.; Liverini, G.; Iossa, S. Alterations in hepatic mitochondrial
compartment in a model of obesity and insulin resistance. Obesity 2008, 16, 958–964.

64. Boudina, S.; Graham, T.E. Mitochondrial function/dysfunction in white adipose tissue. Exp. Physiol. 2014,
99, 1168–1178. [CrossRef] [PubMed]

65. Nishimura, S.; Manabe, I.; Nagasaki, M.; Eto, K.; Yamashita, H.; Ohsugi, M.; Otsu, M.; Hara, K.; Ueki, K.;
Sugiura, S.; et al. Cd8+ effector T cells contribute to macrophage recruitment and adipose tissue inflammation
in obesity. Nat. Med. 2009, 15, 914–920. [CrossRef] [PubMed]

66. Feuerer, M.; Herrero, L.; Cipolletta, D.; Naaz, A.; Wong, J.; Nayer, A.; Lee, J.; Goldfine, A.B.; Benoist, C.;
Shoelson, S.; et al. Lean, but not obese, fat is enriched for a unique population of regulatory T cells that affect
metabolic parameters. Nat Med. 2009, 15, 930–939. [CrossRef] [PubMed]

67. Weisberg, S.P.; Mccann, D.; Desai, M.; Rosenbaum, M.; Leibel, R.L.; Ferrante, A.W., Jr. Obesity is associated
with macrophage accumulation in adipose tissue. J. Clin. Investig. 2003, 112, 1796–1808. [CrossRef] [PubMed]

68. Xu, H.; Barnes, G.T.; Yang, Q.; Tan, G.; Yang, D.; Chou, C.J.; Sole, J.; Nichols, A.; Ross, J.S.; Tartaglia, L.A.;
et al. Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance.
J. Clin. Investig. 2003, 112, 1821–1830. [CrossRef] [PubMed]

69. Bapat, S.P.; Myoung Suh, J.; Fang, S.; Liu, S.; Zhang, Y.; Cheng, A.; Zhou, C.; Liang, Y.; LeBlanc, M.; Liddle, C.;
et al. Depletion of fat-resident Treg cells prevents age-associated insulin resistance. Nature 2015. [CrossRef]
[PubMed]

70. Özcan, U.; Cao, Q.; Yilmaz, E.; Lee, A.-H.; Iwakoshi, N.N.; Özdelen, E.; Tuncman, G.; Görgün, C.;
Glimcher, L.H.; Hotamisligil, G.S. Endoplasmic reticulum stress links obesity, insulin action, and type
2 diabetes. Science 2004, 306, 457–461. [CrossRef] [PubMed]

71. Hotamisligil, G.; Shargill, N.; Spiegelman, B. Adipose expression of tumor necrosis factor-alpha: Direct role
in obesity-linked insulin resistance. Science 1993, 259, 87–91. [CrossRef] [PubMed]

72. Tsukumo, D.M.L.; Carvalho-Filho, M.A.; Carvalheira, J.B.C.; Prada, P.O.; Hirabara, S.M.; Schenka, A.A.;
Araújo, E.P.; Vassallo, J.; Curi, R.; Velloso, L.A.; et al. Loss-of-function mutation in toll-like receptor 4 prevents
diet-induced obesity and insulin resistance. Diabetes 2007, 56, 1986–1998. [CrossRef] [PubMed]

73. Salmon, A.B.; Flores, L.C.; Li, Y.; van Remmen, H.; Richardson, A.; Ikeno, Y. Reduction of glucose intolerance
with high fat feeding is associated with anti-inflammatory effects of thioredoxin 1 overexpression in mice.
Pathobiol. Aging Age Relat. Dis. 2012. [CrossRef] [PubMed]

74. Defronzo, R.A. From the triumvirate to the ominous octet: A new paradigm for the treatment of type 2
diabetes mellitus. Diabetes 2009, 58, 773–795. [CrossRef] [PubMed]

75. Kraegen, E.W.; Clark, P.W.; Jenkins, A.B.; Daley, E.A.; Chisholm, D.J.; Storlien, L.H. Development of muscle
insulin resistance after liver insulin resistance in high-fat–fed rats. Diabetes 1991, 40, 1397–1403. [CrossRef]
[PubMed]

76. Oakes, N.D.; Cooney, G.J.; Camilleri, S.; Chisholm, D.J.; Kraegen, E.W. Mechanisms of liver and muscle
insulin resistance induced by chronic high-fat feeding. Diabetes 1997, 46, 1768–1774. [CrossRef] [PubMed]

77. Pou, K.M.; Massaro, J.M.; Hoffmann, U.; Vasan, R.S.; Maurovich-Horvat, P.; Larson, M.G.; Keaney, J.F., Jr.;
Meigs, J.B.; Lipinska, I.; Kathiresan, S.; et al. Visceral and subcutaneous adipose tissue volumes are
cross-sectionally related to markers of inflammation and oxidative stress: The framingham heart study.
Circulation 2007, 116, 1234–1241. [CrossRef] [PubMed]

78. Goodarzi, M.T.; Navidi, A.A.; Rezaei, M.; Babahmadi-Rezaei, H. Oxidative damage to DNA and lipids:
Correlation with protein glycation in patients with type 1 diabetes. J. Clin. Lab. Anal. 2010, 24, 72–76.
[CrossRef] [PubMed]

79. Dandona, P.; Thusu, K.; Cook, S.; Snyder, B.; Makowski, J.; Armstrong, D.; Nicotera, T. Oxidative damage to
DNA in diabetes mellitus. Lancet 1996, 347, 444–445. [CrossRef]

80. Al-Aubaidy, H.A.; Jelinek, H.F. Oxidative DNA damage and obesity in type 2 diabetes mellitus.
Eur. J. Endocrinol. 2011, 164, 899–904. [CrossRef] [PubMed]

81. Tinahones, F.J.; Murri-Pierri, M.; Garrido-Sánchez, L.; García-Almeida, J.M.; García-Serrano, S.;
García-Arnés, J.; García-Fuentes, E. Oxidative stress in severely obese persons is greater in those with
insulin resistance. Obesity 2009, 17, 240–246. [CrossRef] [PubMed]

82. Jain, S.K.; Levine, S.N.; Duett, J.; Hollier, B. Reduced vitamin E and increased lipofuscin products in
erythrocytes of diabetic rats. Diabetes 1991, 40, 1241–1244. [CrossRef] [PubMed]

http://dx.doi.org/10.1113/expphysiol.2014.081414
http://www.ncbi.nlm.nih.gov/pubmed/25128326
http://dx.doi.org/10.1038/nm.1964
http://www.ncbi.nlm.nih.gov/pubmed/19633658
http://dx.doi.org/10.1038/nm.2002
http://www.ncbi.nlm.nih.gov/pubmed/19633656
http://dx.doi.org/10.1172/JCI200319246
http://www.ncbi.nlm.nih.gov/pubmed/14679176
http://dx.doi.org/10.1172/JCI200319451
http://www.ncbi.nlm.nih.gov/pubmed/14679177
http://dx.doi.org/10.1038/Nature16151
http://www.ncbi.nlm.nih.gov/pubmed/26580014
http://dx.doi.org/10.1126/science.1103160
http://www.ncbi.nlm.nih.gov/pubmed/15486293
http://dx.doi.org/10.1126/science.7678183
http://www.ncbi.nlm.nih.gov/pubmed/7678183
http://dx.doi.org/10.2337/db06-1595
http://www.ncbi.nlm.nih.gov/pubmed/17519423
http://dx.doi.org/10.3402/Pba.V2i0.17101
http://www.ncbi.nlm.nih.gov/pubmed/22953037
http://dx.doi.org/10.2337/db09-9028
http://www.ncbi.nlm.nih.gov/pubmed/19336687
http://dx.doi.org/10.2337/diab.40.11.1397
http://www.ncbi.nlm.nih.gov/pubmed/1936601
http://dx.doi.org/10.2337/diab.46.11.1768
http://www.ncbi.nlm.nih.gov/pubmed/9356024
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.710509
http://www.ncbi.nlm.nih.gov/pubmed/17709633
http://dx.doi.org/10.1002/jcla.20328
http://www.ncbi.nlm.nih.gov/pubmed/20333759
http://dx.doi.org/10.1016/S0140-6736(96)90013-6
http://dx.doi.org/10.1530/EJE-11-0053
http://www.ncbi.nlm.nih.gov/pubmed/21436346
http://dx.doi.org/10.1038/oby.2008.536
http://www.ncbi.nlm.nih.gov/pubmed/19023278
http://dx.doi.org/10.2337/diab.40.10.1241
http://www.ncbi.nlm.nih.gov/pubmed/1936587


Antioxidants 2016, 5, 24 12 of 14

83. Jain, S.K. Glutathione and glucose-6-phosphate dehydrogenase deficiency can increase protein glycosylation.
Free Radic. Biol. Med. 1998, 24, 197–201. [CrossRef]

84. Samiec, P.S.; Drews-Botsch, C.; Flagg, E.W.; Kurtz, J.C.; Sternberg, P., Jr.; Reed, R.L.; Jones, D.P. Glutathione in
human plasma: Decline in association with aging, age-related macular degeneration, and diabetes. Free Radic.
Biol. Med. 1998, 24, 699–704. [CrossRef]

85. Marra, G.; Cotroneo, P.; Pitocco, D.; Manto, A.; di Leo, M.A.S.; Ruotolo, V.; Caputo, S.; Giardina, B.;
Ghirlanda, G.; Santini, S.A. Early increase of oxidative stress and reduced antioxidant defenses in patients
with uncomplicated type 1 diabetes: A case for gender difference. Diabetes Care 2002, 25, 370–375. [CrossRef]
[PubMed]

86. Kumawat, M.; Sharma, T.K.; Singh, I.; Singh, N.; Ghalaut, V.S.; Vardey, S.K.; Shankar, V. Antioxidant enzymes
and lipid peroxidation in type 2 diabetes mellitus patients with and without nephropathy. N. Am. J. Med. Sci.
2013, 5, 213–219. [PubMed]

87. Sackmann-Sala, L.; Berryman, D.E.; Lubbers, E.R.; Vesel, C.B.; Troike, K.M.; List, E.O.; Munn, R.D.; Ikeno, Y.;
Kopchick, J.J. Decreased insulin sensitivity and increased oxidative damage in wasting adipose tissue depots
of wild-type mice. Age 2012, 34, 1225–1237. [CrossRef] [PubMed]

88. Jung Hoon, K. Modification and inactivation of human Cu, Zn-superoxide dismutase by methylglyoxal.
Mol. Cells 2003, 15, 194–199.

89. Yuan, Y.; Jiao, X.; Lau, W.B.; Wang, Y.; Christopher, T.A.; Lopez, B.L.; Ramachandrarao, S.P.; Tao, L.;
Ma, X.L. Thioredoxin glycation: A novel posttranslational modification that inhibits its antioxidant and
organ protective actions. Free Radic. Biol. Med. 2010, 49, 332–338. [CrossRef] [PubMed]

90. Hoehn, K.L.; Salmon, A.B.; Hohnen-Behrens, C.; Turner, N.; Hoy, A.J.; Maghzal, G.J.; Stocker, R.;
van Remmen, H.; Kraegen, E.W.; Cooney, G.J.; et al. Insulin resistance is a cellular antioxidant defense
mechanism. Proc. Natl. Acad. Sci. USA 2009, 106, 17787–17792. [CrossRef] [PubMed]

91. Chen, L.; Na, R.; Gu, M.; Salmon, A.B.; Liu, Y.; Liang, H.; Qi, W.; van Remmen, H.; Richardson, A.; Ran, Q.
Reduction of mitochondrial H2O2 by overexpressing peroxiredoxin 3 improves glucose tolerance in mice.
Aging Cell 2008, 7, 866–878. [CrossRef] [PubMed]

92. Hunnicut, J.; Liu, Y.; Richardson, A.; Salmon, A.B. Msra overexpression targeted to the mitochondria, but not
cytosol, preserves insulin sensitivity in diet-induced obese mice. PLoS ONE 2015, 10, e0139844. [CrossRef]
[PubMed]

93. Souto Padron de Figueiredo, A.; Salmon, A.B.; Bruno, F.; Jimenez, F.; Martinez, H.G.; Halade, G.V.; Ahuja, S.S.;
Clark, R.A.; DeFronzo, R.A.; Abboud, H.E.; et al. Nox2 mediates skeletal muscle insulin resistance induced
by a high fat diet. J. Biol. Chem. 2015, 290, 13427–13439. [CrossRef] [PubMed]

94. Perriotte-Olson, C.; Adi, N.; Manickam, D.S.; Westwood, R.A.; Desouza, C.V.; Natarajan, G.; Crook, A.;
Kabanov, A.V.; Saraswathi, V. Nanoformulated copper/zinc superoxide dismutase reduces adipose
inflammation in obesity. Obesity 2015. [CrossRef] [PubMed]

95. Hirosumi, J.; Tuncman, G.; Chang, L.; Gorgun, C.Z.; Uysal, K.T.; Maeda, K.; Karin, M.; Hotamisligil, G.S.
A central role for Jnk in obesity and insulin resistance. Nature 2002, 420, 333–336. [CrossRef] [PubMed]

96. Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860–867. [CrossRef] [PubMed]
97. Yang, L.; Calay, E.S.; Fan, J.; Arduini, A.; Kunz, R.C.; Gygi, S.P.; Yalcin, A.; Fu, S.; Hotamisligil, G.S.

S-Nitrosylation links obesity-associated inflammation to endoplasmic reticulum dysfunction. Science 2015,
349, 500–506. [CrossRef] [PubMed]

98. Bertelsen, M.; Anggard, E.E.; Carrier, M.J. Oxidative stress impairs insulin internalization in endothelial cells
in vitro. Diabetologia 2001, 44, 605–613. [CrossRef] [PubMed]

99. Styskal, J.; Nwagwu, F.A.; Watkins, Y.N.; Liang, H.; Richardson, A.; Musi, N.; Salmon, A.B. Methionine
sulfoxide reductase a affects insulin resistance by protecting insulin receptorfunction. Free Radic. Biol. Med.
2013, 56, 123–132. [CrossRef] [PubMed]

100. Boden, G.; Homko, C.; Barrero, C.A.; Stein, T.P.; Chen, X.; Cheung, P.; Fecchio, C.; Koller, S.; Merali, S.
Excessive caloric intake acutely causes oxidative stress, Glut4 carbonylation, and insulin resistance in healthy
men. Sci. Transl. Med. 2015. [CrossRef] [PubMed]

101. Ceriello, A.; Motz, E. Is oxidative stress the pathogenic mechanism underlying insulin resistance, diabetes,
and cardiovascular disease? The common soil hypothesis revisited. Arterioscler. Thromb. Vasc. Biol. 2004, 24,
816–823. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0891-5849(97)00223-2
http://dx.doi.org/10.1016/S0891-5849(97)00286-4
http://dx.doi.org/10.2337/diacare.25.2.370
http://www.ncbi.nlm.nih.gov/pubmed/11815512
http://www.ncbi.nlm.nih.gov/pubmed/23626958
http://dx.doi.org/10.1007/s11357-011-9304-7
http://www.ncbi.nlm.nih.gov/pubmed/21953241
http://dx.doi.org/10.1016/j.freeradbiomed.2010.04.017
http://www.ncbi.nlm.nih.gov/pubmed/20416371
http://dx.doi.org/10.1073/pnas.0902380106
http://www.ncbi.nlm.nih.gov/pubmed/19805130
http://dx.doi.org/10.1111/j.1474-9726.2008.00432.x
http://www.ncbi.nlm.nih.gov/pubmed/18778410
http://dx.doi.org/10.1371/Journal.Pone.0139844
http://www.ncbi.nlm.nih.gov/pubmed/26448611
http://dx.doi.org/10.1074/jbc.M114.626077
http://www.ncbi.nlm.nih.gov/pubmed/25825489
http://dx.doi.org/10.1002/Oby.21348
http://www.ncbi.nlm.nih.gov/pubmed/26612356
http://dx.doi.org/10.1038/nature01137
http://www.ncbi.nlm.nih.gov/pubmed/12447443
http://dx.doi.org/10.1038/nature05485
http://www.ncbi.nlm.nih.gov/pubmed/17167474
http://dx.doi.org/10.1126/science.aaa0079
http://www.ncbi.nlm.nih.gov/pubmed/26228140
http://dx.doi.org/10.1007/s001250051667
http://www.ncbi.nlm.nih.gov/pubmed/11380079
http://dx.doi.org/10.1016/j.freeradbiomed.2012.10.544
http://www.ncbi.nlm.nih.gov/pubmed/23089224
http://dx.doi.org/10.1126/Scitranslmed.Aac4765
http://www.ncbi.nlm.nih.gov/pubmed/26355033
http://dx.doi.org/10.1161/01.ATV.0000122852.22604.78
http://www.ncbi.nlm.nih.gov/pubmed/14976002


Antioxidants 2016, 5, 24 13 of 14

102. Lavie, L. Obstructive sleep apnoea syndrome—An oxidative stress disorder. Sleep Med. Rev. 2003, 7, 35–51.
[CrossRef] [PubMed]

103. Madamanchi, N.R.; Vendrov, A.; Runge, M.S. Oxidative stress and vascular disease. Arterioscler. Thromb.
Vasc. Biol. 2005, 25, 29–38. [CrossRef] [PubMed]

104. Farr, S.A.; Yamada, K.A.; Butterfield, D.A.; Abdul, H.M.; Xu, L.; Miller, N.E.; Banks, W.A.; Morley, J.E. Obesity
and hypertriglyceridemia produce cognitive impairment. Endocrinology 2008, 149, 2628–2636. [CrossRef]
[PubMed]

105. Butterfield, D.A.; di Domenico, F.; Barone, E. Elevated risk of type 2 diabetes for development of alzheimer
disease: A key role for oxidative stress in brain. Biochim. Biophys. Acta Mol. Basis Dis. 2014, 1842, 1693–1706.
[CrossRef] [PubMed]

106. Morrison, C.D.; Pistell, P.J.; Ingram, D.K.; Johnson, W.D.; Liu, Y.; Fernandez-Kim, S.O.; White, C.L.;
Purpera, M.N.; Uranga, R.M.; Bruce-Keller, A.J.; et al. High fat diet increases hippocampal oxidative
stress and cognitive impairment in aged mice: Implications for decreased Nrf2 signaling. J. Neurochem. 2010,
114, 1581–1589. [CrossRef] [PubMed]

107. Kadish, I.; Kumar, A.; Beitnere, U.; Jennings, E.; Mcgilberry, W.; van Groen, T. Dietary composition affects the
development of cognitive deficits in Wt and Tg Ad model mice. Exp. Gerontol. 2016. [CrossRef] [PubMed]

108. Maesako, M.; Uemura, M.; Tashiro, Y.; Sasaki, K.; Watanabe, K.; Noda, Y.; Ueda, K.; Asada-Utsugi, M.;
Kubota, M.; Okawa, K.; et al. High fat diet enhances B-site cleavage of amyloid precursor protein (App) via
promoting B-site app cleaving enzyme 1/adaptor protein 2/clathrin complex formation. PLoS ONE 2015.
[CrossRef] [PubMed]

109. Petrov, D.; Pedrós, I.; Artiach, G.; Sureda, F.X.; Barroso, E.; Pallàs, M.; Casadesús, G.; Beas-Zarate, C.; Carro, E.;
Ferrer, I.; et al. High-fat diet-induced deregulation of hippocampal insulin signaling and mitochondrial
homeostasis deficiences contribute to alzheimer disease pathology in rodents. Biochim. Biophys. Acta Mol.
Basis Dis. 2015, 1852, 1687–1699. [CrossRef] [PubMed]

110. Knight, E.M.; Martins, I.V.A.; Gümüsgöz, S.; Allan, S.M.; Lawrence, C.B. High-fat diet-induced memory
impairment in triple-transgenic Alzheimer’s disease (3xtgad) mice is independent of changes in amyloid
and Tau pathology. Neurobiol. Aging 2014, 35, 1821–1832. [CrossRef] [PubMed]

111. Tucsek, Z.; Toth, P.; Sosnowska, D.; Gautam, T.; Mitschelen, M.; Koller, A.; Szalai, G.; Sonntag, W.E.;
Ungvari, Z.; Csiszar, A. Obesity in aging exacerbates blood-brain barrier disruption, neuroinflammation,
and oxidative stress in the mouse hippocampus: Effects on expression of genes involved in beta-amyloid
generation and Alzheimer’s disease. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2014, 69, 1212–1226. [CrossRef]
[PubMed]

112. Pintana, H.; Pongkan, W.; Pratchayasakul, W.; Chattipakorn, N.; Chattipakorn, S.C. Testosterone replacement
attenuates cognitive decline in testosterone-deprived lean rats, but not in obese rats, by mitigating brain
oxidative stress. Age 2015, 37, 1–14. [CrossRef] [PubMed]

113. Gentric, G.; Maillet, V.; Paradis, V.; Couton, D.; L’hermitte, A.; Panasyuk, G.; Fromenty, B.; Celton-Morizur, S.;
Desdouets, C. Oxidative stress promotes pathologic polyploidization in nonalcoholic fatty liver disease.
J. Clin. Investig. 2015, 125, 981–992. [CrossRef] [PubMed]

114. Ip, B.C.; Hu, K.-Q.; Liu, C.; Smith, D.E.; Obin, M.S.; Ausman, L.M.; Wang, X.D. Lycopene
metabolite, Apo-101-lycopenoic acid, inhibits diethylnitrosamine-initiated, high Fat diet—Promoted hepatic
inflammation and tumorigenesis in mice. Cancer Prev. Res. 2013, 6, 1304–1316. [CrossRef] [PubMed]

115. Xiong, S.; Patrushev, N.; Forouzandeh, F.; Hilenski, L.; Alexander, R.W. Modulates telomere function and
DNA damage in protecting against aging-related chronic diseases. Cell Rep. 2015, 12, 1391–1399. [CrossRef]
[PubMed]

116. Nasri, R.; Abdelhedi, O.; Jemil, I.; Daoued, I.; Hamden, K.; Kallel, C.; Elfeki, A.; Lamri-Senhadji, M.;
Boualga, A.; Nasri, M.; et al. Ameliorating effects of goby fish protein hydrolysates on high-fat-high-fructose
diet-induced hyperglycemia, oxidative stress and deterioration of kidney function in rats. Chem. Biol. Interact.
2015, 242, 71–80. [CrossRef] [PubMed]

117. Gamez-Mendez, A.M.; Vargas-Robles, H.; Ríos, A.; Escalante, B. Oxidative stress-dependent coronary
endothelial dysfunction in obese mice. PLoS ONE 2015. [CrossRef] [PubMed]

118. Vargas-Robles, H.; Rios, A.; Arellano-Mendoza, M.; Escalante, B.A.; Schnoor, M. Antioxidative diet
supplementation reverses high-fat diet-induced increases of cardiovascular risk factors in mice. Oxid. Med.
Cell. Longev. 2015. [CrossRef] [PubMed]

http://dx.doi.org/10.1053/smrv.2002.0261
http://www.ncbi.nlm.nih.gov/pubmed/12586529
http://dx.doi.org/10.1161/01.ATV.0000150649.39934.13
http://www.ncbi.nlm.nih.gov/pubmed/15539615
http://dx.doi.org/10.1210/en.2007-1722
http://www.ncbi.nlm.nih.gov/pubmed/18276751
http://dx.doi.org/10.1016/j.bbadis.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/24949886
http://dx.doi.org/10.1111/j.1471-4159.2010.06865.x
http://www.ncbi.nlm.nih.gov/pubmed/20557430
http://dx.doi.org/10.1016/J.Exger.2016.05.003
http://www.ncbi.nlm.nih.gov/pubmed/27167583
http://dx.doi.org/10.1371/Journal.Pone.0131199
http://www.ncbi.nlm.nih.gov/pubmed/26414661
http://dx.doi.org/10.1016/j.bbadis.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/26003667
http://dx.doi.org/10.1016/j.neurobiolaging.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24630364
http://dx.doi.org/10.1093/gerona/glt177
http://www.ncbi.nlm.nih.gov/pubmed/24269929
http://dx.doi.org/10.1007/s11357-015-9827-4
http://www.ncbi.nlm.nih.gov/pubmed/26277724
http://dx.doi.org/10.1172/JCI73957
http://www.ncbi.nlm.nih.gov/pubmed/25621497
http://dx.doi.org/10.1158/1940-6207.CAPR-13-0178
http://www.ncbi.nlm.nih.gov/pubmed/24085778
http://dx.doi.org/10.1016/j.celrep.2015.07.047
http://www.ncbi.nlm.nih.gov/pubmed/26299964
http://dx.doi.org/10.1016/j.cbi.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26327248
http://dx.doi.org/10.1371/Journal.Pone.0138609
http://www.ncbi.nlm.nih.gov/pubmed/26381906
http://dx.doi.org/10.1155/2015/467471
http://www.ncbi.nlm.nih.gov/pubmed/25922641


Antioxidants 2016, 5, 24 14 of 14

119. Miller, R.A. Kleemeier award lecture: Are there genes for aging? J. Gerontol. Ser. A Biol. Sci. Med. Sci. 1999,
54, B297–B307. [CrossRef]

120. Silberberg, M.; Silberberg, R. Factors modifying the lifespan of mice. Am. J. Physiol. 1954, 177, 23–26.
[PubMed]

121. Baur, J.A.; Pearson, K.J.; Price, N.L.; Jamieson, H.A.; Lerin, C.; Kalra, A.; Prabhu, V.V.; Allard, J.S.;
Lopez-Lluch, G.; Lewis, K.; et al. Resveratrol improves health and survival of mice on a high-calorie
diet. Nature 2006, 444, 337–342. [CrossRef] [PubMed]

122. Faeh, D.; Braun, J.; Tarnutzer, S.; Bopp, M. Obesity but not overweight is associated with increased mortality
risk. Eur. J. Epidemiol. 2011, 26, 647–655. [CrossRef] [PubMed]

123. Styskal, J.; van Remmen, H.; Richardson, A.; Salmon, A.B. Oxidative stress and diabetes: What can we learn
about insulin resistance from antioxidant mutant mouse models? Free Radic. Biol. Med. 2012, 52, 46–58.
[CrossRef] [PubMed]

© 2016 by the author; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/gerona/54.7.B297
http://www.ncbi.nlm.nih.gov/pubmed/13148336
http://dx.doi.org/10.1038/nature05354
http://www.ncbi.nlm.nih.gov/pubmed/17086191
http://dx.doi.org/10.1007/s10654-011-9593-2
http://www.ncbi.nlm.nih.gov/pubmed/21681546
http://dx.doi.org/10.1016/j.freeradbiomed.2011.10.441
http://www.ncbi.nlm.nih.gov/pubmed/22056908
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Obesity and Oxidative Stress 
	Obesity and Decline in Health Span 
	Conclusions 

