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I do not think anybody even remotely connected with the
field of diabetes, either as a researcher or as a health care
provider, would have any serious objection to the concept
that some degree of altered inflammatory activity or oxida-
tive stress plays a serious role in multiple aspects of diabetes.
Just to mention two of the best-known processes, a violent,
acute inflammatory event leads to the destruction of beta
cells at the onset of type 1 diabetes, and a chronic, subclinical
proinflammatory state is at the base of the slow development
of micro- and macrovascular complications accounting for
the larger part of morbidity and mortality related to all forms
of diabetes. This connection has led to a remarkable increase
in research activity in this field in recent years. Running a
PubMed search with “inflammation and diabetes” as search
terms, for instance, returns 14,059 articles; “Oxidative stress
and diabetes” 8850 articles; “inflammation and atheroscle-
rosis” 11209 articles; and “inflammation and cardiovascular
disease” 49245 articles. To a smaller extent, the very content
of this special issue is a clear example of the variety and com-
plexity of issues in the prevention, diagnosis, management,
and therapy of diabetes, in which one or more inflammatory
or oxidative stress component plays a critical role.

Inflammation and oxidative stress, however, are two
extremely broad and comprehensive terms. This wealth of
studies and results certainly clarified a large number of path-
ways, mediators and regulatory mechanisms, genes and post-
transcriptional regulators of gene expression related to
inflammation and oxidative stress. However, given the very
large, and constantly growing, number of cell types and
molecules involved, it often feels as though the rate at which
new questions accumulate far exceeds the rate at which prior
questions are definitively answered. We have now identified
hundreds of cytokines and chemokines, whose full physio-
logical function remains in many cases nebulous. Terms such

as “pro” or “anti-inflammatory,” earlier closely associated
with individual inflammatory mediators (such as the classi-
cally defined proinflammatory interleukin-6), are now used
more reluctantly, as the same molecules often display less
clear-cut activity, or even shift from one end of the spectrum
to the other, depending on the surrounding metabolic or cell-
signaling milieu. More importantly, often only some com-
ponents of the complex inflammatory network are altered
in a specific pathological condition. Identifying what these
components are, and using them as biomarkers of onset,
progression or response to treatment of a given condition
has become one the main focuses of inflammatory research.
Again, however, the immense diversity of these biomarkers
renders the task extremely difficult. Let us hypothesize, for
the sake of discussion, that a group of cytokines, or certain
leukocyte surface markers of activation, are definitively
demonstrated to increase significantly in a population of
diabetic patients (let us say young caucasian adult males with
type 2 diabetes), and that their increase is proportional to
the degree of early endothelia dysfunction in these subjects.
While this piece of knowledge can lead to therapeutic and
preventive efforts in this specific populations, it immediately
raises the issue of whether the same biomarkers are as
effective in other populations, that is, in different age groups,
gender, ethnicities, different degrees of diabetes control,
different duration of the disease, and so forth. In short, each
set of chosen inflammatory biomarkers should be closely
tailored to as well defined a subpopulation of subjects as pos-
sible, which would obviously require an enormous amount
of research work. This work is feasible and should indeed
be planned and systematically performed. It is obvious,
however, that to cover all aspects of the interaction between
altered inflammation, oxidative stress, and diabetes (with
associated prediabetic states such as obesity and metabolic
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syndrome), no single laboratory or group of laboratories can
have the ability to perform all necessary studies. To really
produce conclusive, reproducible, nonredundant results
complementing each other and truly generating all interlock-
ing pieces of an all-inclusive inflammatory jig-saw puzzle, a
global scale, coordinated effort must be undertaken by a very
large number of competent research groups, addressing in
a synergistic, collaborative way the most pressing questions
and then systematically chipping away at all collateral issues.
Essential to this task is also the establishment of capillary
informatics tools that would allow the immediate and com-
plete exchange of data across groups, as soon as they are being
gathered. While such an entity does not currently exist, at
least not of the scale proposed here, many collaborations are
indeed being formed across research groups, and the outlook
for the future seems positive. In the meantime, I do not mean
to discount the importance of many very good individual
studies that are clarifying specific aspects of this broad issue.
Given the immeasurable size of the task ahead, each new
piece of information is precious, helpful, and welcome.

Pietro Galassetti
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Obesity and type 1 diabetes (T1DM) are the two most common conditions of altered metabolism in children and adolescents.
In both, similar long-term cardiovascular complications are known to occur, mediated in large part by underlying inflammatory
and oxidative processes whose biochemical details remain relatively unclear. Through a series of experiments in these patient
populations, over the last decade our laboratory has clarified a number of key issues in this field. Interestingly, while obese and type
1 diabetic children often differed in the specific type and magnitude of molecular alterations, in both groups a clear exaggeration of
inflammatory and oxidative activation was detected when compared to healthy, age-matched controls. Our main findings include
definition of resting and exercise-induced cytokine patterns and leukocyte profiles, patterns of activation of immune cells in vitro,
and correlation of the magnitude of observed alterations with severity of obesity and quality of glycemic control. Further, we have
identified a series of alterations in growth factor profiles during exercise that parallel inflammatory changes in obese children. This
paper offers a concise overview of the salient results from this decade-long research effort.

1. Introduction

In a time when remarkable scientific advances have occurred
in all fields of medicine, it seems sometimes anachronistic
that in some areas, in which awareness of a given pathological
condition and general knowledge of its pathophysiology have
been established for decades, improvements in prevention,
management, and avoidance of complications have not been
as rapid and complete as could have been expected. This
is especially true for conditions of altered metabolism in
pediatric populations, such as obesity and diabetes, in which
lack of a deep and thorough understanding of multiple
disease aspects still prevents the widespread, effective control
of health care and social problems associated with these
conditions. In children and adolescents, obesity and type
1 diabetes (T1DM) are by far the two most common
dysmetabolic conditions. While in recent decades obesity
has been increasing at alarming rates in industrialized
countries across all age groups, this phenomenon has been
especially pronounced in children and adolescents. The

obvious threat to which these populations are exposed
is that if the condition is not corrected later in life,
which unfortunately in the large majority of cases is not
the case, onset and progression of related cardiovascular
complications will occur at a proportionally earlier age,
with enormous estimated social, health care, and emotional
costs. Among obesity complications is of course also type 2
diabetes (T2DM). While this condition accounts for ∼90%
of all diabetes cases and is also occurring at much greater
rates in pediatric ages than was used to only 20 years ago,
it is still much less common than T1DM among children
and adolescents. Paradoxically, while the recent increase
in T2DM has been explained with the parallel obesity
epidemic, the prevalence of T1DM has also been increasing
in recent years, for reasons that remain unclear. Obesity and
T1DM share a number of common features. Most impor-
tantly, in both conditions, long-term complications include
severe impairment of the cardiovascular system. While this
association has been clearly established empirically, much
still remains to be learned about the specific pathogenetic
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mechanisms regulating the development of these com-
plications. Consensus exists among the leading research
groups in this field that a major role is played by chronic
subclinical levels of inflammation and oxidative stress which,
in both conditions, through slow but persistent damaging
action on the endothelial surface, eventually result in stiffen-
ing, narrowing, and occlusion of arteries of various caliber in
a broad range of tissues. Inflammation and oxidative stress,
however, are very extensive and complex processes encom-
passing the coordinated action of hundreds and possibly
thousands of cellular and molecular mediators, including
dozens of subtypes of immune cells (with shifting patterns
of surface markers of activation), hundreds of cytokines,
chemokines, growth factors, and their related receptors
and binding proteins. Which components of this intricate
network are activated at any given time, for how long, and
to what degree, at any stage of obesity and T1DM, remains
very poorly defined. Further, it is unclear to what degree
any of the reported levels of exaggerated inflammation or
oxidative stress are due to the presence of obesity or T1DM
per se, or to an acute exacerbation of a specific aspect
of each condition, such as acute hyperglycemia in T1DM
or hyperlipidemia in obesity. To add a further layer of
complication, most of what we know about interaction of
metabolic dysregulation and inflammation/oxidative stress
in obesity and T1DM is derived from studies in adults and
may therefore not be applicable to pediatric populations
in which the endogenous metabolic milieu changes rapidly
and repeatedly during growth and development. Our group
has therefore performed, over the last decade, a number of
studies focused on the attempt to clarify key aspects of this
interaction in pediatric populations. This paper is aimed at
providing a broad overview of the main finding of these
prolonged efforts.

Before we even start reporting our findings in these
specific populations, however, it should be clear that this
is only part of a broader context, in which inflammation,
oxidative stress, and their interaction with exercise modu-
late health status in many more subject populations with
related dysmetabolic conditions. Pediatric prediabetic states,
for instance, may present with significant inflammatory
alterations; in pre-type 2 diabetes, the enormous increase
in circulating insulin may act by itself as a major inflam-
matory modulator, independent of obesity status [1]. In
pre-type 1 diabetes, when autoantiobodies start increasing,
a massive surge in inflammatory processes is preparing
to explode which, if correctly identified in its exact time
frame, holds great promise for preventive interventions that
may block the evolution into frank diabetes [2]. Finally,
even within the normal BMI range, positions close to the
overweight range may be associated with less dramatic,
but still clinically relevant differences in inflamamtiory
status [3]. While all these conditions are important and
definitely need to be explored in detail, their comprehen-
sive evaluation is beyond the scope of this paper, which
we will therefore keep focused on the two quantitatively
largest pediatric dysmetabolic conditions, T1DM and obe-
sity.

2. Inflammation in T1DM

Type 1 diabetes mellitus (T1DM) has long been associated
with the development of cardiovascular disease (CVD).
Numerous epidemiological studies have observed that dia-
betic subjects had extremely high risks of developing
atherosclerosis, acute coronary events, and stroke relative
to the general population [4, 5]. This risk is attenuated
with very good glycemic control (DCCT); however, even
very well-controlled patients retain considerably higher
cardiovascular risk as compared to healthy matched controls.

Multiple lines of recent evidence indicate that the
biochemical link between diabetes and later development
of CVD includes the two parallel and related processes
of increased inflammation and oxidative stress. T1DM is
characterized as an inflammatory disease from several points
of view. First, an acute, intense inflammatory reaction causes
the very onset of the disease via lymphocyte-mediated
destruction of pancreatic beta cells. After this first major
inflammatory episode is resolved, a chronic state of whole-
body low-grade inflammation appears to persist, which is
periodically exacerbated by hyperglycemic fluctuations. In
fact, elevated markers of inflammation [6], immune activa-
tion [7], and oxidative stress [8, 9] have been observed in the
T1DM population. All of these factors are heavily associated
with the initiation and progression of atherosclerosis and
CVD [10]. However, the exact pathogenesis of these alter-
ations is not well understood. This issue becomes particularly
relevant when considering the disease in children, where
the alterations have potential implications in the complex
interaction of early onset of disease symptoms, growth,
and development. Work in our laboratory over the last
several years has continued with this line of inquiry; we
have conducted a number of experiments designed to help
isolate and characterize factors involved in the T1DM child’s
inflammatory state.

In an early study with 12 T1DM children and healthy
controls, we observed a distinctly altered inflammatory
cytokine profile for T1DM children. In particular, the
T1DM group displayed markedly elevated interleukin 6
(IL-6), a molecule considered a classic proinflammatory
mediator, but which, in specific context, has to be also
hypothesized to exert opposite, antiinflammatory effects
[11]. This finding was later confirmed in a larger study
on 49 T1DM and 42 healthy controls, in which a more
comprehensive inflammation and oxidative stress biomarker
panel was performed. The T1DM group displayed not only
elevated levels of IL-6, but also significantly higher plasma
myeloperoxidase (MPO), an oxidative stress marker derived
from neutrophils, monocytes, and macrophages. The latter
observation is in agreement with prior studies indicating that
chronic excessive activation of these cells lines is involved in
the progression of atherosclerosis and cardiovascular disease
in a number of dysmetabolic states [12, 13]. Additional
evidence that inflammatory processes may be exaggerated in
T1DM can also be found in a recent study that focused on
observing gene expression of proinflammatory cytokines and
chemokines in leukocytes following T-cell receptor and Fc
receptor stimulation [14]. Leukocytes from T1DM children
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displayed exaggerated gene expression for TNFSF 5, 7, and 9,
CCL8, and CXCL10 compared to healthy controls.

One of the main issues driving our experimental design
was the relative contribution of presence of diabetes per se,
versus periodic hyperglycemic exacerbations, to the overall
inflammatory status in these patients. Hyperglycemia is
known to induce an acute state of inflammation, both in
healthy and in diabetic subjects [15]. It had not been demon-
strated, however, if this increased inflammatory state would
persist after the hyperglycemic episode was resolved. This
is especially relevant to T1DM children with poor glycemic
control, where repeated hyperglycemic peaks are particularly
common. In these subjects, the inability to fully correct for
the proinflammatory effect of hyperglycemic episodes may
result in chronically elevated inflammation, thus worsening
its long-term damaging effects on the vascular system.
We therefore measured a number of immune-modulatory
cytokines in children with T1DM who were either normo-
or hyperglycemic. Among these, IL-1α, IL-4, and IL-6 were
significantly elevated in the hyperglycemic group not only
while their glucose was high, but also for at least 2 hours
after hyperglycemia had been corrected [16]. The presence
of this sustained inflammatory state stressed the importance
of preventing as opposed to correcting hyperglycemia and
implied that additional therapeutic approaches, such as
anti-inflammatory regimens, targeting this state in poorly
controlled T1DM may be necessary to help prevent vascular
complications.

A logical extension of the above experiments became
the characterization of the nature of the hyperglycemic
states (severity, durations, or distance in the past) that
led to subsequent sustained inflammation. In a previous
study, we divided 29 T1DM children in to 4 subgroups,
based on their spontaneous morning glycemic level; we
then normalized blood glucose in all subjects, kept them
euglycemic for at least 2 hours, and then measured plasma
IL-6. Not surprisingly, we observed that the group with the
highest prior morning plasma glucose (>300 mg/dL) also
had the highest IL-6 concentrations; the other three groups
(prior glycemia of 200–300, 150–200, and <150 mg/dL,
resp.) displayed progressively lower IL-6 levels, the lowest
being identical to healthy controls. A subsequent study
expanded these findings by incorporating the effect of prior
hyperglycemia not only in the morning of the measurements,
but also for the full previous three days. Participants wore
a continuous glucose monitoring system recording glycemia
every 5 minutes for a 3-day period while continuing their
normal insulin regimen and conducting normal life activities
(Figure 1). This allowed us to obtain additional information,
including depth, duration, and repetition pattern of each
hyperglycemic episode, as well as total time spent above
arbitrary hyperglycrmic thresholds (i.e., 11 mM, the clinical
definition of postprandial hyperglycemia). Among these
variables, the average glycemia over the whole 3-day period
correlated best with IL-6 levels at the end of the continuous
measurements, after all subjects’ glycemia had again been
normalized for several hours. Again, children with the
highest mean prior 3-day glycemia had the highest IL-6

levels and progressively lower IL-6 as their prior glycemia
approached the physiological profile. Within subjects with
similar mean 3-day glycemia, a greater proinflammatory
effect was observed in those with the highest hyperglycemic
peaks, indicating that optimal management strategies in
these patients must be aimed not only at limiting the overall
occurrence of hyperglycemia, but also at preventing its most
dangerous characteristics (for example, the same overall
amount of postprandial hyperglycemia can be achieved with-
out a very high hyperglycemic peak if insulin administration
is timed carefully and carbohydrate ingestion is spaced over
a longer time).

One well-known therapeutic approach to reduce whole-
body inflammation is exercise training. In the context of
T1DM, the benefits are obvious: as stated previously, the
potential risk for the development of CVD via a sustained
state of inflammation is attenuated. Interestingly, a reduction
in systemic inflammatory status occurs with long-term
training [17, 18], while, somewhat paradoxically, individual
bouts of exercise are in contrast acutely proinflammatory.
This would normally not be an issue in the healthy subject,
where the exercise-induced inflammation is well controlled,
but in T1DM children, in whom our experiments have
shown to be unable to fully correct for hyperglycemia-
induced inflammation, the presence of this proinflammatory
effect may mitigate the benefits of exercise or may even lead
to deleterious effects over time. To address this issue, we
conducted a number of experiments to clarify the effect of
exercise on T1DM children.

Central to our exercise studies is the exercise protocol,
which was specifically developed in our laboratory to both
normalize work rate and maximize the physiological adaptive
response, while also simulating real-life spontaneous physical
activity. The test consisted of performing, on a stationary
bike, a series of ten 2-minute exercise bouts at 80% of
individual maximal aerobic capacity (VO2max, determined
during a preliminary separate test), separated by 1-minute
intervals. This sequence made it easier for children to tolerate
the 30-minute challenge and produced a similar set of
response as could be elicited by the stop-and-go pattern of a
soccer or basketball game. This exercise protocol, now having
been applied thousands of times to a variety of different
experimental settings and in children with numerous health
conditions, has been instrumental in ensuring that the
physical exertion from exercise is normalized across different
subjects.

Inflammation is a multifaceted condition, with many
aspects mediated via activation of immune cells. Indeed,
leukocyte counts physiologically increase acutely by ∼50%
during exercise. This effect seems not to be altered by the
presence of diabetes, as demonstrated by a recent study from
our laboratory in which we measured circulating leukocytes
(neutrophils, lymphocytes, and monocytes), before and after
the exercise challenge described above, in 45 healthy and 16
T1DM children. In both groups, all leukocyte measurements,
including total and the subtypes, were significantly elevated
at end exercise and returned to near baseline at 30 minutes
after exercise. In pediatric diabetes therefore, an increased
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Figure 1: Plasma interleukin-6 (IL-6) in 47 children with type
1 diabetes before, at the end of, and 30 min after a standardized
30 minute intermittent exercise challenge (a) and exercise-induced
IL-6 increments (b). While all children exercised in euglycemic
conditions (and had been euglycemic for at least the two hours
preceding exercise), they differed in average glycemic control during
the previous three days and were therefore subdivided in four
groups (11-12 subjects each) with increasing mean prior 3-day
glycemia. Children in the group with the lowest mean glycemia
(<8 mM, only slightly greater than comparable healthy controls)
displayed the lowest IL-6 values at all time points; with greater mean
prior glycemia, IL-6 values became progressively higher. Data are
group means ± SE. ∗P < 0.05 <8.0 mM group I.

contribution of circulating immune cells to systemic inflam-
mation seems to be mediated, rather than by an increase in
their number, by their levels of proinflammatory activation.

While several studies have measured cytokine response
to exercise, especially IL-6, considerable inconsistency exists
in the published literature as to the extent, and in some
cases presence at all, of these responses (e.g., an increase or
decrease in a specific cytokine from exercise). Coincidentally,
many studies that looked into this effect simply measured
two points (usually at baseline and after exercise), with con-
clusions that were based off of a linear interpolation of those

points. Should cytokine levels actually fluctuate in a nonlin-
ear manner during physical activity, two time points could
have provided an incomplete view of the overall response to
exercise. Thus, our group conducted a study to better clarify
this issue [19]. Twenty one T1DM children and age-matched
healthy controls underwent our standard exercise challenge.
In this experiment, however, additional blood samples were
drawn every 6 minutes during exercise and 4 times in 15-
minute intervals after exercise. Testing revealed a relatively
conserved, non linear pattern across various cytokines and
chemokines. The control subjects generally exhibited an
initial drop in circulating inflammatory mediators during
exercise (possibly due to binding of existing molecules to
the acutely increase numbers of circulating leukocytes),
followed by a measurable rise at end of or after exercise
(possibly due to new cytokine/chemokine molecules being
secreted in response to exercise stimulus). T1DM subjects,
for the majority of cytokines and chemokines, did not
display the initial drop during exercise and instead exhibited
an exaggerated and accelerated profile of inflammatory
activation, with larger increases of mediators that peaked
more rapidly during exercise. This was most clearly seen in
the cytokines IL-6, tumor necrosis factor-α (TNF-α), and
the chemokines monocyte chemoattractant protein-1 (MCP-
1) and macrophage inflammatory protein-1α (MIP-1α). The
practical meaning of this finding is that for the whole
duration of exercise, at least in this particular format, T1DM
children were exposed to a clearly more proinflammtory
milieu, with greater concentrations of both proinflammatory
mediators and of chemoattractants/activators for monocytes,
known to play a key role in the early development of vascular
atherosclerotic lesions.

3. Inflammation and Pediatric Obesity

Along with T1DM, obesity is among the most common
dysmetabolic disorders in children. Modern society’s increas-
ingly sedentary lifestyles and growing ease of overnutrition
have contributed to the prevalence and incidence of excessive
adiposity, which has consistently risen in the US throughout
the past four decades. In the latest NHANES conducted by
the CDC, about 17% of children aged 9–17 were observed
to be clinically obese [20], and other reports indicate that
the prevalence may be even higher in the US population
overall and certainly is within certain populations and at risk
minorities [21]. Early-onset obesity has been clearly linked
to a very high likelihood of life-long permanence of obesity,
resulting in an exponential increase in the risk for CVD and
other complications. The biochemical details and in-depth
metabolic characteristics of pediatric obesity, however, which
may differ substantially from adults and are at the very base
of our ability to develop effective preventive and therapeutic
strategies, remain very poorly understood. In this context, in
our laboratory, we have therefore focused on identifying a
number of physiological and pathological aspects of pediatric
obesity, particularly as related to exercise.

The previously mentioned leukocytosis response study
also included overweight children (BMI% > 85) [22]. These
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subjects exhibited a pattern and magnitude of exercise-
induced leukocytosis that was similar to healthy and T1DM
children (i.e., all leukocyte subpopulations increased simi-
larly in response to exercise and returned to near-baseline
levels within 60 min after exercise cessation); as the study
also included yet another group of children (with asthma),
who also displayed a similar unaltered response pattern, the
data indicate that leukocyte responses to exercise are a highly
conserved adaptation mechanism that remains unaltered
across a wide range of conditions. It should be noted,
however, that the similarity in baseline leukocyte counts
between overweight and healthy controls, observed in this
study, was somewhat in contrast with a previous study,
in which overweight children had higher baseline counts
[23]. We believe that while this discrepancy may be due
to differences in the severity of overweight/obesity, more
severely obese children, therefore, may start exercising with
higher basal leukocytes, and even maintaining a normal
leukocyte response to exercise, they may be exposed to higher
leukocyte levels at all times during and immediately after
exercise, likely resulting in parallel increases in other indices
of inflammation.

Additional support for this last concept was in fact
provided by other studies in which multiple inflammatory
mediators were measured in obese children during exercise.
For instance, significantly larger levels of baseline and
exercise-induced IL-6 were observed in overweight children
by McMurray et al. [24]. A later study using our standardized
exercise challenge, in which a broad panel of cytokines
were measured at multiple time points during exercise,
further supported this notion with significant elevations of
TNF-α and IL-2 and parallel, marked elevation (albeit not
statistically significant) of IL-6, IL-4, IL-5, IL-8, IL-10, andIL-
13 in obese subjects (BMI% > 95) [25]. In addition to
inflammatory cytokines, key oxidative stress markers (MPO
and F2-isoprostanes) were also observed to be elevated in
obese children both at baseline and throughout exercise
[14, 26]. These studies suggest that chronic inflammation
and oxidative stress, which in adults have been suggested as
the biochemical link between obesity and its cardiovascular
complications, are already markedly activated when obesity
is established at a very early age.

In obesity, many changes in the inflammatory and
oxidative response to exercise occur in the broader context
of a more complex adaptive response which also include
a series of hormones regulating availability of energy sub-
strates and systemic anabolism (insulin, glucocorticoids,
catecholamines, glucagon, and growth factors). While in
adults these processes, if altered, are therefore likely to only
affect exercise performance, in the growing child hormonal
alterations, especially within the growth hormone (GH)
insulin-like growth factor (IGF-1) axis, may have additional
effects on growth and development. Indeed, several prior
observations from other laboratories, derived from studies
on adult populations, supported the concept that either the
presence of obesity or the ingestion of a high-fat meal could
reduce the GH response to exercise. In 1970, in fact,Hansen
and Johansen [27], and in 1999, Kanaley et al. [28] showed
that both subjects with upper-body or lower-body obesity

had a significantly lower GH peak during a standardized
exercise intervention, as compared to control. In a separate
study, Cappon et al. displayed how in young healthy subject
who performed an intense, 10 min exercise bout 45 min
after ingesting a lipid-rich drink, the GH response was
attenuated by over 50%, as compared to an identical exercise
test, in the same subjects, performed either in fasting
condition or after ingestion of an isocaloric carbohydrate-
rich drink [29]. These observations. However, had not been
confirmed in children until in our laboratory, using our
standard exercise protocol, 25 obese children and healthy
controls were studied. We observed that, much like in adults,
the obese group displayed significantly lower circulating
GH, epinephrine, norepinephrine, and dopamine. Other
components of the GH-IGF-1 (IGF-1, IGF-, and GH-binding
proteins) axis were not significantly different [30].

To determine whether the alterations in the GH response
to exercise might become more pronounced in children with
a greater severity of obesity, we repeated the same study on a
larger subject pool (48 obese, 42 age-matched controls), with
the obese subdivided in three subgroups with increasing BMI
percentile (95–97th, 97–98.5th, and >98.5th BMI%) [31].
Interestingly, the more obese the children, the more blunted
the GH response to exercise; this effect was also maintained
both in early- and late-pubertal subjects.

Independent of obesity status, we also addressed the
issue of whether, as shown in adults, a high-fat meal could
attenuate exercise-induced GH secretion in children. This
point may be very relevant to everyday life, as diet-induced
obesity with frequent ingestion of high-fat nutrients is now
particularly commonplace with the increased availability
and convenience of fast food. A realistic scenario that may
result from this trend is the practice of eating high-fat
meals before physical activity (e.g., lunch before sports
practice). We therefore studied a group of healthy children
performing standardized exercise following a high-fat meal
or placebo [30]. While basal growth hormone was similar
across all subjects, the exercise-induced peak was found
to be significantly lower after the high-fat meal. We then
repeated the same study in obese children and observed that
the combined effect of lipid ingestion and obesity almost
completely suppressed the GH response to exercise, that is,
reduced it to a much greater extent than could be expected
by adding the separate effect of obesity and of fat ingestion
alone, suggesting the presence of a synergistic effect of the
two conditions [32].

4. Conclusions

While the picture of inflammatory and oxidative status in
children with obesity and T1DM is by no means complete,
we believe that a number of general conclusions can
be drawn by our ten-year experience of studies in this
field. First and foremost, it is clear that no matter what
approach was taken (i.e., which mediators were measured, or
what experimental protocol was utilized), differences across
groups always reveled exaggerated inflammatory/oxidative
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Table 1: Synopsis of key inflammatory/oxidative alteration in children with type 1 diabetes and obesity.

Inflammatory/oxidative alteration Evidence

Pediatric type 1 diabetes mellitus

Altered inflammatory status

Elevated baseline IL-6 (and other proinflammatory mediators); exaggerated
gene expression of TNFSF 5, 7, and 9, CCL8, and CXCL10 following ex vivo
leukocytic TCR and Fc receptor stimulation; exercise-induced changes in IL-6,
TNF-α, MCP-1, and MIP-1α peak more rapidly and in greater magnitude

Altered oxidative stress Elevated MPO and F2-isoprostanes

Inflammatory status may be induced/exacerbated by
hyperglycemic episodes

Elevated IL-1α, IL-4, and IL-6 in hyperglycemic T1DM children

Inflammation from hyperglycemia is not fully corrected for
following reversion to euglycemia

Progressively elevated inflammatory markers based on past 3-day average
glycemia

Inflammation may be mediated by level of immunologic
proinflammatory activation, rather than cell numbers

Leukocytosis response is conserved as compared to healthy controls

Pediatric obesity

Elevated inflammatory status Elevated leukocytes and baseline and exercise-induced IL-6, TNF-α, and IL-2

Altered oxidative status Elevated MPO and F2-isoprostanes

Reduced exercise-induced growth hormone secretion in

Healthy children Cappon et al. 1993 [29]

Obese children Oliver et al. 2010 [26, 31]

Markedly reduced exercise-induced GH secretion in
Pediatric obesity following a high-fat meal

Oliver et al. 2012 [32]

activation in the obese and diabetic children as compared to
healthy age-matched controls (Table 1).

Key inflammatory cytokines (IL-6, TNF-α) were among
the biomarkers more consistently elevated; further, immune
cells displayed greater reactivity in diabetic subjects, secreting
larger amounts of inflammatory mediators in response to
standard stimuli. When challenged with exercise, a stimulus
that has the peculiar characteristic to exert a long-term
anti-inflammatory effect, despite acute, proinflammatory
responses to each individual exercise bout, obese, and
diabetic children again displayed elevated and accelerated
patterns of inflammatory activation. Far from indicating
that exercise should be avoided in these children, these
data rather indicate the necessity of better understanding
the characteristics of each exercise format to be utilized in
specific subgroup of individuals. Another clear finding of
our studies is that while in both obese and diabetic children
inflammatory and oxidative processes appeared consistently
elevated, the individual factors that were altered differed
across the two patient populations, suggesting complex
underlying activating mechanisms. Further, the magnitude
of inflammatory activation appeared to be proportional, in
obese children, to the severity of obesity, and in T1DM
children with the quality of glycemic control. Finally, we
observed how inflammatory changes were paralleled by com-
parable alterations in related signaling systems, especially
growth factors, with possible implications in the regulation
of overall growth and development. As a whole, our data
indicate how a better and more complete understanding of
all aspects of the interaction between these two widespread
pediatric dysmetabolic conditions, and the components of
the underlying inflammatory and oxidative dysregulation, is
at the very base of our future ability to successfully prevent,

manage, and treat the related devastating cardiovascular
complications.
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Background. Insulin resistance (IR) is part of the metabolic syndrome (Mets) that develops after lifestyle changes and obesity.
Although the association between Mets and myocardial injury is well known, the effect of IR on myocardial damage remains
unclear. Methods and Results. We studied 2200 normal subjects who participated in a community-based health check in the town
of Takahata in northern Japan. The presence of IR was assessed by homeostasis model assessment ratio, and the serum level of
heart-type fatty acid binding protein (H-FABP) was measured as a maker of silent and ongoing myocardial damage. H-FABP levels
were significantly higher in subjects with IR and Mets than in those without metabolic disorder regardless of gender. Multivariate
logistic analysis showed that the presence of IR was independently associated with latent myocardial damage (odds ratio: 1.574,
95% confidence interval 1.1–2.3) similar to the presence of Mets. Conclusions. In a screening of healthy subjects, IR and Mets were
similarly related to higher H-FABP levels, suggesting that there may be an asymptomatic population in the early stages of metabolic
disorder that is exposed to myocardial damage and might be susceptible to silent heart failure.

1. Introduction

The presence of metabolic disorders such as glucose intol-
erance and dyslipidemia is associated with the incidence
of cardiovascular disease (CVD) and is a cause of mor-
tality [1, 2]. It has been reported that the components
of metabolic syndrome (Mets), which include abdominal
obesity, hypertension, impaired insulin tolerance with high
fasting glucose levels, and elevated levels of triglycerides [3–
5], are risk factors for CVD [6, 7]. Epidemiological and
experimental studies have provided evidence of the rela-
tionship between cardiac dysfunction and diabetes mellitus
(DM) [8–11]. Furthermore, hyperglycemia, hypertension,
and dyslipidemia are associated with ongoing myocardial
damage. These findings imply that there is a significant

association between the severity of Mets and organ damage
[12, 13]. However, a correlation between insulin resistance
(IR) and cardiac dysfunction in the general population has
not been established to date.

Clinical studies have shown that heart-type fatty acid-
binding protein (H-FABP), which is rapidly released into the
circulation from the damaged myocardium, may be a marker
for myocardial damage not only in patients with ischemic
heart disease but also in those with chronic heart failure
[14–17]. Because the levels of H-FABP are correlated with
the incidence of cardiac events in heart failure patients, the
assessment of H-FABP levels may be of value to estimate
the potential existence of cardiac damage in the general
population [18, 19]. The effect of IR on myocardial damage
in normal subjects, however, remains to be clarified. The
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purpose of this study was to investigate the association
between IR and myocardial damage in healthy subjects.

2. Methods

2.1. Study Design. This study was part of the Molecular
Epidemiological Study utilizing the Regional Characteristics
of 21st Century Centers of Excellence (COE) Program and
Global COE Program in Japan, as described in detail previ-
ously [20]. The study was approved by the institutional ethics
committee and all participants provided written informed
consent. The subjects included in the study were members of
the general population with an age of 40 years and older from
the town of Takahata in northern Japan. From June 2004 to
November 2005, 1,380 men and 1,735 women were enrolled
in the study. A total of 915 patients with incomplete data were
excluded, and 2200 patients participated in the final study.

2.2. Clinical Assessments. The Takahata town study was based
on a survey consisting of a self-administered questionnaire
about lifestyle, blood pressure measurements, anthropomet-
ric measurements, and the collection of blood and urine
specimens from the participants at annual health exams.
Information concerning medical history, current medica-
tions, smoking habits, and alcohol intake was obtained from
the self-reported questionnaire. Blood pressure was mea-
sured using a mercury manometer, with subjects resting in
a seated position for at least 5 minutes before measurement.

2.3. Definition of Mets and IR. Mets was evaluated using the
National Cholesterol Education program Adult Treatment
Panel III (NCEP-ATP III) criteria [3]. The NCEP-ATP
III criteria for abdominal obesity were modified by using
body mass index (BMI) ≥ 25 kg/m2 instead of the waist
circumference because obesity is defined as BMI ≥ 25 kg/m2

in Japan [21, 22]. Mets was defined on the basis of meeting
at least 3 of the following 5 NCEP-ATP III criteria: BMI ≥
25 kg/m2, elevated triglyceride (TG) ≥ 150 mg/dL, reduced
high-density lipoprotein cholesterol (HDLc) < 40 mg/dL in
men and < 50 mg/dL in women, elevated fasting blood
sugar (FBS) ≥ 110 mg/dL or previously diagnosed diabetes
mellitus, elevated blood pressure [systolic blood pressure
(sBP) ≥ 130 mmHg, and/or diastolic blood pressure (dBP)
≥ 85 mmHg] or use of antihypertensive medication. Insulin
tolerance was evaluated with the homeostasis model assess-
ment ratio [HOMA-R, HOMA-R = fasting insulin levels
(IRI) × FBS × 1/405], and IR was defined as HOMA-R >
2.5 [23].

2.4. Definition of Latent and Ongoing Myocardial Damage.
The presence of latent and ongoing myocardial damage was
defined as serum levels of heart type fatty acid binding
protein (H-FABP) above 4.3 ng/mL as reported previously
[16, 18].

2.5. Statistical Analysis. Data are presented as mean ±
standard deviation (SD). Data that were not distributed

Table 1: Comparisons of clinical characteristics of 2200 subjects.

Age (years)∗ 69.1 ± 12.6

Gender (male/female) 973/1227

BMI (kg/m2)∗ 23.0 ± 3.3

sBP (mm Hg)∗ 134 ± 16

dBP (mm Hg)∗ 79 ± 10

BNP (pg/mL)∗∗ 20.0 (10.9–35.8)

TC (mg/dL)∗∗ 200 (179–221)

TG (mg/dL)∗∗ 91 (68–125)

HDLc (mg/dL)∗ 59 ± 15

LDLc (mg/dL)∗ 124 ± 29

eGFR (mL/min/1.73 m2)∗∗ 96 (82–110)

H-FABP (ng/mL)∗∗ 3.5 (2.6–4.7)

BMI: body mass index; BNP: brain natriuretic peptide; TC: total cholesterol;
TG: triglyceride; HDLc: high density lipoprotein cholesterol; LDLc: low
density lipoprotein cholesterol; H-FABP: heart type fatty acid binding
protein; sBP: systolic blood pressure; dBP: diastolic blood pressure; Data are
presented as ∗mean ± S.D; ∗∗median (interquartile range).

normally were presented as medians and interquartile inter-
vals. The unpaired Student’s t-test and the chi-square test
were used for comparisons between 2 groups of continuous
and categorical variables, respectively. The Mann-Whitney
U-test was used when data were not distributed normally.
Comparisons of data among 3 groups categorized based on
the presence of IR and Mets were performed by the Kruskal-
Wallis test. Univariate and multivariate logistic analyses
were performed to evaluate the association between IR and
ongoing myocardial damage.

3. Results

3.1. Patient Characteristics. Table 1 lists the characteristics
of the 2200 subjects. The proportion of men was 44.2%,
and the mean age of the study subjects was 63 ± 10 years.
Mean serum levels of brain natriuretic peptide (BNP) and
H-FABP were 20.0 ng/L (interquartile range: 10.9–35.8) and
3.5 ng/mL (interquartile range: 2.6–4.7), respectively. Mean
BMI was 23.0±3.3 kg/m2; sBP and dBP were 134±16 mmHg
and 79 ± 10 mmHg, respectively. Serum FBS levels were
93 ± 12 mg/dL. Serum levels of total cholesterol (TC),
TG, HDLc, and low-density lipoprotein cholesterol (LDLc)
were 200 mg/dL (interquartile range: 179–221), 91 mg/dL
(interquartile range: 68–125), 59 ± 15 mg/dL, and 124 ±
29 mg/dL, respectively. Estimated glomerular filtration rate
was 96.0 mL/min/1.73 m2 (interquartile range: 82–110).

3.2. Classification of Subjects by the Presence of IR. Subjects
were divided into 3 groups according to the presence of IR
and Mets, as shown in Table 2. IR was associated with female
gender; high BMI; high sBP and dBP; high LDLc, TG, and TC
levels; and low BNP and HDLc levels compared to subjects
without IR. Mets was associated with male gender; high BMI;
high sBP and dBP; high LDLc, TG, and TC levels; and low
BNP and HDLc levels compared to subjects without Mets.
Serum H-FABP levels were significantly higher in subjects
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Table 2: Comparisons of clinical characteristics of patients with and without IR.

IR (−) IR (+) Mets

Age 63 ± 10 63 ± 10 63 ± 10

Male 659 (46.2%) 169 (33.2%)∗ 145 (54.9%)∗#

BMI 21.9 ± 2.8 24.4 ± 3.2∗ 26.1 ± 2.5∗#

sBP 132 ± 16 136 ± 15∗ 134 ± 14∗

dBP 78 ± 10 80 ± 10∗ 84 ± 8∗#

BNP (pg/mL) 21.5 (12.1–37.4) 17.1 (9.5–30.5)∗ 17.5 (9.4–33.6)∗

TC (g/dL) 197 (177–217) 204 (187–226)∗ 205 (182–229)∗

TG (g/dL) 81 (63–106) 101 (77–128)∗ 171 (150–224)∗#

HDL (g/dL) 61 ± 14 58 ± 13∗ 46 ± 12∗#

LDL (g/dL) 122 ± 29 131 ± 28∗ 124 ± 30∗#

eGFR (mL/min/1.73 m2) 97 (82–112) 98 (83–111) 86 (74–102)∗#

H-FABP (ng/mL) 3.5 (2.6–4.6) 3.6 (2.6–4.7)∗ 3.7 (2.8–5.1)∗

BMI: body mass index; BNP: brain natriuretic peptide; TC: total cholesterol; TG: triglyceride; HDLc: high density lipoprotein cholesterol; LDLc: low density
lipoprotein cholesterol; H-FABP: heart type fatty acid binding protein; sBP: systolic blood pressure; dBP: diastolic blood pressure; Data are presented as mean
± S.D or median (interquartile range). ∗P < 0.05 versus IR (−); #P < 0.05 versus IR (+).
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Figure 1: Serum levels of H-FABP in the study population. Subjects
with and without insulin resistance (IR) and metabolic syndrome
(Mets) were included. In comparison to IR (−) subjects, subjects
with IR and Mets showed an increase in H-FABP levels. Data are
expressed as mean ± SD. ∗P < 0.05 versus subjects without IR.

with IR and Mets than in those without IR. However, there
was no significant difference between subjects with IR and
those with Mets, as shown in Figure 1.

3.3. Classification by Gender. It is well known that serum
H-FABP level and other blood parameters differ according
to gender [18]. We therefore divided subjects into 2 groups
according to gender, as shown in Table 3. Clinical character-
istics were different between the 2 groups. However, serum
H-FABP levels were significantly higher in subjects with IR
and Mets than in those without IR in both groups regardless
of gender, as shown in Tables 4 and 5.

3.4. Association between IR and Ongoing Myocardial Damage.
To investigate the contribution of IR to the increase of
H-FABP levels in the asymptomatic general population,
1936 subjects without Mets were examined by univariate
and multivariate logistic analyses. In the univariate logistic

Table 3: Comparisons of clinical characteristics in male and female
subjects.

Male Female

Age (years)∗ 64.0 ± 10.2 62.7 ± 10.0†

BMI (kg/m2)∗ 22.9 ± 3.0 23.1 ± 3.5

sBP (mm Hg)∗ 136 ± 16 133 ± 16†

dBP (mm Hg)∗ 82 ± 10 77 ± 9†

BNP (pg/mL)∗∗ 17.6 (9.3–36.1) 21.4 (12.4–35.3)

TC (mg/dL)∗∗ 191 (173–211) 206 (187–226)†

TG (mg/dL)∗∗ 95 (70–135) 89 (66–117)†

HDLc (mg/dL)∗ 56 ± 14 61 ± 14†

LDLc (mg/dL)∗ 119 ± 28 129 ± 28†

eGFR (mL/min/1.73 m2)∗∗ 82 (72–90) 106 (97–124)†

H-FABP (ng/mL)∗∗ 3.7 (2.8–4.8) 3.4 (2.6–4.6)†

BMI: body mass index; BNP: brain natriuretic peptide; TC: total cholesterol;
TG: triglyceride; HDLc: high density lipoprotein cholesterol; LDLc: low
density lipoprotein cholesterol; H-FABP: heart type fatty acid binding
protein; sBP: systolic blood pressure; dBP: diastolic blood pressure; Data are
presented as ∗mean± S.D; ∗∗median (interquartile range); †P < 0.05 versus
male.

analysis, the presence of IR, age, gender, sBP, and serum levels
of BNP and LDLc were associated with latent and ongoing
myocardial damage, as shown in Table 6. In the multivariate
logistic analysis, the presence of IR was independently
associated with the increase of H-FABP levels (OR: 1.6, 95%
confidence interval 1.1–2.3) after adjusting for age, gender,
serum BNP level, sBP, and serum LDLc level, as shown in
Table 3. Furthermore, the percentage of subjects with latent
and ongoing myocardial damage was significantly higher
in those with IR than in those without IR (8.27% versus
11.20%, P = 0.0478), as shown in Figure 2.

4. Discussion

The findings of the present study are as follows: (1) H-FABP
levels increased in association with IR and Mets in normal
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Table 4: Comparisons of clinical characteristics of patients with and without IR and Mets in male.

IR (−) IR (+) Mets (+)

Age (years) 64 ± 10 64 ± 10 63 ± 8

BMI (kg/m2) 22.0 ± 3.0 24.2 ± 2.8∗ 25.9 ± 2.3∗#

sBP (mm Hg) 135 ± 16 138 ± 16∗ 142 ± 13∗

dBP (mm Hg) 81 ± 10 83 ± 10 85 ± 9∗

BNP (pg/mL) 19.8 (10.2–37.6) 13.8 (8.0–31.8)∗ 14.2 (8.0–28.7)∗

TC (mg/dL) 189 (170–207) 197 (179–215)∗ 196 (173–224)∗#

TG (mg/dL) 84 (64–111) 104 (79–135)∗ 184 (151–256)∗

HDLc (mg/dL) 59 ± 14 54 ± 12∗ 43 ± 12∗#

LDLc (mg/dL) 117 ± 28 128 ± 27∗ 123 ± 29∗#

eGFR (mL/min/1.73 m2) 83 (72–92) 76 (66–86)∗ 77 (67–89)∗

H-FABP (ng/mL) 3.2 (2.4–4.5) 3.6 (2.7–4.8)∗ 3.8 (2.8–4.9)∗

BMI: body mass index; BNP: brain natriuretic peptide; TC: total cholesterol; TG: triglyceride; HDLc: high density lipoprotein cholesterol; LDLc: low density
lipoprotein cholesterol; H-FABP: heart type fatty acid binding protein; sBP: systolic blood pressure; dBP: diastolic blood pressure; Data are presented as mean
± S.D or median (interquartile range). ∗P < 0.05 versus IR (−); #P < 0.05 versus IR (+).

Table 5: Comparisons of clinical characteristics of patients with and without IR and Mets in female.

IR (−) IR (+) Mets (+)

Age (years) 62 ± 10 62 ± 10 64 ± 8

BMI (kg/m2) 22.0 ± 3.0 24.5 ± 3.4∗ 26.4 ± 2.7∗#

sBP (mm Hg) 130 ± 16 135 ± 15∗ 144 ± 12∗#

dBP (mm Hg) 75 ± 9 78 ± 9∗ 83 ± 8∗#

BNP (pg/mL) 23.3 (14.0–37.0) 18.5 (10.8–30.5)∗ 19.8 (10.7–38.0)∗

TC (mg/dL) 204 (185–223) 209 (190–232)∗ 212 (192–237)∗

TG (mg/dL) 79 (62–102) 100 (76–123)∗ 166 (149–186)∗#

HDLc (mg/dL) 64 ± 14 61 ± 13∗ 48 ± 11∗#

LDLc (mg/dL) 127 ± 28 133 ± 29∗ 132 ± 29∗

eGFR (mL/min/1.73 m2) 107 (98–126) 104 (96–123) 101 (86–121)∗

H-FABP (ng/mL) 3.3 (2.5–4.4) 3.6 (2.6–4.8)∗ 3.5 (2.7–5.2)∗

BMI: body mass index; BNP: brain natriuretic peptide; TC: total cholesterol; TG: triglyceride; HDLc: high density lipoprotein cholesterol; LDLc: low density
lipoprotein cholesterol; H-FABP: heart type fatty acid binding protein; sBP: systolic blood pressure; dBP: diastolic blood pressure; Data are presented as mean
± S.D or median (interquartile range). ∗P < 0.05 versus IR (−); #P < 0.05 versus IR (+).

subjects; (2) multivariate logistic analysis revealed that the
presence of IR was an independent risk factor for myocardial
injury in the general population; (3) the prevalence of high
H-FABP was more prevalent in subjects with IR than in those
without IR.

Although patients with IR are often asymptomatic, this
condition can lead to a multitude of diseases [24]. The
early detection of metabolic disorder is important for the
prevention of new-onset CVD. Physicians can only treat
patients in the symptomatic state because asymptomatic
subjects, such as those with IR, do not generally present
to clinics or hospitals. Our study showed that latent and
ongoing myocardial damage may occur in the early stages
of metabolic disease, such as those characterized by the
presence of IR. This suggests that early detection of latent and
ongoing myocardial damage through population screening is
essential to prevent future cardiovascular disorders.

Serum BNP is an established and commonly used
marker for the detection of myocardial damage during
screening evaluations [25]. However, in the present study,
we measured serum H-FABP to detect latent and ongoing

myocardial damage for the following reasons. First, several
cohort studies have shown that high BMI is inversely
correlated to serum BNP level [26–28]. The hypothesized
mechanism underlying this inverse relationship has been
described previously. Increased expression of natriuretic
peptide clearance receptor by adipose tissue, which is shown
in obese subjects, results in increased clearance of serum
BNP [29]. Similarly, we also observed an inverse relationship
between serum BNP level and IR in the present study. Thus,
serum BNP appears to be inadequate to detect latent and
ongoing myocardial damage in the early stages of metabolic
disorder. Second, previous reports showed that serum H-
FABP is a useful and sensitive marker for screening patients
with latent and ongoing myocardial damage [14, 17, 19]. It is
well known that serum H-FABP is rapidly released into the
circulation from damaged myocardium; hence, it is used as
a marker of acute coronary syndrome. On the other hand,
there is evidence that disturbances in cardiac microvascular
circulation caused by metabolic disorders and left ventricular
hypertrophy induce myocardial hypoxia and cardiomyocyte
injury and impair cardiac function [30–32]. Moreover, not
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Table 6: Univariate and multivariate logistic analysis for high serum level of H-FABP.

Variables OR 95% CI P value

Univariable analysis

Age (per 5 years increase) 1.716 1.552–1.908 <0.0001

Male 1.396 1.022–1.905 0.0357

BMI 1.224 0.881–1.701 0.2288

BNP 1.004 1.002–1.006 0.0008

sBP 1.493 1.076–2.071 0.0164

dBP 1.110 0.784–1.570 0.5565

LDLc 0.682 0.468–0.995 0.0468

HDL (<40 mg/dL in male, <50 mg/dL in female) 1.532 0.774–3.035 0.2209

TG (above 150 mg/dL) 0.730 0.377–1.415 0.3514

TC (above 220 mg/dL) 0.960 0.670–1.377 0.8265

IR (presence of IR) 1.399 1.002–1.953 0.0487

Multivariable analysis

Age (per 5 years increase) 1.707 1.531–1.908 <0.0001

Male 1.258 0.904–1.750 0.1726

BNP 1.022 0.719–1.454 0.9023

sBP 1.041 0.736–1.472 0.8219

IR (presence of IR) 1.574 1.100–2.251 0.0131

OR: odds ratio; CI: confidence interval; BMI: body mass index; BNP: brain natriuretic peptide; TC: total cholesterol; TG: triglyceride; HDLc: high density
lipoprotein cholesterol; LDLc: low density lipoprotein cholesterol; H-FABP: heart type fatty acid binding protein; sBP: systolic blood pressure; dBP: diastolic
blood pressure.
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Figure 2: Comparison of latent and ongoing myocardial damage
between subjects with and without IR. Latent and ongoing myocar-
dial damage was defined as serum levels of heart type fatty acid
binding protein (H-FABP) above 4.3 ng/mL. In comparison to IR
(−) subjects, those with IR showed a higher incidence of myocardial
damage.

only hypoxia, but also mechanical stretch, oxidative stress,
inflammation, and apoptosis increase cardiomyocyte perme-
ability, resulting in elevated levels of myocardial cytosolic
markers in patients with heart failure [33–36]. Previously,
we demonstrated that increased serum H-FABP level is
associated with the exacerbation of chronic heart failure and

thus provides prognostic information [15, 16]. These studies
showed that patients with high serum levels of H-FABP
had a significantly higher rate of cardiac events than those
with normal H-FABP levels (34% versus 4%, P < 0.001).
Furthermore, these studies suggested that serum H-FABP
level was an independent predictor of future cardiac events
(χ2 = 7.397, P < 0.01). Similarly, minimally increased levels
of troponin T are associated with mortality and morbidity in
patients with chronic heart failure [37, 38].

In this study, we demonstrated that H-FABP but not
BNP was higher in subjects with IR and Mets than in those
without these conditions, suggesting that measurement of
H-FABP might be suitable to predict the occurrence of
myocardial damage in subjects with metabolic disorder.

There were several limitations associated with our study.
First, we modified the NCEP-ATP III criteria for abdominal
obesity by using body mass index (BMI) ≥ 25 kg/m2 instead
of the waist circumference to evaluate metabolic syndrome.
We used BMI instead of the waist circumference because
the definition of waist circumference is unclear in Japan,
especially in women [39]. On the other hand, BMI as a
criterion for obesity has been clearly defined as BMI ≥
25 kg/m2 in the Japanese general population [21]. Second,
we did not detect latent and ongoing myocardial damage
by visual methods such as echocardiography or myocardial
scintigraphy. The association between alterations in diastolic
function and metabolic disorder has been reported [40], and
the correlation between the results of myocardial scintig-
raphy and myocardial damage in subjects with diastolic
dysfunction was also been shown [41]. In addition, prior
reports have shown that H-FABP levels are correlated with
the severity of myocardial injury evaluated by myocardial
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scintigraphy [42]. Taken together, these findings suggest
that the measurement of serum levels of H-FABP might
be appropriate for a population-based study. Third, our
data are cross-sectional and cannot demonstrate longitudinal
progression of cardiovascular disorder and cannot establish
causal relationship between IR and obvious heart disease.
Future studies should be focused on assessing longitudinal
progression.

5. Conclusion

The presence of IR is related to latent and ongoing
myocardial damage in normal subjects, which suggests that
myocardial damage occurs in the early state of metabolic
disorder. Future studies should be aimed at developing effec-
tive strategies for the treatment of IR to prevent myocardial
damage and improve clinical outcomes.
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The present study investigates the relationship between diabetes metabolic control represented by levels of HbA1c, early glycation
products-(fructosamine (FAM)), serum-advanced glycation end products (s-AGEs), lipoperoxidation products (LPO), advanced
oxidation protein products (AOPP) and circulating TGF-β in young patients with DM1. The study group consisted of 79 patients
with DM1 (8–18 years). 31 healthy children were used as control (1–16 years). Baseline characteristics of patients were compared
by Student’s t-test and nonparametric Mann-Whitney test (Statdirect), respectively. The correlations between the measured
parameters were examined using Pearson correlation coefficient r and Spearman’s rank test, respectively. A P value < 0.05
was considered as statistically significant. HbA1c was measured by LPLC, s-AGEs spectrofluorimetrically, LPO and AOPP
spectrophotometrically and TGF-β by ELISA. Our results showed that parameters of glycation and oxidation are significantly
higher in patients with DM1 than in healthy control. The level of serum TGF-β was significantly higher in diabetics in comparison
with control: 7.1(3.6; 12.6) versus 1.6(0.8; 3.9) ng/mL. TGF-β significantly correlated with age and duration of DM1. There was
not found any significant relation between TGF-β and parameres of glycation and oxidation. However, these results do not exclude
the association between TGF-β and the onset of diabetic complications.

1. Introduction

Diabetes mellitus of Type 1 is one of the most frequent
autoimmune diseases and is characterized by absolute or
nothing short of absolute endogenous insulin deficiency
which results in hyperglycemia that is considered to be a pri-
mary cause of diabetic complications. Diabetes mellitus leads
to various chronic micro- and macrovascular complications.
Diabetic nephropathy and cardiovascular disease are major
causes of morbidity and mortality in patients with DM.

Persistent hyperglycemia is linked with glycation and
glycoxidation. During glycation and glycoxidation, there are
formed early, intermediate, and advanced glycation products
(AGEs). Accumulation of AGEs has several toxic effects and
takes part in the development of diabetic complications
[1–3], such as nephropathy [4], neuropathy, retinopathy,

and angiopathy [5]. Higher plasma levels of AGEs are
associated also with incident cardiovascular disease and all-
cause mortality in DM1 [6]. AGEs are believed to induce
cellular oxidative stress through the interaction with specific
cellular receptors [7].

It has been suggested that the chronic hyperglycaemia
in diabetes enhances the production of reactive oxygen
species (ROS) from glucose autoxidation, protein glycation,
and glycoxidation, which leads to tissue damage [8–10].
Also, cumulative episodes of acute hyperglycaemia can be
source of acute oxidative stress. A number of studies have
summarized the relation between glycation and oxidation
[11]. Uncontrolled production of ROS often leads to damage
of cellular macromolecules (DNA, lipids, and proteins).

Some oxidation products or lipid peroxidation products
may bind to proteins and amplify glycoxidation-generated
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lesions. Lipid peroxidation of polyunsaturated fatty acids,
one of the radical reaction in vivo, can adequately reflect
increased oxidative stress in diabetes.

Advanced oxidation protein products (AOPPs) are
formed during oxidative stress by the action of chlorinated
oxidants, mainly hypochlorous acid and chloramines. In
diabetes, the formation of AOPP is induced by intensified
glycoxidation processes, oxidant-antioxidant imbalance, and
coexisting inflammation [12]. AOPPs are supposed to be
structurally similar to AGEs and to exert similar biological
activities as AGEs, that is, induction of proinflammatory
cytokines in neutrophils, as well as in monocytes, and adhe-
sive molecules [13]. Accumulation of AOPP has been found
in patients with chronic kidney disease [14]. Further possible
sources of oxidative stress are decreased antioxidant defenses,
or alterations in enzymatic pathways. AGEs and their recep-
tor (RAGE) axis stimulate oxidative stress and generation
and subsequently evoke fibrogenic reactions in renal tubular
cells, thereby playing a role in diabetic nephropathy [15].
Growth factor TGF-β1 is one of profibrotic cytokines and
is an important mediator in the pathogenesis of diabetic
nephropathy [16, 17]. TGF-β1 stimulates the production
of extracellular matrix components such as collagen-IV,
fibronectin, and proteoglycans (decorin, biglycan). TGF-β1
may cause glomerulosclerosis and it is one of the causal
factor in myointimal hyperplasia after baloon injury of
carotid artery. It mediates angiotensin-II modulator effect
on smooth muscle cell growth. Beside profibrotic activ-
ity, TGF-β1 has immunoregulatory function on adaptive
immunity too. AGEs induce connective tissue growth factor-
mediated renal fibrosis through TGF-β1-independent Smad3
signalling [18, 19].

The present study investigates the relationship between
diabetes metabolic control represented by actual levels of
HbA1c, early glycation products—(fructosamine (FAM)),
serum-advanced glycation end products (s-AGEs), lipid
peroxidation products (LPOs), advanced oxidation protein
products (AOPPs), and circulating TGF-β in patients with
DM1.

2. Materials and Methods

2.1. Patients and Design. The studied group consisted of
79 children and adolescents (8–18 years) with T1DM
regularly attending the 1st Department of Pediatrics, Chil-
dren Diabetological Center of the Slovak Republic, Uni-
versity Hospital, Faculty of Medicine, Comenius University,
Bratislava. They had T1DM with duration at least for 5 years.
The urine samples in our patients were collected 3 times
overnight, microalbuminuria was considered to be positive
when UAER was between 20 and 200 microgram/min. No
changes (fundus diabetic retinopathy) were found by the
ophthalmologist examining the eyes in subject without
retinopathy. Diabetic neuropathy was confirmed by EMG
exploration using the conductivity assessment of sensor and
motor fibres of peripheral nerves. The controls file consists
of 31 healthy children (1–16 years). The samples of EDTA
capillary blood were used to determine of HbA1c and serum

samples were used to determine of FAM, s-AGEs, LPO, and
AOPP. The samples of serum were stored in −18◦C/−80◦C.

2.2. Determination of UAER. UAER was determined by
means of immunoturbidimetric assay (Cobas Integra 400
Plus, Roche, Switzerland), using the commercial kit 400/400
Plus. The assay was performed as a part of patients routine
monitoring in Department of Laboratory Medicine, Univer-
sity Hospital, Bratislava.

2.3. Determination of Fructosamine. For the determination
of fructosamine we used a kinetic, colorimetric assay and
subsequently spectrophotometrical determination at wave-
length 530 nm. We used 1-deoxy-1-morpholino-fructose
(DMF) as the standard. Serum samples were stored at−79◦C
and were defrost only once. This test is based on the ability of
ketoamines to reduce nitroblue tetrazolium (NBT) to a for-
mazan dye under alkaline conditions. The rate of formazan
formation, measured at 530 nm, is directly proportional to
the fructosamine concentration. Measurements were carried
out in one block up to 5 samples. To 3 mL of 0.5 mmol/L
NBT were added 150 microliters of serum and the mixture
was incubated at 37◦C for 10 minutes. The absorbance was
measured after 10 min and 15 min of incubation at Novaspec
analyzer II, Biotech (Germany).

2.4. Determination of Glycated Hemoglobin HbA1c. HbA1c
was determined from EDTA capillary blood immediately
after obtained by the low pressureliquid chromatography
(LPLC, DiaSTAT, USA) in conjunction with gradient elution.
Before testing hemolysate is heated at 62–68◦C to eliminate
unstable fractions and after 5 minutes is introduced into the
column. Hemoglobin species elute from the cation exchange
column at different times, depending on their charge, with
the application of buffers of increasing ionic strength. The
concentration of hemoglobins is measured after elution from
the column, which is then used to quantify HbA1c by
calculating the area under each peak. Instrument calibration
is always carried out when introducing a new column set
procedure (Bio-RAD, Inc., 2003).

2.5. Determination of Serum AGEs. Serum AGEs were
determined as AGE-linked specific fluorescence, serum was
diluted 20-fold with deionized water, the fluorescence inten-
sity was measured after excitation at 346 nm, at emission
418 nm using a spectrophotometer Perkin Elmer LS-3, USA.
Chinine sulphate (1 microgram/mL) was used to calibrate
the instrument. Fluorescence was expressed as the relative
fluorescence intensity in arbitrary units (A.U.).

2.6. Determination of Serum Lipoperoxides. Serum lipid per-
oxides were determined by iodine liberation spectrophoto-
metrically at 365 nm (Novaspec II, Pharmacia LKB, Biotech,
SRN). The principle of this assay is based on the oxidative
activity of lipid peroxides that will convert iodide to iodine.
Iodine can then simply be measured by means of a pho-
tometer at 365 nm. Calibration curves were obtained using
cumene hydroperoxide. A stoichiometric relationship was
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observed between the amount of organic peroxides assayed
and the concentration of iodine produced [20].

2.7. Determination of Serum AOPP. AOPPs were determined
in the plasma using the method previously devised by Witko-
Sarsat et al. [21] and modified by Kalousová et al. [22].
Briefly, AOPPs were measured by spectrophotometry on a
reader (FP-901, Chemistry Analyser, Labsystems, Finland)
and were calibrated with chloramine-T solutions that in
the presence of potassium iodide absorb at 340 nm. In
standard wells, 10 microliters of 1.16 M potassium iodide
was added to 200 microliters of chloramine-T solution (0–
100 micromol/L) followed by 20 microliters of acetic acid.
In test wells, 200 microliters of plasma diluted 1 : 5 in PBS
were placed to cell of 9 channels, and 20 microliters of acetic
acid was added. The absorbance of the reaction mixture
is immediately read at 340 nm on the reader against a
blank containing 200 microliters of PBS, 10 microliters of
potassium iodide, and 20 microliters of acetic acid. The
chloramine-T absorbance at 340 nm being linear within
the range of 0 to 100 micromol/L, AOPP concentrations
was expressed as micromoles per liter of chloramine-T
equivalents.

2.8. Determination of Circulating TGF-β. Quantitative detec-
tion of TGF-β in serum was done by enzyme link-
ed immunosorbent assay, using human TGF-β1 ELISA-
kit (BMS249/2, Bender MedSystem). Brief description
of the method: into washed, with anti-TGF-β1 pre-
coated microplate were added prediluted (1 : 10) sera
(100 microliters) and “HRP-Conjugate” (50 microliters) as
a antihuman-TGF-β1 monoclonal antibody and incubated
for 4 hour on a rotator (100 rpm). After microplate washing
(3 times), “TMB Substrate Solution” (100 microliters) was
added and was incubated for 10 minutes. Enzyme reaction
was stopped by adding “Stop Solution” (100 microliters). The
absorbance of each microwell was readed by HumaReader
spectrophotometer (Human) using 450 nm wavelength. The
TGF-β1 concentration was determined from standard curve
prepared from seven TGF-β1 standard dilutions. Each sam-
ple and TGF-β1 standard dilution were done in duplicate.

2.9. Statistical Analysis. Shapiro-Wilk test was performed to
the test the distribution of all continuous variables. Pearson’s
test with correlation coefficient r or Spearman’s one with
Spearman’s rank correlation coefficient R in case of small
count of variables was then used to association between
parameters described within the text, in all studied patients.
P values less than 0.05 were accepted as being statistically
significant. All statistical analyses were carried out using
Excel 2003, Origin 8 and BioSTAT 2009.

3. Results

3.1. Comparison of Clinical and Biochemical Parameters.
Clinical and biochemical characteristics of the patients with
DM1 without and with diabetic complications and controls
are reported in Table 1.

As shown in Table 1, there were significantly higher
levels of AGEs (Figure 1(a)), AOPP (Figure 1(b)), LPO
(Figure 1(c)) and TGF-beta (Figure 1(d)) in patients with
DM1 than in healthy control.

3.2. Correlations between Measured Parameters. HbA1c sig-
nificantly correlated with duration of DM1 (r = 0.294; P =
0.01) and with FAM (r = 0.601; P � 0.001) (Figure 2(a)).
S-AGEs significantly correlated with FAM (r = 0.368; P <
0.01).

AOPP has also significant correlation with FAM (r =
0.440; P � 0.001), HbA1c (r = 0.455; P � 0.001), and
s-AGEs (r = 0.540; P� 0.001) (Figure 2(b)).

LPO significantly correlated with FAM (r = 0.386; P <
0.01), with s-AGEs (r = 0.354; P = 0.02) and very strong
with AOPP (r = 0.833; P� 0.001) (Figure 2(c)).

TGF-β significantly correlated with age (r = 0.460; P =
0.01) and duration of DM1 (r = 0.379; P < 0.05). Relations
with other parameters were not statistically significant.

4. Discussion

Many studies deal with the impact of glycative stress on
the development of diabetic complications. We studied
also glycative and oxidative stress parameters in regard
to diabetic complications presence-absence and in with
respect to glycemic compensation [23, 24]. In this work,
we have focused on the study of relationship between
clinical parameters, circulating markers of glycation, or
oxidation and circulating cytokine TGF-β in young patients
(children and adolescents) with DM1 without albuminuria
(Table 1). Microalbuminuria is first clinical manifestation of
albuminuria defined as urinary albumin excretion rate of 20
to 200 μg/min.

TGF-β1 has a very wide range of activities in vitro. For
example, TGF-β regulates important cellular functions such
as rate of proliferation and production of extracellular matrix
proteins by wide range of cell types. As a result of the wide
range of activities attributed to the TGF-β, a number of
groups have investigated whether circulating levels of TGF-
β1 might be altered in various disease states. With only one
exception, all of these studies agree that TGF-β1 is found in
detectable levels in plasma from healthy human subjects [25].
TGF-β levels are unaltered for example in normal pregnancy
[26].

Moreover, plasma TGF-β1 concentration markedly dif-
fered (by as much as 10-fold) in subjects suffering from vari-
ous diseases, including autoimmune diseases, atherosclerosis
and various cancers, compared with control subjects [25]. If
such a pathopysiological role of plasma TGF-β1 is proven,
it could become both a prognostic indicator of future risk
of disease and/or complications of disease and a target for
therapeutic interventions.

TGF-β1 plays a pivotal role in the extracellular matrix
accumulation and in the pathogenesis of diabetic nephropa-
thy (Figure 3). TGF-β1 may participate in the development
and progression of diabetic micro- and macrovascular
complications [27–29]. The association between TGF-β1 and
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Table 1: Clinical and biochemical parameters in all diabetic patients and healthy control.

Parameter All patients with DM1 n Controls N

Age (r.) 15.2± 2.7 79 9.2± 4.9 31

Duration of DM (r.) 8.7± 3.0 79 — —

UAER (μg/min) 37.8± 116.8 74 — —

FAM (mmol/L) 2.85± 0.50 75 1.62± 0.35# 29

HbA1c (%) 9.51± 1.90 79 5.0± 0.39# 21

s-AGEs (A.U.)∗ 67.85 (61.6; 76.4) 70 58.2 (52.0; 65.5)# 29

AOPP (μmol/L)∗ 80.5 (44.9; 139.9) 59 58.5 (51.5; 66.9)# 12

LPO(nmol/mL)∗ 119 (100.3; 156.3) 48 99 (67; 106)# 11

TGF-β (ng/mL)∗ 7.1 (3.6; 12.6) 29 1.6 (0.8; 3.9)# 9

The results are presented as mean ± SD in normal distribution and as median (1st quartile, 3rd quartile) in data with abnormal distribution.∗
#significant difference in comparison with DM1 patients.
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Figure 1: Comparison of (a) AGEs, (b) AOPP, (c) LPO and (d) TGF-β1 levels in diabetic patients and controls. Levels of AGEs are
significantly higher in patients with DM1 than in healthy control (AGEs in serum 67.9 (61.6; 76.4) versus 58.2 (52.0; 65.0) A.U., P < 0.001∗)
(Figure 1(a)). Parameters of oxidative stress AOPP an LPO are significantly higher in patients with DM1 than in control (AOPP: 80.5 (44.9;
139.9) versus 51.5; 66.9) μmol/L, P < 0.01∗) (Figure 1(b)) (LPO: 119.0 (100.3; 156.3) versus 99.0 (67.0; 106.0) nmol/mL, P < 0.01∗)
(Figure 1(c)). The level of serum TGF-β was significantly higher in diabetics in comparison with control (7.1 (3.6; 12.6) versus 1.6 (0.8;
3.9) ng/mL, P < 0.01∗) (Figure 1(d)). ∗-Mann Whitney test.

cardiovascular disease in diabetic patients is controversial
[30].

TGF-β1 is an important cytokine for the development of
renal injury in patients with DM2 [31]. Higher serum levels
of TGF-β1 were found in patients with DM2 [31–33]. In
the study of patients with DM1 were also found alterations
in level of circulating TGF-β1 [34, 35]. Elevated levels of
circulating TGF-β1 were related to proliferative retinopathy
and HbA1c [35]. AGEs play a critical role in diabetic

nephropathy and vasculopathy and is associated with AGE
deposition and receptor for AGE (RAGE) upregulation [18].

In our study the elevated levels of TGF-β1 in subjects
with DM1 possibly indicate a tendency for renal and
endothelial damage in such patients. Serum TGF-β1 can
be probably one of diagnostic indicators for early diabetic
vasculopathy. However, TGF-β correlated only with age and
duration of DM1. There was not found any significant
relation between circulating TGF-β and parameters of early
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Figure 2: Significant correlations of (a) HbA1c and FAM (r = 0.601, P � 0.001; n = 79), (b) AOPP and s-AGEs (r = 0.540, P � 0.001;
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and advanced glycation and oxidation. Nevertheless, diabetic
nephropathy was absent in our diabetic patients.

5. Conclusions

The level of TGF-β in serum of young patients with DM1
(children and adolescents) was significantly higher in the
comparison with healthy control. TGF-β correlates only with
age and duration of DM1. There was not found any signif-
icant relation between circulating TGF-β and parameters of
early and advanced glycation and oxidation. However, these
results do not exclude the association between TGF-β and the
onset of diabetic complications.
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We examined the effects of vitamin C in Pluronic F127 on diabetic wound healing. Full-thickness excision skin wounds were
made in normal and diabetic Wistar rats to evaluate the effect of saline, saline plus vitamin C (antioxidant sol), Pluronic F127, or
Pluronic F127 plus vitamin C (antioxidant sol-gel). The rate of wound contraction, the levels of epidermal and dermal maturation,
collagen synthesis, and apoptosis production in the wound tissue were determined. In vitro data showed that after 6 hours of air
exposure, the order of the scavenging abilities for HOCl, H2O2, and O2

− was antioxidant sol-gel > antioxidant saline > Pluronic
F127 = saline. After 7 and 14 days of wound injury, the antioxidant sol-gel improved wound healing significantly by accelerated
epidermal and dermal maturation, an increase in collagen content, and a decrease in apoptosis formation. However, the wounds
of all treatments healed mostly at 3 weeks. Vitamin C in Pluronic F127 hastened cutaneous wound healing by its antioxidant
and antiapoptotic mechanisms through a good drug delivery system. This study showed that Pluronic F127 plus vitamin C could
potentially be employed as a novel wound-healing enhancer.

1. Introduction

Wound healing represents a well-orchestrated reparative
response that occurs after all surgical procedures or trau-
matic injury. Wound healing is a complex multifactorial
process, involving inflammation, migration of different cell
types, fibroplasia, collagen deposition, and wound contrac-
tion. During the inflammation phase, inflammatory cells
significantly increased in the wound site [1] and produced
burst amounts of reactive oxygen species (ROS) formation
in the wound tissue [2] affecting wound healing.

Diabetes mellitus is one of the major contributors
to chronic wound-healing problems, because minor skin
wounds can lead to chronic, nonhealing ulcers and ultimately
result in infection, gangrene, or even amputation. In critical
ill diabetic patients, the antioxidant vitamin C in plasma

was reported lower than nondiabetic critical ill patients
[3]. In streptozotocin-induced and gene-induced diabetic
mice, increased oxidative stress in the wounds has been
noted [2]. Besides, increased oxidative stress promoted
apoptosis formation in the damaged tissue and the increased
apoptosis signaling also delayed the wound-healing process
[4]. In addition, the diabetic rat skin was underhydroxylated
in nascent collagen alpha chains (types I and III) [5].
Compromised collagen production associated with vitamin
C deficiency results in impaired wound healing [6].

Vitamin C is an important water-soluble antioxidant,
which may successfully scavenge ROS, protect against lipid
damage, protein oxidation, and DNA oxidation [7]. Vitamin
C can overcome the reduced proliferative capacity of elderly
dermal fibroblast as well as increasing collagen synthesis
in elderly cells [8]. Vitamin C promotes the hydroxylation,



2 Experimental Diabetes Research

which is required to stabilize the triple helical conformation
of collagen [9]. Silvetti [10] has presented a safe and effective
method of improving repair and controlling infection of
wounds by daily topical application of a balanced solution
of salts, amino acids, a high-molecular weight, D-glucose
polysaccharide, and vitamin C. Vitamin C is water soluble
but it is the most unstable of all water-soluble vitamins. Vita-
min C reacts with the metallic ions of iron and copper and
is easily destroyed by oxygen, alkalies, and high temperature
[11].

Pluronic F127 is one member of a family of triblock
copolymers of poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide), generically called poloxamers. At
low temperatures, poly(propylene oxide) blocks have only
weak hydrophobic properties. With increasing temperature,
poly(ethylene oxide) blocks are dehrydrated and promote
the aggregation to micelles and become gel form [12]. The
incorporation of drugs into Pluronic micelles results in
enhanced metabolic stability because of the outer hydrophilic
poly(ethylene oxide) chains that protect drugs from external
conditions. Pluronic F127 in a gel form has been used
previously as a wound dressing [13] and as a drug delivery
vehicle [14, 15]. In this study, we aimed to develop an
antioxidant sol-gel preparation by incorporating vitamin
C into Pluronic F127 and to apply the antioxidant sol-
gel on cutaneous wounds in normal or diabetic rats. The
parameters of wound closure rate, epidermal and dermal
maturation, collagen synthesis, and apoptosis formation in
wounds were evaluated. We hypothesized that the antiox-
idant ability of vitamin C in Pluronic F127 sol-gel was
better than in saline solution, and antioxidant treatment will
improve cutaneous wound healing in diabetic rats.

2. Materials and Methods

2.1. Animals. Female Wistar rats (n = 6 in most comparing
group, n = 5 in ROS measurement), weighing 180 ± 20 g,
were used to experiment. All rats were housed at a constant
temperature and humidity in a room with an artificial 12-
h light/dark cycle and allowed free access to food and water.
All the surgical and experimental procedures were approved
by Institutional Animal Care and Use Committee of National
Taiwan University College of Medicine and College of Public
Health and were in accordance with the guidelines of the
National Science Council of Republic of China (NSC 1997).

2.2. Preparation of Antioxidant Sol-Gel. Pluronic F127 and
vitamin C were purchased from Sigma-Aldrich Chemical
Co. (USA). The Pluronic F127 (13% w/w) was dissolved in
saline at 4◦C by stirring into homogeneous sol-gel. Vitamin
C powder was dissolved in the Pluronic F127 sol-gel (1 mg
vitamin C/mL Pluronic F127 solution) as antioxidant sol-
gel. The vitamin C powder was dissolved in saline (1 mg/mL)
as vitamin C solution. We compared the in vitro antioxidant
activities of 4 groups, that is, the saline, saline plus vitamin C
(antioxidant saline), Pluronic F127, and Pluronic F127 plus
vitamin C (antioxidant sol-gel) in this study. For this study,
200 μL samples exposed at 1 cm2 area were determined their
antioxidant ability at 0 and 6 hours after exposure to the air.

2.3. Measurement of ROS and Antioxidant Abilities [16]. To
measure the production of ROS in the samples, chemi-
luminescence (CL) method was adopted using lucigenin
(0.25 mM) as an amplifier for measuring superoxide (O2

−)
and luminol (0.25 mM) as an amplifier for measuring
hydrogen peroxide (H2O2) and hypochlorous acid (HOCl).
In brief, 0.2 mL of the samples (homogenized skin biopsies,
vitamin C solution, Pluronic F127 sol, or antioxidant sol-
gel) was placed in the plate for oxidative stress assay using
a CL analyzer (Top Count System; Packard, Meriden, CT,
USA). For H2O2 measurement, the sample and 0.5 mL of
luminol were added on the dish, and the photon emission
from the sample was count at 60-sec intervals at room
temperature under atmospheric conditions. For measuring
antioxidant abilities, after 120-sec incubation, 0.1 mL of
1 mM H2O2 was added. For hypochlorous acid (HOCl)
measurement, the sample and 0.5 mL of luminol were
added on the dish, and the photon emission from the
sample was counted as previously. For measuring antioxidant
abilities, after 60-sec incubation, 0.1 mL of 1 mM HOCl
was added. For superoxide (O2

−) measurement, the sample
and 0.5 mL of 0.25 mM lucigenin were added on the dish,
and the photon emission from the sample was counted
as before. For measuring antioxidant abilities, after 60 sec
incubation, 0.1 mL of 0.15% xanthine and 0.1 mL of 0.6%
xanthine oxidase were added. For each sample, the assay was
performed in triplicate, and the reactive oxidant level was
expressed as CL counts.

2.4. Induction of Diabetic Rats and Wounding. Diabetes was
induced by a single 65 mg/kg intraperitoneal injection of
streptozotocin (STZ; Sigma, Inc., St. Louis, MO, USA), a
toxin specific for insulin-producing cells, in normal saline.
Blood glucose levels were measured using an acute glucome-
ter. The diabetic state was confirmed 3 weeks after STZ
injections by blood glucose levels above 300 mg/dL. Under
brief anesthesia with intraperitoneal Nembutal (65 mg/kg),
the dorsal skin of the animals was shaved and cleaned with
povidone-iodine solution, and a full-thickness skin wound
(approximately 1× 1 cm2) was created after marking the area
with a wooden ink stamp before cutting the outlined skin.
We applied 0.2 mL of antioxidant sol-gel, antioxidant saline,
Pluronic F127, or saline on wounds twice per day for 21 days.
Wound size was recorded with photographs, after anesthesia
each time at 0, 7, 14, and 21 days after wounding. The wound
size was then calculated with a free program called Image J.
Animals were euthanized at each time point and the wound
samples and adjacent normal skin were harvested and fixed
in 10% paraformaldehyde for histological or snap-frozen in
liquid nitrogen and stored at −80◦C for further analysis. For
detecting skin ROS, the intact skin (0.5 g) of diabetic rats
as well as normal rats was biopsied, snap-frozen in liquid
nitrogen, and homogenized by mortar and pestle, followed
by adding 1 mL normal saline.

2.5. Wound-Healing Rate. The percentage of wound closure
was calculated as follows by using the initial and final area
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drawn on glass slides during the experiments:

% of wound contraction = A0 − At

A0
× 100%, (1)

where A0 is original wound area and At is the area of wound
at days 7, 14, and 21, accordingly.

2.6. Hydroxyproline Analysis [17]. Wound tissues stored at
−80◦C were dried to a constant weight and hydrolyzed in
6 M HCl for 16 h at 120◦C. Samples were dried on a hot
plate and then washed three times with distilled water. The
acid-free samples were reconstituted in 2.0 mL of acetate-
citrate buffer (1.2% sodium acetate trihydrate, 5% citric acid,
12% sodium acetate, and 3.4% sodium hydroxide, pH 4–
9). Five hundred microliters of 0.05 M chloramine-T was
added to 1 mL of each sample, after which the samples were
incubated for 15 min at room temperature, followed by the
addition of 0.5 mL 15% perchloric acid and 15% 4-dimethyl
aminobenzaldehyde in 1-propanol. After incubation at 60◦C
for 15 min, each sample was transferred to a microliter
plate and the absorbance read at 550 nm. Hydroxyproline
concentrations were calculated from the linear standard
curve and presented as μg/g dry tissue weight.

2.7. Histological Analysis

2.7.1. Epidermal and Dermal Maturation Assessment. Wound
bed biopsies were collected at days 7, 14, and 21 after
wounding. Tissue samples were fixed in 10% buffered for-
malin, processed, and embedded in paraffin. Sections were
stained with hematoxylin and eosin (H & E). Microscopic
assessment of these slides was coded by a technician, and
read-blinded to the sample identification. The sections were
scored on a scale of 0–4 for epidermal healing (0 = no
migration, 1 = partial migration, 2 = complete migration
with partial keratinization, 3 = complete keratinization,
and 4 = hypertrophic epidermis) and dermal healing (0 =
no healing, 1 = inflammatory infiltrate, 2 = granulation
tissue present-fibroplasias and angiogenesis, 3 = collagen
deposition replacing granulation tissue > 50%, and 4 =
hypertrophic fibrotic response) [18].

To investigate this further, differentiation of the neo-
epidermis was studied by immunohistology using loricrin
as late differentiation marker. Structural proteins, including
involucrin and loricrin, are produced as skin matures
imparting biomechanical strength to the epidermis [19, 20].

2.7.2. Immunohistochemistry Examination. After tissue sec-
tions were dewaxed and rehydrated conventionally, sections
were incubated with 3% H2O2 for 30 minutes. The slides
were washed with PBS (pH 7.4) twice. The sections were
blocked with 5% BSA in TBS for 20 minutes. After the
redundant liquid had been discarded, the sections were
incubated with loricrin antibody (Abcam, Cambridge, UK)
at 4◦C overnight. After slides had been washed with PBS,
the slides were incubated with rabbit secondary antibody for
1 hour, followed by incubation with streptavidin-HRP for

20 minutes. The antibody binding sites were visualized by
incubation with DAB-H2O2 solution.

2.7.3. Masson’s Trichrome Staining. Sections were dewaxed
and rehydrated conventionally, placed in Weigert’s hema-
toxylin stain for 1 h, rinsed under lukewarm water for 5 min,
immersed in Masson solution for 15 min, and rinsed in
deionized water before placing in phosphomolybdic acid for
10 min. Subsequently, sections were immersed in 2% aniline
blue for 15 min, rinsed in 1% acetic acid, 95% ethanol, and
absolute ethanol in turn, immersed in xylene for 10 min,
and mounted with resin. Collagen fibers were stained blue,
cytoplasm and erythrocyte were stained red, and nuclei were
stained bluish brown.

2.7.4. TUNEL Assay. Apoptosis assay was performed using
the TACS.XL DAB In Situ Apoptosis Detection Kit (Trevigen,
Gaithersburg, MD, USA). Briefly, sections were blocked by
incubation in 3% H2O2 in methanol for 5 minutes at 25◦C.
Then the sections were labeled with TdT labeling reaction
mix at 37◦C for 1 h. Nuclei exhibiting DNA fragmentation
were visualized by incubation in 3′,3-diaminobenzidine
(DAB) for 15 min.

2.8. Statistical Analysis. All values are expressed as mean ±
SEM. For comparisons of parametric data, one-way analysis
of variance and then the Student’s unpaired t-test were
conducted. P < 0.05 was recognized to indicate statistical
significance. For nonparametric data, Kruskal-Wallis test
with Dunn’s posttest was done.

3. Results

3.1. Antioxidant Abilities in Antioxidant Sol-Gel. We showed
that the CL counts of H2O2, HOCl, and O2

− in Pluronic F127
and saline were similar, whereas the ROS levels in antioxidant
sol-gel and antioxidant saline significantly decreased at 0 or 6
hours of air exposure (Figure 1). Our data indicated that the
antioxidant sol-gel and antioxidant saline, not Pluronic F127,
can directly scavenge ROS including H2O2, HOCl, and O2

−.
In addition, after 6 hours of air exposure, the antioxidant
activities (except for O2

−) in antioxidant sol-gel are stronger
than those in antioxidant saline. This data implicates that
Pluronic F127 can preserve parts of the antioxidant activities
of vitamin C within after air exposure for a time period of
such as 6 hours.

3.2. Wound Closure. Rats receiving STZ have significant
elevation of blood glucose level (>300 mg/dL) after 3 weeks,
which was sustained throughout the duration of the study.
The wound healing of various treatments was evaluated in a
full-thickness wound model. The wounds decreased in size
gradually with time, closed at 2 weeks in normal rats and
at 3 weeks in diabetic rats. We did not note any statistical
difference in the wound closure of the normal rats with four
kinds of treatment (Figure 2(a)). This was not unexpected
since skin wounds of rats are known to heal efficiently and
there is little room for improvement. However, in the diabetic
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Figure 1: Scavenging abilities of saline (S), Pluronic F127 (F), antioxidant saline (SC), and antioxidant sol-gel (FC) for HOCl (a), H2O2 (b),
and O2

− (c) after 0 and 6 hours of preparation. Fresh-prepared (0 hour) antioxidant saline and antioxidant sol-gel significantly decreased
HOCl, H2O2, and O2

− counts when compared to saline. After 6 hours of air exposure, the antioxidant ability is significantly reserved in
FC group when compared to SC group. Data are expressed as mean ± SEM. ∗P < 0.05, #P < 0.01 when compared to saline group. S: saline
control; F: Pluronic F127; SC: saline plus vitamin C; FC: Pluronic F127 plus vitamin C.

rats, periodical observation of animals at 7 days showed a
significant increase (P < 0.05) in the rate of contraction
of wounds in the antioxidant sol-gel and antioxidant saline
groups when compared to saline group (Figure 2(b)). In
the diabetic rats at 14 days, a significant (P < 0.05) wound
closure was noted in the pluronic F127, antioxidant sol-
gel, and antioxidant saline groups when compared to saline
group (Figure 2(b)). However, the wound closure rate was
displayed in a tendency of antioxidant sol-gel > antioxidant
saline = Pluronic F127 ≥ saline in the diabetic wounds at
14 days after wounding. However, all groups attained full
closure by the end of the third week.

3.3. ROS Amounts in the Diabetic Skins. As shown in
Figure 3, three types of ROS including H2O2, HOCl, and

O2
− were all significantly increased in the intact skin of

diabetic rats when compared with those in the skin of normal
rats. These results directly evidence that diabetes increased
oxidative stress in the skin before wounding.

3.4. Effect of Antioxidant Sol-Gel on Epidermal Maturation.
With the help of hematoxylin & eosin stain (Figure 4) and
the epidermal differentiation marker loricrin immunohisto-
chemistry (Figure 7), the accelerated healing was noted in
the epidermis of antioxidant saline or sol-gel-treated groups.
Significant epidermal maturation indicated by migration
of keratinization is indicated in an order of antioxidant
sol-gel > antioxidant saline > Pluronic F127 > saline. Lori-
crin was abundant and finely granular in cells of the granular
layer. The labeling was maximally present in the upper
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Figure 2: The effect of saline, Pluronic F127, antioxidant saline, and antioxidant Pluronic F127 on wound closure in the normal rats (a)
and diabetic rats (b). Full-thickness skin wounds of 1.0 × 1.0 cm were measured from the time of wounding until closures. The skin defect
was compared to the initial wound size to determine wound closure rate by tracing the wound. (a) Closure of full-thickness skin wounds
of normal rats showed no significant difference in the healing rate between four groups of treatment. (b) Wound closure of diabetic skin
showed that the antioxidant sol-gel-treated wounds closed faster than the saline-, sol- and antioxidant saline-treated wounds on days 7 and
14. Data is expressed as mean ± SEM for three separate experiments, each in quadruplicate. ∗P < 0.05 when compared to saline control. (c)
Representative pictures of skin wounds in group saline (a), Pluronic F127 (b), antioxidant saline (c), and antioxidant sol-gel (d) at day 7.

granular cells and suddenly decreased in the cornified layer,
where a brick wall-like staining resulted.

3.5. Effect of Antioxidant Sol-Gel on Dermal Maturation.
Normally, dermal recovery is assessed for three stages: pro-
liferation, remodeling, and maturation. Histopathological
examination with hematoxylin & eosin staining showed that
the antioxidants sol-gel-treated wounds exhibited advance-
ment in all these three stages. The histologic expression
showed that dermal maturation was ranked in an order of

antioxidant sol-gel > antioxidant saline > Pluronic F127 >
saline (Figure 5(e)).

3.6. Effect of Antioxidant Sol-Gel on Masson’s Trichrome
Stain. Collagen deposition and cellular proliferation can
be measured in the histological cross-sections of wounds
with Masson’s trichrome staining. Significant increase in
blue collagen stain was found in the antioxidant sol-gel-
treated group (Figure 6(d)) and antioxidant saline-treated
group (Figure 6(c)) when compared to saline-treated group
(Figure 6(a)).
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Figure 3: Representative data of HOCl, H2O2, and O2
− contents are measured in the normal and diabetic rat skins. The level of HOCl (a),

H2O2 (b), and O2
− (c) counts is higher in the skin of diabetic rats than the normal rats. A summary data (d) shows that increased HOCl,

H2O2, and O2
− counts are found in diabetic rats when compared to the normal rats. Data are expressed as mean ± SEM in 5 rats each . ∗P

< 0.05 when compared to normal rats.

3.7. Hydroxyproline Estimation. Hydroxyproline is a major
component of the protein collagen. Therefore, hydroxypro-
line content was used as an indicator to determine collagen
content. As shown in Figure 6(f), hydroxyproline contents
were significantly increased in the groups treated with
antioxidant sol-gel (89.1 ± 2.3 μg/mg), antioxidant saline
(78.2 ± 12.6 μg/mg), and Pluronic F127 sol group (60.5
± 1.2 μg/mg) when compared with saline group (40.1 ±
3.1 μg/mg).

3.8. TUNEL Study. The apoptosis formation analyzed by
TUNEL stain showed that a marked increase of apoptosis in
the wound tissue of diabetic rats treated with topical saline 7
days, after injury. The topical application of antioxidant sol-
gel or antioxidant saline significantly decreased the apoptosis
production in the diabetic wounds (Figure 8). The potential
of inhibiting apoptosis production was expressed in the order

of antioxidant sol-gel > antioxidant saline > Pluronic F127 >
saline (Figure 8(e)).

4. Discussion

The present study showed that the effect of in vitro drug
release profiles indirectly indicated by the antioxidant
activities demonstrated that the vitamin C from the Pluronic
F127 was continuously released to depress H2O2, HOCl,
and O2

− amounts after 6 hours of air exposure at 37◦C.
The in vivo study further indicated that continuous release
of vitamin C by using Pluronic F127 as a drug delivery
vehicle exerted efficiently therapeutic potential on diabetic
wound healing via its antioxidant and antiapoptotic
effects. The antioxidant sol-gel is better than antioxidant
saline in scavenging ROS, promoting collagen synthesis,
epidermal and dermal maturation, and decreasing apoptosis
production in the diabetic wound.
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Figure 4: H & E stain in the saline control (a), Pluronic F127 (b), saline plus vitamin C (c), and Pluronic F127 plus vitamin C (d). Epidermal
maturation was scored histologically from “no migration” (0) to “completed migration with keratinization” (4). The mean score of epidermal
maturation is displayed in (e) . Significant epidermal maturation indicated by migration of keratinization was shown here in the groups of
SC and FC when compared with the group of Saline 14 days after wounding (e). Data are expressed as mean ± SEM. ∗Four groups are
significantly different when compared with Kruskal-Wallis test and posttest comparing all pairs of columns. S: saline control; F: Pluronic
F127; SC: saline plus vitamin C; FC: Pluronic F127 plus vitamin C. Original magnifications taken at ×200.

Pluronics (also called Poloxamers) have been particularly
interesting because this polymer shows a critical solution
temperature (reverse sol-gel transition temperature) below
the human physiological temperature and, thus, exists to a
gel state in the body at 37◦C. Yamaoka et al. [21] indicated
that the copolymer films are biocompatible materials with
controllable mechanical properties and biodegradability. In
addition, Pluronic F127 caused relatively low inflammatory
response and showed nontoxicity, and thus could be a good
candidate material as a coatable wound dressing gel [22].
Hokett et al. [23] and Fowler et al. [24] had used Pluronics to
ameliorate the wound-healing process in gingival and bony
wounds, respectively. In the report of Khalil et al. [25] and
also our study, normal rats treated with the Pluronic F127
alone showed results similar to the saline control animals
without improving the wound-healing process. A 10% (w/w)
Pluronic F127 has been added to the Jordanian traditional
medicinal plants to modify the aqueous extract viscosity and
to stabilize the oil dispersion. The applied Pluronic F127 con-
tinuously released the Jordanian traditional medicinal plants
aqueous extract and significantly promoted the wound-
healing process [25]. In our study, Pluronic F127 vehicle
alone coating on wound did not show any inflammatory
symptoms or toxicity and did not affect wound-healing
process in the normal rats. This finding is consistent with
a previous study [25]. As a drug delivery vehicle, we found
that continuous vitamin C release from Pluronic F127 vehicle

can partly sustain the scavenging ability against H2O2, HOCl,
and O2

− amount after 6 hours of air exposure.
Wound healing is a complex multifactorial process that

results in the contraction and closure of the wound and
restoration of a functional barrier. One of the leading causes
of impaired wound healing is diabetes mellitus. In diabetic
rats, a minor skin wound often leads to chronic, nonhealing
ulcers and ultimately results in gangrene, even amputation.
ROS and oxidative stress arise from inflammatory cells,
which are strongly implicated in the pathogenesis of several
diseases including chronic ulcers [26–28]. Rasik and Shukla
[29] reported the decrease in antioxidants and the increase
in oxidative stress delaying healing in excision cutaneous
wounds in diabetic, aged, and immunocompromised ani-
mals. They further showed that skin levels of catalase,
glutathione, vitamin C, and vitamin E in streptozotocin-
induced diabetic rat were lower as compared to nondiabetics.
In chronic wounds, fibroblast dysfunctions, such as increased
apoptosis, premature senescence, senescence-like phenotype,
or poor growth response in the absence of senescence
markers may be due to excessive amounts of oxidative stress
[4]. Our evidence in Figure 3 directly demonstrated that
the skin levels of H2O2, HOCl, and O2

− are significantly
increased in the diabetic skin adjacent to the wounds when
compared to the control skin of normal rats.

Several studies from rat dermal wound have shown that
the treatment of antioxidants to depress ROS is beneficial
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Figure 5: Effect of vitamin C on dermal maturation in diabetic rat wounds. Sections stained with H & E are displayed in the saline control
(a), Pluronic F127 sol (b), saline plus vitamin C (c), and Pluronic F127 plus vitamin C (d). Histological evaluation of the 14-day wounds by
H & E stain demonstrated enhanced healing characteristics including wound of proliferation, remodeling, and maturation in the antioxidant
saline (c) or antioxidant sol-treated wound (d). Saline (a) or Pluronic 127 treatment (b) did not show any marked healing responses in the
diabetic wounds. This advancement correlates with the fibroblast infiltration into the wounded area which was scored based on their maturity
from reactive to normal. The mean score of dermal maturation is displayed in (e). The degree of dermal maturation is demonstrated in an
order of FC > SC > F > S 14 days after wounding (e). Data are expressed as mean ± SEM. ∗Four groups are significantly different but not
significant between saline and F127; vitamin C in saline and vitamin C in PF127. S: saline control; F: Pluronic F127; SC: saline plus vitamin
C; FC: Pluronic F127 plus vitamin C. Original magnifications taken at ×100.

for wound healing. An improvement in the quality of
wound healing has been attempted by slow delivery of
antioxidants-like curcumin from collagen, which also acts
as a supportive matrix for the regenerative tissue [30].
Biochemical parameters and histological analysis revealed
that curcumin-incorporated collagen films increased wound
reduction and enhanced cell proliferation and efficient free
radical scavenging [30]. Another study [31] has shown that
topical application of resveratrol accelerated wound contrac-
tion and closure associated with a more well-defined hyper-
proliferative epithelial region, higher cell density, enhanced
deposition of connective tissue, and improved histological
architecture. Study bySilvetti [10] has presented a safe
and effective method of improving repair and controlling
infection of wounds by daily topical application of a balanced
solution of salts, amino acids, a high-molecular weight, D-
glucose polysaccharide, and vitamin C. In skin, vitamin
C has growth factor-like properties and is an important
regulator for collagen synthesis of the extracellular matrix
[8]. Vitamin C appears capable of overcoming the reduced
proliferative capacity of elderly dermal fibroblasts, as well
as increasing collagen synthesis in elderly cells by similar
degrees as in newborn cells even though basal levels of
collagen synthesis are age dependent [8]. By correcting

a defect (underhydroxylation) in a posttranslational event
and by increasing collagen production, dietary ascorbic
acid improved the collagen status of a diabetes-perturbed
connective tissue [5]. Our data from normal rats, with or
without antioxidant showed no difference in wound closure
rate. However, wound closure rates increased significantly
in antioxidant sol-gel and antioxidant saline groups of the
diabetic rats, indicating that increased vitamin C supplement
improved the wound-healing process. We assumed that this
therapeutic effect of vitamin C on diabetic wounds may
be due to its inhibition of excess ROS production. This
hypothesis was further supported by our finding that a
significant increase of ROS including H2O2, HOCl, and O2

−

was found in the diabetic skins.
ROS can affect proliferative and cell survival signaling

to alter apoptotic pathways in the skin diseases. Excess
production of ROS in the skin can foster the development
of dermatological diseases. One approach to prevent or treat
these ROS-mediated disorders is based on the administration
of various antioxidants in an effort to restore homeostasis.
Many antioxidants have shown substantive efficacy in cell
culture systems and in animal models of oxidant injury.
On the other hand, increased apoptosis formation delayed
wound healing [32]. Diabetes caused more than twofold



Experimental Diabetes Research 9

(a) (b) (c) (d)

5

4

3

2

1

0
S F SC FC

Sc
or

e

(e)

100

80

60

40

20

0

H
yd

ro
xy

pr
ol

in
e 

co
n

te
n

t 
(μ

g/
g)

S F SC FC

(f)

Figure 6: Effect of antioxidant sol-gel on collagen expression and collagen content at 14th day. Masson’s trichrome staining of collagen in
the saline control (a), Pluronic F127 sol (b), saline plus vitamin C (c), and Pluronic F127 plus vitamin C (d). The mean score of blue stain is
displayed in (e). Four groups are significantly different when compared with Kruskal-Wallis test and posttest comparing all pairs of columns.
Significant blue stain was demonstrated in an order of FC > SC > F > S. Increased hydroxyproline content was consistently increased in an
order of FC > SC > F > S 14 days after wounding (f). Data are expressed as mean ± SEM. ∗P < 0.05 when compared to saline group. S: saline
control; F: Pluronic F127; SC: saline plus vitamin C; FC: Pluronic F127 plus vitamin C. Original magnifications taken at ×200.

(a) (b) (c) (d)

Figure 7: Immunohistochemical evidence of keratinization by loricrin at 14th day. Wounds treated with saline control (a), Pluronic F127
sol (b), saline plus vitamin C (c), and Pluronic F127 plus vitamin C (d) were demonstrated. Original magnifications taken at ×100 and
×200 as inset. Immunohistochemical staining by antiloricrin (epidermal differentiation marker) antibodies showed that loricrin was highly
expressed in the upper granular cell layer, especially in the regenerated epidermis of Pluronic F127 plus vitamin C or saline plus vitamin C
groups.

induction of 71 genes that directly or indirectly regulate
apoptosis and significantly enhanced several caspases
activity, and inhibiting apoptosis significantly improved
several parameters of healing, including fibroblast density,
enhanced mRNA levels of collagen I and III, and increased
matrix formation [33]. This means that diabetes-enhanced
apoptosis represents an important mechanism through
which healing is impaired partly by diabetes-increased
expression of proapoptotic genes and caspase activity. Fadini

et al. [32] demonstrated that diabetes induced p66Shc
expression and activation, subsequently produced H2O2 and
delayed wound healing in mice with reduced granulation
tissue thickness and vascularity, and increased apoptosis.
They further found that the use of p66Shc knockout mice
associated with a less enhancement of oxidative stress
improved wound healing in diabetic animals. Therefore,
a reduction of oxidative stress may reduce apoptosis
formation and improve the impairment of wound-healing
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Figure 8: Effect of antioxidant sol-gel on apoptosis production of the healing skin in diabetic rats at 7th day. Apoptosis analyzed by TUNEL
stain (brown color in the nucleus) was shown in the saline control (a), Pluronic F127 sol (b), saline plus vitamin C (c), and Pluronic F127
plus vitamin C (d). The data were expressed as the number of apoptosis (high power field) in each section (400x) is displayed in (e). The
percentage of apoptosis appearance in the wounds is demonstrated in an order of FC > SC > F > S 14 days after wounding (e). Data are
expressed as mean ± SEM. ∗P < 0.05 when compared to saline group. S: saline control; F: Pluronic F127; SC: saline plus vitamin C; FC:
Pluronic F127 plus vitamin C. Original magnifications taken at ×200.

process in diabetics. Based on our data, the antioxidant sol
showed a strong scavenging activity for ROS and depressed
diabetes-evoked apoptosis formation. This antioxidant
sol clearly hastened the wound-healing process with the
increased collagen synthesis, enhanced epidermal and
dermal maturation, and the decreased apoptosis formation.

5. Conclusions

We demonstrate that vitamin C incorporated into Pluronic
F127 exerts continuous effects of antioxidant and anti-
apoptotic activities, which enhance epidermal and dermal
maturation and collagen synthesis in the diabetic skins. The
antioxidant sol-gel can decrease potentially harmful factors
such as ROS production and apoptosis cell death present
in chronic wound of the diabetic rats. These characteristics
suggest a beneficial role for this preparation in helping
rebalance the chronic wound environment and therefore
promote healing.
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The skin, the body’s largest organ, plays an important role in the biotransformation/detoxification and elimination of
xenobiotics and endogenous toxic substances, but its role in oxidative stress and insulin resistance is unclear. We investigated
the relationship between skin detoxification and oxidative stress/insulin resistance by examining burn-induced changes in
nicotinamide degradation. Rats were divided into four groups: sham-operated, sham-nicotinamide, burn, and burn-nicotinamide.
Rats received an intraperitoneal glucose injection (2 g/kg) with (sham-nicotinamide and burn-nicotinamide groups) or without
(sham-operated and burn groups) coadministration of nicotinamide (100 mg/kg). The results showed that the mRNA of all
detoxification-related enzymes tested was detected in sham-operated skin but not in burned skin. The clearance of nicotinamide
and N1-methylnicotinamide in burned rats was significantly decreased compared with that in sham-operated rats. After glucose
loading, burn group showed significantly higher plasma insulin levels with a lower muscle glycogen level than that of sham-
operated and sham-nicotinamide groups, although there were no significant differences in blood glucose levels over time between
groups. More profound changes in plasma H2O2 and insulin levels were observed in burn-nicotinamide group. It may be concluded
that decreased skin detoxification may increase the risk for oxidative stress and insulin resistance.

1. Introduction

Oxidative stress is a condition of oxidant/antioxidant imbal-
ance in which the net amount of reactive oxygen species
(ROS) exceeds the antioxidant capacity of the body [1, 2].
Increasing evidence suggests that oxidative stress might play
a causal role in insulin resistance (IR) which is characterized
by hyperinsulinemia [1–3]. One of the major sources of
ROS is xenobiotics, which are exogenous chemicals such
as heavy metals, drugs, insecticides, and food additives [3–
5]. Another major source of ROS is endogenous toxic and
bioactive compounds, such as catecholamines, the major
stress hormones inactivated by catechol-O-methyltransferase
(COMT) and monoamine oxidase (MAO) [6]. Thus, the
efficiency of detoxification and elimination of xenobiotics

and endogenous toxic compounds should be a crucial factor
in oxidative stress and IR.

Xenobiotics are detoxified by xenobiotic/drug-metab-
olizing enzymes [7–9]. Thus, it is conceivable that any
tissues/organs that are involved in xenobiotics detoxifi-
cation/excretion and ROS clearance may play a role in
oxidative stress and IR. The skin, which is the largest
organ of the body, can degrade, inactivate, and eliminate
numerous xenobiotics and endogenous toxic compounds
through its xenobiotic/drug-metabolizing enzymes [7–9],
ROS-scavenging system [10], and sweat glands [11–14]. It
has been found that severe burns, which induce permanent
structural tissue damage, are associated with longlasting IR,
endoplasmic reticulum stress response, hypermetabolism,
and elevation of cortisol, catecholamines, and cytokines



2 Experimental Diabetes Research

(i.e., they still persist after burns have healed) [15–17].
Moreover, impaired cutaneous vasodilation and sweating are
found in grafted skin [18]. These lines of evidence raise the
possibility that a decrease in the skin functions might play a
role in the development of oxidative stress and IR. To test this
hypothesis, the present study investigated the relationship
between the skin detoxification and ROS generation and
IR by examining burn-induced changes in the degradation
and clearance of nicotinamide which is the precursor of
nicotinamide-adenine dinucleotide and is known to induce
IR [19, 20].

2. Materials and Methods

2.1. Animal Experiment

2.1.1. Glucose and Nicotinamide Loading Test. Animal exper-
iment was conducted in accordance with institutional guide-
lines. Male Sprague-Dawley rats (180–220 g) were fed a
standard rat chow. A 40% total body surface area full-
thickness injury was inflicted on the back skin of the rat;
sham-operated rats were subjected to an identical procedure,
except that they were immersed in 25◦C water, as previously
described [20]. Rats were randomized into four groups:
sham-operated group (n = 8), sham-nicotinamide group
(n = 8), burn group (n = 9), and burn-nicotinamide group
(n = 9). At 48 hours after burn injury or sham treatment
and 12 h after fasting, all rats in the four groups received
intraperitoneal injection of glucose (2 g/kg body weight)
with (sham-nicotinamide group and burn-nicotinamide
group) or without (sham-operated group and burn group)
coinjection of nicotinamide (Sigma, St. Louis, MO, USA;
100 mg/kg body weight). Tail blood glucose level was moni-
tored before and at 15, 30, and 60 min after glucose injection
using a glucometer (OneTouch Ultra, LifeScan, Milpitas,
CA, USA). At the same timepoints, samples of tail blood
(200 μL) were collected for later determination of serum
concentrations of insulin and hydrogen peroxide (H2O2).
At the end of experiment (i.e., 1 h after glucose loading),
blood sample was collected by eye bleed into EDTA tubes
under urethane anesthesia (1.5 g/kg, ip); samples of liver,
muscle (rectus femoris, biceps brachii, latissimus dorsi, and
gastrocnemius), and back skin (in burned or sham-operated
areas) were then harvested and stored in liquid nitrogen
for later analysis. Plasma was separated by centrifugation
(1500 g, 10 min) and stored at −80◦C until assay.

2.1.2. Reverse Transcription Polymerase Chain Reaction (RT-
PCR). Total RNA of rat back skin and muscle tissues (rectus
femoris, biceps brachii, and latissimus dorsi) was extracted
using Trizol (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s protocol. The mRNA of nicotinamide
N-methyltransferase (NNMT), aldehyde oxidase (AOX1),
COMT, MAO (monoamine oxidase A), superoxide dis-
mutase 2, glutathione peroxidase 1, catalase (CAT), per-
oxiredoxin 1 (PRDX1), and neutrophil cytosolic factor 1
(p47-phox) was detected by RT-PCR. Extracted RNA was
reverse-transcripted in a 20 μL reaction with both oligo (dT)

and random primers using PrimeScript RT Master Mix
(Takara, Shiga, Japan). PCR amplification was performed
in a Techne TC-512 gradient thermal cycler (Progene,
Techne Ltd., Cambridge, UK), using specific primers listed
in Table 1. PCR reaction conditions were as follows: 95◦C
for 10 min; 40 cycles of 95◦C for 30 s, 60◦C for 30 s, and
72◦C for 45 s; followed by an extension reaction at 72◦C for
10 min. The reaction products were analyzed by agarose gel
electrophoresis and visualized by UV light after staining with
ethidium bromide.

2.1.3. Assays of Insulin, H2O2, and Glycogen. Serum insulin
levels were determined with ELISA (Rat/Mouse Insulin Kit;
Millipore, St. Charles, MO, USA). Serum H2O2 concentra-
tions were measured using an H2O2 Assay Kit (Beyotime
Biotechnology, Jiangsu, China). Hepatic and muscle (gas-
trocnemius) glycogen contents were determined with Glyco-
gen Assay Kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). ELISA plates were read by microplate
reader (Bio-Rad, Hercules, CA, USA).

2.1.4. Determination of Nicotinamide and N1-Methylnic-
otinamide. High-performance liquid chromatography
(HPLC) was used to measure plasma nicotinamide and
N1-methylnicotinamide, as previously described [20]. HPLC
system consisted of an LC-9A pump (Shimadzu, Kyoto,
Japan), a Rheodyne 7725i sample injector with a 20-μL
sample loop (Rheodyne LLC, Rohnert Park, CA, USA), a
Hypersil ODS C18 column (Thermo, Bellefonte, PA, USA)
with a Waters 470 fluorescence detector (Milford, MA, USA).
All chromatography was performed at room temperature.

2.2. Human Experiments. All patients participating in the
study signed an informed consent form before the liver
and skin samples for the immunohistochemistry analysis.
Human normal liver and skin samples were donated by
individuals who underwent resection of liver cancer and
breast cancer, respectively. This study has been approved by
the Ethics Committee of Dalian University.

2.2.1. Immunohistochemistry. Histological examination
of the resected livers and skin ensured the use of
healthy tissue. Samples of liver and skin were plunged
directly into liquid nitrogen and subsequently stored
at −80◦C until assay. The location of AOX1 in human
skin was determined by immunohistochemical staining.
Briefly, four-micrometer sections were deparaffinized in
xylene and rehydrated through graded ethanol. After
microwave antigen retrieval, immunoreactivity was detected
by streptavidin-biotin-peroxidase complex method (Fuzhou
Maixin, Fuzhou, China) with color development using
3, 3′-diaminobenzidine. The primary antibody was
mouse anti-AOX1 (1 : 300; BD Biosciences, CA, USA).
Substituting phosphate-buffered saline (PBS) for the
primary antibody was used as the negative control. Sections
were counterstained with Mayer’s hematoxylin for 30 s.
Sections of normal hepatic tissue were used as a positive
control.
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Table 1: Primer oligonucleotide sequences of selected genes.

Molecule (gene) Primers

NNMT
Forward 5′-CAGAGCTGAGACACGATGGA

Reverse 5′-GCAGGCAGAGAGAAGCTGAT

AOX1
Forward 5′-GTCCAGAAGCTTCCAGA

Reverse 5′-GATGTTCACTGAGACCAAGA

COMT
Forward 5′-CTACTCAGCAGTGCGAATGG

Reverse 5′-AAGTGTGTCTGGAAGGTAGCG

MAO
Forward 5′-GTGGCTCTTCTCTGCTTTGT

Reverse 5′-AGTGCCAAGGGTAGTGTGTATCA

SOD
Forward 5′-CTCCCTGACCTGCCTTACGACT

Reverse 5′-AAGCGACCTTGCTCCTTATTG

GPX1
Forward 5′-TCCACCGTGTATGCCTTCTCC

Reverse 5′-CCTGCTGTATCTGCGCACTGGA

CAT
Forward 5′-GAGGCAGTGTACTGCAAGTTCC

Reverse 5′-GGGACAGTTCACAGGTATCTGC

PRDX1
Forward 5′-GTGGATTCTCACTTCTGTCATCT

Reverse 5′-GGCTTATCTGGAATCACACCACG

p47-phox
Forward 5′-AGCTCCCAGGTGGTATGATG

Reverse 5′-TGTCAAGGGGCTCCAAAT

2.2.2. Western Blotting. Western blotting analysis of NNMT
and AOX1 was performed according to standard protocols.
Briefly, 30 μg human liver or skin protein was separated by
12% (for NNMT) and 8% (for AOX1) SDS polyacrylamide
gels, respectively, and transferred to polyvinyl difluoride
membranes (Millipore, MA, USA). The membranes were
blocked in TBS containing 0.1% Tween-20 and 5% nonfat
dry milk for 60 min at room temperature and incubated with
antibody to NNMT (1 : 1000; Santa Cruz Biotechnology,
CA, USA) and AOX1 (1 : 600; BD Biosciences, CA, USA)
overnight at 4◦C. Then, the membranes were washed by
PBS-Tween followed by 1 h incubation at room temperature
with horseradish peroxidase-conjugated secondary antibody
(1 : 5000; Santa Cruz Biotechnology, CA, USA) and detected
using the enhanced chemiluminescence (Amersham Life
Science, NJ, USA). Human hepatic tissues were used as a
positive control for the two antibodies.

2.3. Statistical Analysis. The data are presented as means ±
SEM. Statistical differences in the data were evaluated by
Student’s t-test or one-way ANOVA as appropriate and were
considered significant at P < 0.05.

3. Results

3.1. Burn-Induced Changes in Gene Expression in Rat Skin.
We first compared the gene expression of xenobiotic/drug-
metabolizing enzymes (including NNMT, AOX1, COMT,
and MAO), ROS-scavenging enzymes (including SOD,
GPX1, CAT, and PRDX1), and p47-phox, a component of
the NADPH oxidase complex, between sham-operated rat
skin and burned rat skin. The RT-PCR results showed that
all of the enzymes tested were expressed in sham-operated rat

skin, but there was no detectable expression of the enzymes
in burned skin (Figure 1). These results suggest that full-
thickness burn may lead to loss of the detoxification and
antioxidant functions of the skin.

3.2. Burn-Induced Changes in the Degradation and Clearance
of Nicotinamide. The observations that rat skin expresses
nicotinamide-degrading enzymes suggest that the skin may
play a role in nicotinamide clearance. Therefore, we inves-
tigated the effect of burn on the levels of plasma nicoti-
namide and N1-methylnicotinamide, the toxic-methylated
metabolite of nicotinamide [20]. Sham-nicotinamide group
and burn-nicotinamide group showed significantly higher
plasma nicotinamide levels compared with the other two
groups, and the level of plasma nicotinamide in burn-
nicotinamide group was significantly higher than that
of sham-nicotinamide group (Figure 2(a)). These results
suggest that the tolerance of burned rats to nicoti-
namide is decreased. Although there was no significant
difference in plasma nicotinamide levels between sham-
operated group and burn group (Figure 2(a)), the plasma
N1-methylnicotinamide level in burn group was much
higher than that of sham-operated group (Figure 2(b)).
Burn-nicotinamide group showed a significantly higher
plasma level of N1-methylnicotinamide than other groups
(Figure 2(b)). These results indicate that burn decreases the
clearance of N1-methylnicotinamide.

3.3. Burn Enhances the H2O2-Generating and IR-Inducing
Effects of Nicotinamide. Nicotinamide is known to induce
oxidative stress, IR and glucose intolerance [19–21]. We
therefore, examined the responses of rats of different groups
to glucose load.
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NNMT
(240 bp)

AOX1
(282 bp)

PRDX1
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Figure 1: RT-PCR analysis of mRNA expression of xenobiotic/drug- and ROS-metabolizing enzymes in rat skin. S: sham-operated skin. B:
burned skin. The data shown are representative of three separate experiments.
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Figure 2: Plasma concentrations of nicotinamide and N1-methylnicotinamide in different rat groups. Sham: sham-operated group; Sham +
NM: sham-nicotinamide group; Burn: burn group; Burn + NM: burn-nicotinamide group. ∗P < 0.01. Bar graph indicates mean ± SEM.

The results showed that there were no significant differ-
ences in the baseline serum concentration of H2O2 (a major
component of ROS) between the groups.

Glucose load induced a decline in the plasma H2O2

level in sham-operated group, while the other three groups
showed an increasing trend. The increasing trend was
more profound in burn-nicotinamide group than in sham-
nicotinamide group and burn group (Figure 3(a)).

The plasma insulin levels showed increasing trends in all
groups with a peak at 15 or 30 min after glucose loading.
The changes in plasma insulin were more profound in burn-
nicotinamide group and burn group (Figure 3(b)), whereas
there were no significant differences in the changing trends
in blood glucose levels between groups (Figure 3(c)). These

results indicate that burn can induce IR, which can be further
enhanced by nicotinamide load.

There were no significant differences in liver glycogen
contents either between sham-operated group and sham-
nicotinamide group or between burn group and burn-
nicotinamide group. However, the two burn groups showed
significantly lower liver glycogen contents than that of the
two sham groups (Figure 4(a)). It seems that the liver glyco-
gen synthesis is affected by burn, but not by nicotinamide
load. In contrast, the muscle glycogen levels were affected by
both burn and nicotinamide load (Figure 4(b)).

To explore the mechanism underlying these different
responses of liver and skeletal muscle to nicotinamide
load, we detected the expression of NNMT and AOX1
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Figure 3: Serum H2O2 and insulin levels and blood glucose concentrations in different rat groups. Sham: sham-operated group; Sham + NM:
sham-nicotinamide group; Burn: burn group; Burn + NM: burn-nicotinamide group. ∗P < 0.05 and ∗∗P < 0.01 versus sham-nicotinamide
group, #P < 0.05 versus burn-nicotinamide group and +P < 0.01 versus burn group at the same time point. Data were presented as means ±
SEM.

in rat skeletal muscle. The RT-PCR results showed that
rat skeletal muscle expressed NNMT, but did not express
AOX1 (Figure 5). This suggests that the skeletal muscle could
convert nicotinamide to N1-methylnicotinamide, but could
not detoxify N1-methylnicotinamide.

3.4. Expression of NNMT and AOX1 in Human Skin. We
then detected the expression of the NNMT and AOX1 in
human skin. The results of western blotting showed that
both NNMT and AOX1 were expressed in the human skin
(Figure 6(a)). Immunohistochemical analysis showed that
AOX1 was located in sweat glands (Figure 6(d)) and seba-
ceous glands (Figure 6(f)). These results suggest that human
skin, like rat skin, may also be involved in the degradation of
excessive nicotinamide.

4. Discussion

The main results of the present study are that: (1) the expres-
sion of xenobiotic/drug-metabolizing enzymes and ROS-
scavenging enzymes was not detected in the full-thickness
burned rat skin; (2) burn could decrease the clearance
of excessive nicotinamide in rats, which was accompanied
by increased H2O2 generation and abnormal response to
glucose load, that is, elevated insulin levels and decreased
glycogen levels in skeletal muscle; (3) rat skeletal muscle was
found to express NNMT, but not AOX1; (4) the expression
of NNMT and AOX1 was detected in human skin.

Excessive nicotinamide is primarily degraded to N1-
methylnicotinamide by NNMT and then further oxidized
to pyridones by AOX1 [20]. Thus, it is expected that any

tissues/organs that express NNMT and AOX1 may contribute
to the body’s total capacity to degrade excessive nicoti-
namide. The skin expresses NNMT, thus, burn-induced
increase in the level of plasma nicotinamide might be due
to a change in skin-mediated nicotinamide degradation.
Plasma N1-methylnicotinamide levels are determined not
only by its generation from nicotinamide, but also by
its conversion to pyridones. NNMT is widely expressed
in human and rat tissues [22, 23], especially in skeletal
muscle, while AOX1 is not expressed in the skeletal muscle
(Figure 5). Skeletal muscle is the largest tissue in vertebrates.
Obviously, the uninvolvement of skeletal muscle in N1-
methylnicotinamide degradation increases the importance
of skin contribution in the conversion, which may account
for nicotinamide load-induced more profound increase in
plasma N1-methylnicotinamide level in burned rats than in
sham-operated rats.

Evidence suggests that IR may be the consequence
of oxidative stress [1–3]. Indeed, our previous study has
shown that coadministration of glucose and nicotinamide
can induce IR due to excessive ROS generation caused
by nicotinamide degradation in human subjects [21]. The
data from the present study showed that decreased skin-
mediated nicotinamide degradation could enhance the ROS
generating and IR-inducing effects of nicotinamide. N1-
methylnicotinamide is a toxic intermediate of nicotinamide
metabolism. The liver not only degrades nicotinamide to
N1-methylnicotinamide, but also further detoxifies N1-
methylnicotinamide to pyridones. Unlike the liver, the
skeletal muscle can only convert nicotinamide to N1-
methylnicotinamide. This may thus lead to an accumulation
of N1-methylnicotinamide in muscle tissue and thus cause



6 Experimental Diabetes Research

0

2

4

6

8

10

12

Li
ve

r 
gl

yc
og

en
 (

m
g/

g)

Sham  Sham
+ NM

Burn  Burn
+ NM

(a)

0

2

4

6

8

10

Sk
el

et
al

 m
u

sc
le

 g
ly

co
ge

n
 (

m
g/

g)
Sham  Sham

+ NM
Burn  Burn

+ NM

P < 0.09

(b)
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Figure 5: RT-PCR analysis of mRNA expression of NNMT and
AOX1 in the muscle from sham-operated rat. The data shown are
representative of three separate experiments.

a local toxic effect, which may explain why IR after nicoti-
namide load only occurs in the skeletal muscle, but not in
the liver. The finding that burn alone decreased liver glycogen
contents may involve other mechanisms that are beyond the
scope of the present study.

It should be noted that besides nicotinamide-degrading
enzymes, other xenobiotic/drug-metabolizing enzymes, such
as cytochromes P450, flavin monooxygenases, MAO, COMT,
glutathione-S-transferases, N-acetyltransferases, and sulfo-
transferases, are also expressed in the skin [7–9]. Numer-
ous xenobiotics and endogenous bioactive/toxic substances

are the substrates of skin xenobiotic/drug-metabolizing
enzymes. The skin also expresses SOD, CAT, GPX1, and
PRDX1, which can remove ROS, and thus help protect
against oxidative damage [10, 24]. Moreover, human eccrine
sweat glands, which total roughly one kidney, that is, 100 g,
can excrete numerous xenobiotics, such as, metals and drugs
[11, 13], and endogenous bioactive substances, such as,
neurotransmitters, cytokines, and sterols [13, 25, 26]. Thus,
it is conceivable that decreased skin function (e.g., due to
burn injuries and cold ambient temperature) may increase
the risk of an accumulation of toxic substances in the body
and subsequent oxidative stress and IR.

Whether or not oxidative stress occurs not only depends
on ROS production, but also on the body’s total antiox-
idant capacity [1, 2]. The latter represents a sum of the
antioxidant capacity of various organs. Each organ/tissue
makes a distinctive contribution to the body’s total antiox-
idant system. For example, the liver is mainly responsible
for the biotransformation/detoxification of xenobiotics and
endogenous toxic substances, while the kidney is mainly
responsible for the elimination of toxic substances. Thus,
a decrease in the functions of these organs is expected
to increase the risk for oxidative stress and IR. Indeed,
numerous studies have shown that patients with severe liver
or kidney diseases are associated with oxidative stress and
IR [27, 28]. The skin, like the liver and the kidneys, is one
of the major contributors to the body’s total antioxidant
defense. Evidence has shown that (1) xenobiotics and
endogenous toxic substances induce oxidative stress and IR
[3]; (2) the skin is the largest organ involved in both the
detoxification and excretion of xenobiotics and endogenous
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hematoxylin. Magnification: ×200.

toxic substances [29]; (3) sauna, which increases the elimi-
nation of toxic substances [30], can improve cardiovascular,
autoimmune, toxicant-induced, and other chronic health
problems [25]; (4) there are sustained impairments in
cutaneous vasodilation and sweating in grafted skin [18];
(5) there is an accumulation of endogenous toxic substances
(e.g., cortisol, catecholamines, and cytokines) in the circula-
tion of postburn patients [17]; (6) there is a decrease in the
skin-mediated biotransformation of xenobiotics, as shown
by the present study; (7) post-burn patients are associated
with persistent endoplasmic reticulum stress and IR [15,
17]. Thus, post-burn oxidative stress and IR might involve
decreased skin detoxification and excretion.

The above hypothesis is also supported by the observa-
tions in nonburn trauma and surgery. Both burn trauma
and nonburn trauma (including major surgery), which

are accompanied with increased sympathetic activity and
redistribution of blood flow away from certain nonvital
organs, such as the skin, gastrointestinal tract, and kidneys
[31], are associated with IR during the acute phase. However,
unlike burn trauma, the IR induced by nonburn trauma and
surgery is transient and disappears after nonburn trauma
or surgery [32], suggesting the following relationship: a
permanent decrease in the skin function is associated with
sustained IR, while a transient decrease in the function of
intact skin is associated with transient IR. Moreover, the
observation that there is an elevation in IR-inducing sub-
stances [33] and blood pressure [34] and worse symptoms
of IR-related diseases [35, 36] in winter might also imply a
close association between the skin function and IR, since low
ambient temperature exposure reduces the blood flow to the
skin and the skin temperature [37].
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In conclusion, the skin is one of the major components
of the body’s antioxidant defense system. Factors that
decrease the skin function may lead to a decrease in the
clearance of xenobiotics and endogenous toxic substances
and subsequent increase in ROS generation, which may
contribute to the development of IR. The proposed role of
the skin in oxidative stress and IR is summarized in Figure 7.
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Liver and kidney commonly affected by diabetes in chronic cases but pathogenetic mechanisms are not fully understood in early
stages of the disease. The aim of this study was to investigate the immunohistochemical expression of caspase-3, cyclooxygenase
(COX)-1 and-2, calcium sensing receptor (CSR), and hypoxia inducible factor-1α (HIF-1α) in pancreas, liver, and kidney in
streptozotocin (STZ) induced DM. Study group (n = 6) were received streptozotocin (50 mg/kg) and control group (n = 6)
physiologic saline. The blood glucose and ketonuria were measured, and necropsy was performed on them on third, fourth,
and fifth days. Immunohistochemistry revealed that marked increase in caspase-3 reaction pancreas, liver, and kidney in the study
group than control group. COX-1 slightly increased in these organs in study group compared to controls. Immunohistochemically
COX-2 reaction was markedly positive in liver and kidney, but slightly increased in pancreas. The most increased reaction was
observed in CRS and all organs were markedly positive. HIF-1α expression was also increased but the reaction was more severe in
pancreas than liver and kidney. This study indicated that degeneration starts in organs in early stages of the disease and the most
effective route for degeneration related to increase of calcium influx and hypoxia upon cells in DM.

1. Introduction

Diabetes mellitus is a metabolic disorder that results from
a reduction of insulin available for normal function of
many cells in the body. In some cases, increased concentra-
tions of glucagon contribute to development of persistent
hyperglycemia. In addition to chronic hyperglycemia, DM is
characterized by disturbance of carbohydrate, fat, and pro-
tein metabolism resulting from defects in insulin secretion,
insulin action, or both. The diseases can also be recognized
during less overt stages, most usually by the presence of
glucose intolerance. The effects of DM include long-term
damage, dysfunction, and failure of various organs, espe-
cially the eyes, kidneys, livers, hearts, and blood vessels [1].

In the pathogenesis of DM, several factors are responsible
for the decreased availability of insulin. Hyperglycemia, and
its attendant effects upon cells, underlies the pathogenic
lesions of DM [2]. Cellular damages can be demonstrated by
numerous markers by immunohistochemistry. For example,

caspases are a family of cysteine proteases mainly involved in
the apoptotic pathway [3]. Caspase-3 is one of the effector
caspases that has been implicated as a key protease cleaving
multiple cellular substrates, including components related to
DNA repair and regulation, to bring the cell to its demise
[4, 5]. Cyclooxygenase enzymes also play an important
role at cellular damages. Three different COX enzymes
existed, now known as COX-1, COX-2, and COX-3, they are
responsible for formation of important biological mediators
called prostanoids, including prostaglandins, prostacyclin,
and thromboxane. Pharmacological inhibition of COX can
provide relief from the symptoms of inflammation and
pain [6]. In diabetes, direct evidence that cytoplasmic Ca2+

triggers exocytosis of the insulin granules is obtained from
experiments using β cell of which the plasma membrane is
permeabilized in these cells, the membrane potential is dissi-
pate and the cytosolic concentration of small molecules can
be controlled [7]. Calcium sensing receptor is a G protein-
coupled receptor (GPCR) and regulation of extracellular and
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intracellular calcium homeostasis related to CSR. It has also
been found in a wide variety of organs not involved in
systemic calcium homeostasis that it plays important roles
in cellular damages [8–10]. Hypoxia-inducible factor-1α has
central role in degeneration and a transcriptional activator
that promotes angiogenesis [11, 12]. HIF-1α expression is
also induced under normoxic conditions when cells are
stimulated with growth factors, inflammatory cytokines,
lactate, or prostaglandins [13–15].

DM is a complex disease and causes numerous cellular
damages in different organs. A number of pathogenetic
advances have been made during the past decade but numer-
ous mechanisms need to be clarified. The pathogenetic
mechanisms are likely interactive and linked in DM. For
that reason, mechanism of cellular damage is not fully
understood. This preliminary study was designed to explore
the cellular distribution and the underlying mechanisms of
hypoxia and calcium influx in experimental diabetes.

2. Material and Methods

Twelve female Sprague-Dawley rats, weighing 125 to 150 g
and aged 2 months, were maintained at the Experimental
Animal Housing Unit of the University of Akdeniz. They
were randomly allocated into 2 groups, as follows: study
group that treated with STZ and control group. Both groups
were composed of 6 rats and were allowed free access to
water and food. Rats were fasted before the STZ injection.
A single intraperitoneal injection of 50 mg/kg STZ (Sigma
Chemical Co, St. Louis, Mo) dissolved immediately before
administration in freshly prepared 50 mmol/L citrate buffer
(pH 4.0) that was given on day 0. Control animals received an
equivalent volume of physiologic saline. Urine samples were
collected at 3rd, 4th, and 5th days. At the third day, two rats
form, study group and two rats from the control group were
anesthetized with ether before blood and tissue samples were
obtained. The blood glucose concentration was measured in
blood from jugular vein in the morning from 2 rats in each
group before euthanasia, and then necropsy was performed
on them after the third day. The MS9 blood counting equip-
ment was used for hematological analysis of the blood drawn
in EDTA tubes. Glucose levels were analyzed in serum sam-
ples using IDEXX VetTest equipment and reagents. Pancreas,
liver, and kidney tissue samples were collected and fixed
in 10% buffered formalin. After routine procedure, tissues
were blocked in paraffin and cut to 5 μm thickness. Tissue
sections were stained with hematoxylin-eosin (HE) and
examined microscopically. Afterward, pancreas, liver, and
kidney samples were immunostained with caspase-3 (rabbit
polyclonal, Cat. no. 250573, Abbiotec-San Diego, USA),
COX-1 (Epitope Specific rabbit antibody, Cat. no. RR-10687-
P0, Thermo scientific, Fremont, USA), COX-2 (Cat. no: RM-
9121-S0, Thermo scientific, Fremont, USA), CSR (Rb pAb
to CSR, ab62653-100, Abcam Lot: 433372, Cambridge, UK),
and HIF-1α (H1α67, Sc-53546, Santa Cruz Biotechnology
Inc. CA, USA) according to the manufactures’ instructions.
In this study, avidin-biotin complex peroxidase (ABC-
P) method was used for immunohistochemistry. Paraffin

Table 1: Blood and urine values of the rats in groups.

Study group Blood glucose (mmol/L) Ketonuria

3rd day 10.15± 2.18 —

4th day 11.84± 1.84 +

5th day 9.91± 1.69 +

Control group

3rd day 4.05± 1.42 —

4th day 5.67± 0.94 —

5th day 6.07± 0.86 —

Reference values 2.28–7.50 —

The differences between the means of groups are statistically significant
(P < 0.05).

blocks were sectioned at 5 μm for immunohistochemical
examination, and sections were attached to glass slides coated
with poly-L-lysine. The slides were dried overnight at 37◦C
to optimize adhesion. Sections were deparaffinized through
xylene, and tissues were rehydrated in sequentially graduated
ethyl alcohol. Slides were incubated in hydrogen peroxide
in methanol for 10 min to reduce nonspecific background
staining due to endogenous peroxidase. The sections were
washed twice, in phosphate buffer solution (PBS). Then,
tissues were boiled in 1 : 100 citrate buffer solution for10
min and cooled for 20 min. The cooled tissues were washed
four times in PBS prior to application of blocking serum
for 5 min. Then, primary antibody was applied; tissues were
incubated for 30 min at room temperature. They were rinsed
4 times in PBS, given an application of biotinylated anti-
polyvalent antibody and incubated for 10 min at room tem-
perature. After being washed three times in PBS, streptavidin
peroxidase was applied and the samples were incubated for
10 min at room temperature, and then rinsed 4 times in
PBS. Tissues were further incubated for 20 min at room
temperature in a solution of DAB (3, 30 diaminobenzidine)
chromogen. After being washed in PBS, tissues were counter
stained with Mayer’s haematoxylin, washed in water, and
coverslips were applied with mounting media. For negative
control, primary antibody was not added to the sections.

In order to evaluate the percentage of immunopositive
cells, 100 cells calculated in 10 different microscopic high-
powered fields of each slide were examined under the 40x
objective of a trinocular microscope (Nikon E600) and
microphotography apparatus. The count of positive cells one
high-power field for each marker was noted and compared
with control groups.

In the statistical evaluations, Students t test was used.
Calculations were made using the SPSS 13.0 program pack.
P < 0.05 was accepted as statistically significant.

3. Results

Hyperglycemia and ketonuria was initially observed in both
rats in study group 3 days after administration. There
were no glucosuria and ketonuria in the control group.
Biochemical results of blood and urine were shown in
Table 1. No macroscopical changes were observed in organs
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(a) (b)

(c) (d)

(e) (f)

Figure 1: Caspase-3 reactions. (a) Immunopositive reaction in Langerhans islets cells (arrows) in study group, Bar = 50 μm; (b) no
immunoreaction in control group, Bar = 50 μm; (c) marked reaction in hepatocytes in study group (arrows), Bar = 100 μm. (d) Slight
immunoreaction in some hepatocytes (arrows) in control group, Bar = 50 μm; (e) Strong reactions in tubular cells in kidney (arrows), Bar =
100 μm. (f) A few immunopositive cells in kidney in control group, Bar = 100 μm. ABC-P method with Hematoxyline counterstaining were
used for all tissue. The right column belongs to study group and left column belongs to control group.

in both groups. At the histopathological examination of
pancreas, degenerative and necrotic beta cells were seen in
Langerhans islets in study group. At microscopical examina-
tion slight degenerative changes were observed in liver and
tubular epithelial cells of the kidney. Immunohistochemical
observation of caspase-3, COX-1, COX-2, CSR, and HIF-
1α immunostained sections revealed severe damage in these
organs in early stages of the DM. Statistical results of

immunohistochemical observation were shown in graphic.
Caspase-3 immunopositive cell numbers were markedly
increased in pancreatic islets in study group. In addition to
pancreas, caspase-3 immunopositive reaction was higher in
liver hepatocyte in study group than controls and strong
immunoreactions were observed in kidney tubular epithelial
cells (Figures 1(a), 1(b), 1(c), 1(d), 1(e), and 1(f)). Slight
increases in COX-1 reaction were observed in pancreas, liver,
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Figure 2: COX-2 reactions. (a) Severe positive immunoreaction in endocrine islets of pancreas in study group (arrows), Bar = 50 μm. (b)
No immunoreaction in Langerhans islets of pancreas in control group, Bar = 100 μm. (c) Moderate immunoreaction in hepatocyte in study
group (arrows), Bar = 100 μm. (d) A few immunoreactions in liver (arrows) in control group, Bar = 50 μm. (e) Strong immunopositive
reaction in nonmacula densa area in kidney (arrows) in study group, Bar = 100 μm. (f) A few immunoreactions in kidney tubul cells in
macula densa (arrows) in control group, Bar = 100 μm. ABC-P method with hematoxylin counterstaining was used for all tissues. The right
column belongs to study group and left column is belong to control group.

and kidney in study group’s rats. In kidneys, immunohisto-
chemical examination revealed that the expression of COX-
1 localized on collecting tubules. COX-2 immunoreactive
cells were markedly increased in study rats compared with
controls in all examined organs. In control group, COX-
2 positive immunostaining was observed in individual
kidney tubular epithelial cells. Marked immunopositivity
was demonstrated in macula densa and nonmacula densa
tubules of kidney in study group (Figures 2(a), 2(b), 2(c),
2(d), 2(e), and 2(f)). In both groups, CSR immunopositive
immunoreactions were noticed in cytoplasm of cells in

the organs. But reaction was prominent in study group.
Immunopositive reaction was also observed in nucleus of the
some cells in Langerhans islets of pancreas. Similar CSR reac-
tion was noticed in hepatocytes and both proximal and distal
tubular epithelial cells of the kidney (Figures 3(a), 3(b), 3(c),
3(d), 3(e), and 3(f)). HIF-1α immunoreactions markedly
increased in the study group while the controls were negative.
Langerhans islets of pancreas exhibited markedly HIF-
1α immunopositive reactions. Slight immunoreaction was
detected in hepatocytes of the liver. Strong HIF-1α reaction
was observed in both proximal and distal tubular epithelial
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Figure 3: CSR reactions. (a) Severe expression in nucleus and cytoplasms of endocrine islets of pancreas in study group (arrows), Bar =
50 μm. (b) No immunoreaction in Langerhans islets of pancreas in control group, Bar = 100 μm. (c) Severe immunopositive reaction in
hepatocyte in study group (arrows), Bar = 100 μm. (d) A few immunoreactions in liver (arrows) in control group, Bar = 100 μm. (e) Strong
immunopositive reaction in tubular epithelial cells in kidney (arrows) in study group, Bar = 200 μm. (f) Very slight immunoreactions in
kidney in control group, Bar = 200 μm. ABC-P method with Hematoxyline counterstaining was used for all tissues. The right column
belongs to study group and left column belongs to control group.

cells of the kidney in study group (Figures 4(a), 4(b), 4(c),
4(d), 4(e), and 4(f)). Positive immunoreactivity was noted
by an intense brown color (DAB). All of the markers were
gradually increased related to days from induction of DM in
this study (Figures 5(a), 5(b), 5(c), 5(d), and 5(e)).

4. Discussion

STZ administration to mature rats induces severe and
permanent diabetes, with a decrease in insulin levels, to

produce a cytotoxic model of diabetes very similar to type I
DM. Streptozocin damages β cells of the islets of Langerhans
in the pancreas [16]. Streptozotocin-induced diabetes in the
rats is being employed extensively for studies into the immu-
nopathogenesis of DM [17]. Although several studies have
examined the underlying immune cellular and molecular
changes during disease in this model, investigations on the
early stages and cell injury in different organs have been
limited. Cell damage is the main reason of necrosis and
numerous agents can cause this process. The main reason of
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Figure 4: HIF reactions. (a) Severe expression in endocrine islets of pancreas in study group (arrows), Bar = 100 μm. (b) Slight
immunoreaction in Langerhans islets of pancreas in control group, Bar = 100 μm. (c) Severe immunopositive reaction in hepatocyte in
study group (arrows), Bar = 50 μm. (d) A few immunoreactions in liver in control group, Bar = 50 μm. (e) Strong immunopositive reaction
in tubular epithelial cells in kidney (arrows) in study group, Bar = 50 μm. (f) Very slight immunoreactions in kidney in control group, Bar
= 100 μm. ABC-P method with Hematoxyline counterstaining was used for all tissues. The right column belongs to study group and left
column belongs to control group.

cellular injury is hypoxia and it is commonly seen. Calcium
is main player of the cell damage and activates both plasma
membrane and mitochondrial injuries which are cell damage
pathways. COX enzymes play a major role in cellular damage
process. Cell death is the last stage of the cellular damage and
it can occur by apoptosis or necrosis. Caspase-3 is the main
marker of the apoptosis [18]. This study planned to examine
the role of calcium, hypoxia, and apoptosis in early stages of
DM in different cells by using HIF-1α, COX-1 and -2, CSR
and Caspase-3 by immunohistochemical method.

DM results from the progressive destruction of beta
cells of Langerhans islets [19]. Multiple mechanisms have

been proposed as effectors of beta cell destruction [20, 21].
Although DM is a chronic and progressive disease, initial
lesions can be seen in very early stages. Previous studies
reported that initial lesions occur after 3 days of DM
induction in rats [22, 23]. Similar findings were observed
in this study, and glucosuria was detected three days after
streptozotocin treatment. Tissue sections of pancreas, liver,
and kidney were examined histopathologically and immuno-
histochemically at 3rd, 4th, and 5th days. This study demon-
strated that increased expression of caspase-3, COX-1 and -2,
CSR, and HIF-1α in islet of Langerhans, liver, and kidney in
streptozotocin induced DM in rats. These results supported
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Figure 5: Statistical analysis results of (a) Caspase-3, (b) COX-1, (c) COX-2, (d) CSR, and (e) HIF-1αimmunopositive cell numbers.

the idea that cellular damages due to DM can occur in very
early stages of the disease. Our results showed that different
mechanisms may play role in diabetes like as hypoxia, apop-
tosis, and calcium influx in degenerative changes in cells.

Caspases are cysteine-aspartyl specific proteases that
play a key role in apoptosis [24]. Caspase-3 is one of the
effector caspases downstream of apoptotic pathways. Gene
targeting strategies have provided valuable tools to study
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the physiologic function of individual caspases in vivo and
have shown their roles not only in apoptosis but also in other
fundamental cellular processes [4]. Several in vitro studies
have suggested that caspase dependent apoptotic pathways
are essential for β cell apoptosis [25]. The underlying mech-
anism of tubular changes in kidney in diabetes, however,
is unclear. One attractive mechanism is apoptosis, which
has been demonstrated to mediate cell death in a variety of
renal diseases, including diabetic nephropathy [26]. Indeed,
apoptosis was detected in renal proximal tubular cells of
different species including experimental animals and patient
with diabetes, suggesting that tubular apoptosis may precede
tubular atrophy in diabetes [27, 28]. In this study, apoptotic
activity in pancreatic islets was also observed in the study
group’s rats and was an agreement with previous studies. At
the same time we also observed increased apoptotic activity
in the hepatocytes and kidney tubular cells. This study
showed that possible mechanism of occurrence of liver and
kidney problem in diabetes may be related to the increased
apoptotic activity.

Many studies using streptozotocin-induced type 1 dia-
betic rats have shown an increase in COX-2 production in
kidney [23]. Therefore, in the present study, the kidneys of
study and control rats were investigated histologically and
immunohistochemically, and changes in the renal expression
of COX-2 during the DM induction were marked in the
study group compared to control group. Marked increase
in COX-2 expressions was observed in the renal proximal
tubules and macula densa in the study group as compared
with the control group. Only slight increases were observed
in COX-1 expression in the study group. These results were
corresponding to previous observations [23]. The possible
cause of the increased COX-2 protein expression in kidneys
of study group rats may be related to that the tissue changes
also have a pathophysiological impact in modulating renal
hemodynamics in diabetes.

Calcium is known to be an important intracellular
messenger. Ca2+ plays a key role in numerous cellular
processes, such as maintaining membrane potential and
controlling hormonal secretion and cellular proliferation and
differentiation [8]. The mechanisms governing extracellular
calcium homeostasis maintain its near constancy to ensure
continual availability of calcium ions for their multiple
intra- and extracellular functions. CSR expression has an
important role in many physiological situations. It is involved
in calcium metabolism regulation in many cells such as
parathyroid [29], bone [30], kidney cells [31], fibroblasts
[32], antral gastrin cells [33], epithelial cells [34], oligoden-
drocytes [30], renal cells, retina, osteoclasts and osteoblasts,
vessels smooth muscle cells, and on some brain cells [8].
In this study CSR expression was demonstrated in pancreas,
liver, and kidney in diabetes-induced rats. Expression of the
CSR was more prominent in the study group than the control
group. Marked increase was observed in both nucleus and
cytoplasm of the cells of Langerhans islets of pancreas in the
study group. Little expression was seen in the control group
and only in cytoplasm. Strong immunopositive reaction
was observed in collective tubules of kidney compared to

the controls. Hepatocytes also expressed CSR in both groups,
and reaction was more prominent in the study group.

Hypoxia is the main regulator of HIF-1α expression and
function in some conditions such as diabetes pathogenesis
[35, 36]. HIF-1α is one of the important members of the
bHLH-PAS family [37] and functions as an obligate dimer
with other family members, including aryl hydrocarbon
receptor (AhR) nuclear translocator (ARNT) [38]. HIF-
1α degradation occurred by HIF prolyl hydroxylases. HIF-
1α degradation can be considered cellular oxygen sen-
sors, because their activity varies in the range of physio-
logic/pathologic oxygen tensions [39]. It is very important
to detect HIF activation in tissue sections by immunohisto-
chemical methods in detection of nuclear HIF-1α [40]. HIF
activity can be modulated by a number of factors such as
hydrogen peroxide and superoxide [41]. Diabetes can cause
increased production of reactive oxygen species [42]. In the
renal medulla, NAD(P)H oxidase activity can cause increased
superoxide in the thick ascending limbs of the loop of Henle
[43]. Superoxide may both intensify renal medullary hypoxia
and reduce hypoxia adaptation in diabetes [44]. In this study,
although HIF-1α-negative in the control group’s pancreas,
increase reaction was seen in the liver and kidney in the study
group. The most marked reaction of HIF-1α was observed in
Langerhans islets of the pancreas.

5. Conclusion

As a result, this study showed that marked immunoreaction
can be seen in the pancreas, liver and kidney with caspase-
3, COX-1, COX-2, CSR, and HIF-1α in diabetes-induced
rats. These reactions became prominent related to days after
induction. The possible cause of the increase may be related
to cellular damage by different routes. Increase of severity of
the immunoreactions related to days also supported this idea.
The most marked reaction was observed in Langerhans islets
of pancreas with all of the markers in this study. But liver,
and kidney can be affected in very early stages of the disease.
These results indicated that cellular damage in DM showed
both hypoxia and calcium influx in the cells. Apoptosis can
cause marked lesions in organs. This study showed that
although diabetes is a chronic disease, its affects can be seen
in cells in early stages.
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Inflammation has been implicated in the hypothalamic leptin and insulin resistance resulting defective food intake during high
fat diet period. To investigate hypothalamic inflammation in dietary induced obesity (DIO) and obesity resistant (DIO-R) rats,
we established rat models of DIO and DIO-R by feeding high fat diet for 10 weeks. Then we switched half of DIO and DIO-R
rats to chow food and the other half to high fat diet for the following 8 weeks to explore hypothalamic inflammation response
to the low fat diet intervention. Body weight, caloric intake, HOMA-IR, as well as the mRNA expression of hypothalamic TLR4,
NF-κB, TNF-α, IL-1β, and IL-6 in DIO/HF rats were significantly increased compared to DIO-R/HF and CF rats, whereas IL-10
mRNA expression was lower in both DIO/HF and DIO-R/HF rats compared with CF rats. Switching to chow food from high fat
diet reduced the body weight and improved insulin sensitivity but not affecting the expressions of studied inflammatory genes in
DIO rats. Take together, upregulated hypothalamic inflammation may contribute to the overeating and development of obesity
susceptibility induced by high fat diet. Switching to chow food had limited role in correcting hypothalamic inflammation in DIO
rats during the intervention period.

1. Introduction

The prevalence of obesity is growing rapidly and has become
a major public health problem worldwide [1]. Associated
with the pathogenesis of type 2 diabetes, hyperlipidemia
and the increased risk of cardiovascular mortality [2, 3],
obesity can only develop when energy intake exceeds energy
expenditure. Dietary fat has been shown to influence eating
behavior and the development of obesity [4, 5]. However,
both human beings and rodents appear to be different
in developing obesity when they exposed to high-fat diet,
described as dietary induced obesity (DIO) and dietary
induced obesity resistant (DIO-R) [6, 7]. The potential
mechanism relating the susceptibility to obesity induced by
high-fat diet has not been clearly elucidated.

Obesity is considered to be a chronic low-grade inflam-
matory state [8]. Many studies have revealed that increased
inflammatory response in hypothalamus produces insulin

and leptin resistance contributing to the defective food intake
both in genetic or dietary fat-induced obesity [9–11]. Recent-
ly, considerable evidence suggests the inflammatory response
to dietary fat is mediated by TLR (Toll-like receptor) signal-
ing, which result in the activation of NF-κB and production
of inflammatory cytokines, such as IL-1β, IL-6, and TNF-
α [12–14]. TLRs are pattern-recognition receptors which
provide the first line of host defense, and four members of
the TLR family including TLR1, 2, 4, and 6, are reported to
recognize lipid containing motifs [12, 13]. Emerging study
proposed that TLR4 acts as a predominant molecular target
for saturated fatty acids in the hypothalamus and triggers the
intracellular signaling network that induces an inflammation
response and that ultimately results to overeating and obesity
[15]. Moreover, genetic deletion designed to disrupt TLR4
signaling protects against high-fat diet-induced obesity [16].
Recent investigations also demonstrated that hypothalamic
IKKB/NF-κB was upregulated by high-fat diet and associated
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with diminished hypothalamic insulin and leptin signal
transduction [17, 18]. Further, experimental and genetic
interventions that block the hypothalamic NF-κB signaling
reversed hypothalamic insulin and leptin resistance and was
associated with reduced food intake and weight loss in
the high-fat-induced obesity [17]. These data collectively
implicated that the activation of hypothalamic inflammation
is necessary and sufficient for the control of food intake and
likely involved in the mechanism underlying the pathogene-
sis of obesity susceptibility during high-fat diet feeding.

We have previously shown that upregulated hypotha-
lamic NPY and Y1, Y2, and Y5 receptor gene expressions
were closely associated with being predisposed to obesity
and overeating of DIO rats [19]. To our knowledge, no
studies have been carried out to investigate the involvement
of hypothalamic inflammation on the different susceptibility
to obesity between DIO and DIO-R rats and their responses
to chow food. The main aim of the present study is to
compare the expressions of TLR4, NF-κB, and inflammatory
cytokine in the hypothalamus between DIO and DIO-R rats
for investigating the underlying mechanism related to obesity
susceptibility induced by high-fat diet and their respective
responses to low-fat dietary intervention.

2. Materials and Methods

2.1. Animals, Diets, and Experimental Protocols. The exper-
imental protocol was approved by the Animal Care and
Use Committee of Huazhong University of Science and
Technology. Fifty-five six-week-old outbred male SD rats
(purchased from Shanghai Sippr-BK Laboratory Animal Co.
Ltd.) weighing 150–160 g were housed individually with
regulated temperature (22± 5◦C) and humidity (50± 10%)
on a daily cycle of 12 h light and darkness (08:00–20:00 h).
All rats were allowed ad libitum access to water and food
throughout the experimental period.

After a week acclimation, tail blood was collected and
serum was stored under −80◦C for further assay. Then the
rats were randomly divided into two groups: the HF group
(n = 45) was placed on a high-fat diet containing 4.62 kcal/g
(49.85% fat, 20.00% protein, and 30.15% carbohydrate) and
the CF group (n = 10) remained on normal laboratory
chow food (purchased from Tongji Medical College Labora-
tory Animal Center, Wuhan, China) containing 3.29 kcal/g
(13.68% fat, 21.88% protein, and 64.44% carbohydrate).
Dietary intake was recorded daily and body weight was
measured weekly in the morning throughout the study. After
10 weeks of free access to their corresponding diet, rats in

HF group with body weights more than
−
x + 1.96 s of CF

group were designated as DIO and those with body weight

less than
−
x + 1.0 s of CF group were designated as DIO-

R rats. Then one half of the DIO and DIO-R rats were
switched to chow food and the other half were kept on
HF diets for the following 8 weeks. All rats were provided
water and food ad libitum. Terminally, all animals were killed
after 12 h fasting between 08:00 and 11:00. Trunk blood
was collected and centrifuged and serum was stored for

further use. Perirenal and epididymal white adipose tissue
was dissected and weighed. Hypothalamus was located and
isolated according to brain coronal plane iconography of rat
and related articles [20, 21]. Samples of hypothalamic tissues
were snap frozen in liquid nitrogen immediately and stored
at −80◦C for RNA extraction.

2.2. Fasting Serum Glucose and Insulin Assay. Serum glucose
level was assayed by an enzymatic kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) and serum insulin
level was measured by radioimmunoassay kits (Beijing
Chemclin Biotechnology Corporation Limited, Beijing,
China). HOMA-IR was calculated by (fasting serum glu-
cose × fasting serum insulin)/22.5. All the analyses were
conducted in duplicate.

2.3. RNA Preparation and mRNA Quantification by Real-
Time PCR. Total RNA was isolated from hypothalamic tissue
using the Trizol Reagent Kit (Invitrogen, USA) following the
manufacturer’s instruction. The total amount of RNA was
measured by spectrophotometry at an absorbance of 260 nm
and designated the purity valid if the ratio of A260/A280
was in the range from 1.8 to 2.0. The integrity of the RNA
was checked by denaturing agarose gel electrophoresis and
ethidium bromide staining. 3.0 μg of the total RNA was
reverse transcribed by revert Aid First Strand cDNA synthesis
kit (Fermentas, CA, USA). The abundances of TLR4, NF-κB,
TNF-α, IL-1β, IL-6, IL-10, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA were analyzed by real-
time polymerase chain reaction (PCR) in the 7900 HT real-
time PCR system (Applied Biosystems, Foster, CA, USA).
Real-time PCR was performed using the SYBR Premix Ex
Taq (TaKaRa Bio Inc.) according to the manufacturer’s
instructions. Reactions were performed in a total volume
of 10 μL containing 1 μL cDNA, 0.2 μL ROX reference Dye,
0.2 μM of each primer and 5 μL of the SYBR Green reaction
mix. The amplification protocol was as follows: 95◦C/10 s
(95◦C/5 s, 60◦C/30 s) × 40. Following amplification, a dis-
sociation curve analysis was performed to insure purity of
PCR product. The specific sense and antisense primers were
shown as follows. TLR4 (110 bp), sense: 5′-GCA GAA AAT
GCC AGG ATG ATG-3′, antisense: 5′-AAG TAC CTC TAT
GCA GGG ATT CAA G −3′; NF-κB (167 bp), sense: ATC
TGT TTC CCC TCA TCT TTC, antisense: GTG CGT CTT
AGT GGT ATC TGT G; TNF-α (145 bp): sense: 5′-GGA AAG
CAT GAT CCG AGA TG-3′, antisense: 5′-CAG TAG ACA
GAA GAG CGT GGT G-3′, IL-1β (131 bp): sense: 5′-TGT
GAT GTT CCC ATT AGA C-3, antisense: 5′-AAT ACC ACT
TGT TGG CTT A-3′; IL-6 (100 bp), sense: 5′ TTG CCT TCT
TGG GAC TGA TG 3′, antisense: 5′ ACT GGT CTG TTG
TGG GTG GT 3′′; IL-10 (102 bp): sense: 5′-AGG GTT ACT
TGG GTT GC-3′, antisense: 5′-ATG CTC CTT GAT TTC
TGG-3′; GAPDH (140 bp): sense: 5’-GCA AGT TCA ACG
GCA CAG-3′, antisense: 5′-GCC AGT AGA CTC CAC GAC
AT-3′. Standard curves for each primer pair were generated
by serial dilutions of cDNA from a reference sample and used
for regression analyses. All PCR assays were performed in
triplicate. The variance of the triplicate measurements was
<1%. Results were analyzed using the standard curve method
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Table 1: Fasting serum level of glucose, insulin, and HOMA-IR.

DIO/HF DIO/CF DIO-R/HF DIO-R/CF CF

FPG (mmol/L)

0 W 2.61± 0.14 2.93± 0.10 2.94± 0.29 2.86± 0.14 2.94± 0.04

10 W 5.16± 0.12ab 5.27± 0.11ab 4.24± 0.09 4.10± 0.13 4.12± 0.07

18 W 4.96± 0.10 4.73± 0.20 4.62± 0.21 4.60± 0.09 4.84± 0.10

FINS (μIU/mL)

0 W 27.02± 1.01 23.50± 1.29 25.12± 1.18 23.70± 1.62 23.01± 1.13

10 W 54.59± 1.39ab 55.31± 1.06ab 43.47 ± 1.31a 45.98 ± 1.36a 30.18± 1.18

18 W 60.16 ± 2.52abc 43.55± 2.69 45.87± 1.01 41.17± 2.12 31.66± 1.83

HOMA-IR

0 W 3.24± 0.51 3.16± 0.20 3.18± 0.42 3.11± 0.39 3.14± 0.03

10 W 12.56± 0.85ab 12.64 ± 1.12ab 8.32± 0.08 8.37± 1.02 6.52± 1.96

18 W 13.36± 1.06abc 9.25± 1.42 9.31± 1.03 8.52± 1.19 6.91± 0.45

Data was shown as mean ± SEM. aP < 0.05 compared with the CF group; bP < 0.05 compared with the DIO-R/HF group; cP < 0.05 compared with their
perspective CF intervention group. FPG: fasting serum glucose; FINS: fasting serum insulin; DIO: dietary induced obesity; DIO-R: dietary induced obesity
resistant; CF: chow food; DIO/HF: DIO on HF; DIO/CF: DIO on CF; DIO-R/HF: DIO-R on HF; DIO-R/CF: DIO-R on CF.

[22] by the SDS (sequence detection systems) software. The
data was expressed as the relative levels of mRNA after
normalized with GAPDH.

2.4. Statistical Analysis. The results were expressed as mean±
SEM. Statistical comparisons were assessed by multivariate
analysis (MANOVA), followed by Bonferroni post hoc
analysis using the SPSS 13.0 statistical package (SPSS Inc.,
Chicago, IL, USA). In all analyses, a two-tailed probability
of less than 5% (P < 0.05) was considered to be statistically
significant.

3. Results and Discussion

At the end of 10 weeks, rats fed high-fat diet had a wide
distribution in body weight and weight gain. 18 of the 45
were designated as DIO and 12 of which were DIO-R and the
remains with weight between DIO and DIO-R were excluded
from experiments. As presented in Figure 1(a), the body
weight in DIO rats was significantly higher than DIO-R or
CF rats beginning from 3 weeks to 10 weeks, whereas no
significant difference was observed between DIO-R and CF
rats throughout the experiment period. During the following
8 weeks, changing the diet to standard chow from high-
fat diet reduced the weight gain in DIO rats but not in
DIO-R rats (Figure 1(b)). At the end of the experiment,
the percentage of fat mass in DIO/HF rats was significantly
higher than that in DIO-R/HF and CF rats, while DIO/CF
and DIO-R/CF had a lower percentage of fat mass compared
with their counterparts on high-fat diet, no significant
difference was found between DIO/CF, DIO-R/CF, and CF
rats (Figure 1(c)).

Cumulative food intake and energy intake during the
first 10 weeks and the following 8 weeks were compared
among groups. Over the first 10 weeks, DIO rats had
greater food intake than DIO-R rats though they all had
free access to high-fat diet (Figure 1(d)). When food intake

was calculated as energy intake for the different energy
density between chow food and high-fat diet, DIO rats had
greater energy intake than DIO-R and CF rats, whereas no
significant difference was found between DIO-R and CF
groups (Figure 1(e)). After shifting to chow food from high-
fat diet, the food intake in both DIO/CF and DIO-R/CF
were increased compared with their respective counterpart
continued on high-fat diet (Figure 1(f)). No significant
difference in energy intake was found among groups during
the intervention period (Figure 1(g)).

At the initiation of this experiment, there were no
differences among groups in serum glucose, insulin, and
HOMA-IR. The serum glucose, insulin, and HOMA-IR in
DIO rats were higher than DIO-R and CF rats, no difference
was found between DIO-R and CF rats after 10 weeks.
Switching to standard chow from the high-fat diet, serum
insulin and HOMA-IR in DIO/CF rats were finally reduced
compared with DIO/HF rats and similar to that in CF rats,
while no difference was found between DIO-R/CF and DIO-
R/HF rats (Table 1).

As shown in Figures 2(a) and 2(b), the hypothalamic
expression of genes encoding TLR4 and NF-κB mRNA were
significantly increased in DIO/HF rats as compared to DIO-
R/HF and CF rats, no significant difference was detected
between DIO-R/HF and CF rats. Changing the diet from
the high-fat diet to chow food did not affect the level of
hypothalamic TLR4 and NF-κB mRNA expression both in
DIO and DIO-R rats. Hypothalamic TNF-α, IL-1β, and IL-
6 mRNA expressions in DIO/HF rats were higher compared
with the DIO-R/HF and CF rats, no difference was found
between DIO-R/HF and CF rats. Switching diet to chow
food from high-fat diet did not affect the TNF-α, IL-1β,
and IL-6 expression in hypothalamus of DIO rats (Figures
2(c), 2(d) and 2(e)). The anti-inflammatory cytokine IL-10
mRNA expression was lower both in DIO/HF and DIO-R/HF
rats compared with CF rats, but only restored in DIO-R/HF
rats by switching to chow food (Figure 2(f)).
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Figure 1: Body weight in DIO, DIO-R, and CF groups during the 10 weeks (a) and the change over 8 weeks dietary intervention (b) was
observed weekly. Body fat in each group was measured at 18th (c). Cumulative food intake (d and f), cumulative energy intake (e and g)
were obtained in different periods and results expressed as mean ± SEM. ∗P < 0.05 for DIO versus DIO-R or CF; #P < 0.05 for DIO/HF
versus DIO/CF. Groups sharing different letters above the bars mean statistically significant differences (P < 0.05), while those denoted by
the same letters are insignificant. DIO: dietary induced obesity; DIO-R: dietary induced obesity resistant; CF: chow food; DIO/HF: DIO on
HF; DIO/CF: DIO on CF; DIO-R/HF: DIO-R on HF; DIO-R/CF: DIO-R on CF.
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Figure 2: Relative mRNA expression of TLR4 (a), NF-κB (b), TNF-α (c), IL-1β (d), IL-6 (e), and IL-10 (f) in hypothalamus was measured
by real-time PCR in each group at 18th week. All results were normalized to GAPDH and expressed as arbitrary units. Data was shown as
mean± SEM. Groups sharing different letters above the bars mean statistically significant differences (P < 0.05), while those denoted by the
same letters are insignificant. DIO: dietary induced obesity; DIO-R: dietary induced obesity resistant; CF: chow food; DIO/HF: DIO on HF;
DIO/CF: DIO on CF; DIO-R/HF: DIO-R on HF; DIO-R/CF: DIO-R on CF.

This study compared hypothalamic inflammation be-
tween high-fat diet-induced obese and obese-resistant rats
and their responses to chow food intervention. The main
finding is as follows: (1) DIO/HF rats but not DIO-R/HF rats
exhibited significant increase in TLR4, NF-κB, TNF-α, IL-
1β, and IL-6 mRNA expression as well as energy intake when
compared to CF controls. (2) Switching from high-fat diet to
chow food failed to affect hypothalamic TLR4, NF-κB, TNF-
α, IL-1β, and IL-6 mRNA expression both in DIO and DIO-
R rats except an increased IL-10 mRNA expression in DIO-R

rats. (3) DIO/CF rats remained higher hypothalamic TLR4,
NF-κB, TNF-α, IL-1β, and IL-6 mRNA expression than DIO-
R/CF rats.

It is generally accepted that obesity results from the
complex interaction of genetic components that predispose
to obesity and environment which facilitates the develop-
ment of obese phenotype [23]. Although high-fat diet is
among the most important environment factors leading to
obesity, both rodent and human beings showed different
susceptibility to obesity in response to a high-fat diet [6, 24]
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and models of diet-induced obesity are commonly used to
study the human obesity in the context of an environment
where energy-dense foods and diets are highly available. Our
present study confirmed that the outbred SD rats exhibited
different phenotype after exposed to high-fat diet. The
increased energy intake appeared to be primarily responsible
for the increased weight gain in DIO rats on high-fat
diet ad libitum, while DIO-R rats exposed to high-fat diet
compensated for the increased energy density of the high-fat
diet by eating significantly less, similar to the previous studies
[25, 26].

There is an intimate relationship between the immune
and metabolic systems during the evolutionary period and
might allow nutrients to act through pathogen-sensing
pathway for storing energy and fighting off the infection [27].
In the presence of abundance nutritional surplus, this once
advantageous immune-metabolic system contributes to the
excess energy intake and adiposity. TLRs, especially TLR4,
were shown to act as the receptor both for pathogens and sat-
urated fatty acid [28, 29], giving rise to interaction between
immune response and metabolic system. Recently, investiga-
tors proposed that activated hypothalamic TLR4/NF-κB and
the production of inflammatory cytokines were implicated
in the defective food intake after exposure to dietary fat
[9, 15, 17]. In the present study, we found that hypothalamic
TLR4, NF-κB, TNF-α, IL-1β, and IL-6 mRNA expressions
were significantly higher in DIO/HF rats compared with
DIO-R/HF and CF rats. Similar to the results in our study,
Zhang et al. [17] have shown that the hypothalamic NF-κB
activity was 5- to 6-fold higher in ob+/+ mice (a hyperphagic
obesity) compared with the wild type controls even both fed
normal chow, implicating that higher inflammation response
in hypothalamus was associated with obesity susceptibility.
An observation from a pair-feeding model showed that the
rats fed the high-fat diet had higher IKKB expression and
reduced IκBα expression in hypothalamus compared with
the rats that consumed the same amount of calories from
the low-fat diet [18], which conflicts with the result in our
study that there is no significant difference in hypothalamic
inflammation between DIO-R/HF rats and CF rats even
though they consumed the same amount of calories. One
potential explanation for this phenomenon is the use of a dif-
ferent rat model and DIO-R/HF rats may have the inherent
physicochemical properties to normal the central inflamma-
tory response for governing energy balance. Combined with
insulin resistance and increased energy intake in DIO/HF
rats, these findings suggested that upregulated hypothalamic
inflammation may lead DIO/HF rats to consume more
energy and obtains more weight than DIO-R/HF rats when
fed with the same high-fat diet ad libitum, while DIO-R/HF
rats could appropriately adjust caloric intake by preventing
increased hypothalamic inflammation. And the reason why
DIO-R/HF rats could automatically prevent the increased
hypothalamic inflammatory response in DIO-R/HF rats
needs further study.

Low-fat diet has been investigated extensively for re-
versibility of chronic high-energy diet-induced obesity [30,
31]. However, the result was controversial for the genetic
background, duration of high-fat diet and food palatability

[32]. In the present study, DIO rats switched to chow
(DIO/CF), lost their body weight, and finally improved
insulin sensitivity, concurring with the previous study [33–
35], whereas there was no significant alteration in either
hypothalamic inflammatory or anti-inflammatory cytokine
between the DIO/HF and DIO/CF groups. Combined with
no difference in energy intake between the DIO/HF and
DIO/CF groups during the intervention period, this result
implicates that the weight loss and improved insulin sensitiv-
ity in DIO/CF rats may be mediated mainly through reduced
fat content in chow food, independent of the total energy
intake by correcting hypothalamic inflammation. Previous
studies have revealed that hypothalamic leptin resistance
was associated with inflammation [15, 36] and reversed
by 20 weeks of low-fat diet feeding [33], suggesting that
the hypothalamic inflammation could be improved by low-
fat diet. However, the studied hypothalamic inflammation
genes were not altered after chow food intervention in the
present study. One potential explanation is that 8 weeks
intervention period in our study is not enough to ameliorate
the hypothalamic inflammation and additional research of
prolonged intervention is warranted.

It is believed that inflammation produced by hyper-
trophied adipose tissues is a strong driving force for the
development of type 2 diabetes [37, 38]. Recent studies
demonstrated that hypothalamic inflammation induced by
chronic high-fat diet could not only cause feeding and body
weight changes, but also employ body weight-independent
manners to cause systemic glucose intolerance [17, 39]. The
mechanism underlying is possibly related to induction of
central leptin and insulin resistance. Further studies are
needed to elucidate the role of hypothalamic inflammation
in the induction of central leptin and insulin resistance.

4. Conclusions

Taken together, this study showed that the DIO rats appear
to have higher energy intake and greater fat storage and
body weight than the DIO-R rats when both have free
access to high-energy-density diet. Excessive energy intake
and body weight gain in DIO rats was attributed to the
activated hypothalamic inflammation induced by high-fat
diet. Switching to low-fat chow failed to recover hypothala-
mic inflammation, although body weight and fat pad were
decreased and insulin sensitivity was improved in DIO/CF
rats. The limitation of this study is that we assessed the
contribution of inflammation response to feeding behavior
and obesity phenotype after DIO and DIO-R had already
occurred. The inflammatory response evolved over time after
exposure to high-fat diet and early response in hypothalamus
which may trigger distinct intermediate responses that in
turn lead to different late responses. Further studies with
different feeding periods and regimes are warranted.
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[3] J. Ärnlöv, E. Ingelsson, J. Sundström, and L. Lind, “Impact
of body mass index and the metabolic syndrome on the risk
of cardiovascular disease and death in middle-aged men,”
Circulation, vol. 121, no. 2, pp. 230–236, 2010.

[4] G. A. Bray and B. M. Popkin, “Dietary fat intake does affect
obesity,” American Journal of Clinical Nutrition, vol. 68, no. 6,
pp. 1157–1173, 1998.

[5] B. E. Levin and R. E. Keesey, “Defense of differfing body weight
set points in diet-induced obese and resistant rats,” American
Journal of Physiology, vol. 274, no. 2, pp. R412–R419, 1998.

[6] C. Bouchard and A. Tremblay, “Genetic influences on the
response of body fat and fat distribution to positive and
negative energy balances in human identical twins,” Journal of
Nutrition, vol. 127, no. 5, supplement, pp. 943S–947S, 1997.

[7] B. E. Levin, J. Triscari, S. Hogan, and A. C. Sullivan, “Resis-
tance to diet-induced obesity: food intake, pancreatic sympa-
thetic tone, and insulin,” American Journal of Physiology, vol.
252, no. 3, pp. R471–R478, 1987.

[8] J. P. Bastard, M. Maachi, C. Lagathu et al., “Recent advances
in the relationship between obesity, inflammation, and insulin
resistance,” European Cytokine Network, vol. 17, no. 1, pp. 4–
12, 2006.

[9] C. T. De Souza, E. P. Araujo, S. Bordin et al., “Consumption
of a fat-rich diet activates a proinflammatory response and

induces insulin resistance in the hypothalamus,” Endocrinol-
ogy, vol. 146, no. 10, pp. 4192–4199, 2005.

[10] J. B. C. Carvalheira, E. B. Ribeiro, E. P. Araújo et al., “Selective
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Purpose. In this study, we tested the hypothesis that rosiglitazone (RSG) with insulin is able to quench oxidative stress initiated by
high glucose through prevention of NAD(P)H oxidase activation. Methods and Materials. Male albino Wistar rats were randomly
divided into an untreated control group (C), a diabetic group (D) that was treated with a single intraperitoneal injection of
streptozotocin (45 mgkg−1), and rosiglitazone group that was treated with RSG twice daily by gavage and insulin once daily by
subcutaneous injection (group B). HbA1c and blood glucose levels in the circulation and malondialdehyde and 3-nitrotyrosine
levels in left ventricular muscle were measured. Result. Treatment of D rats with group B resulted in a time-dependent decrease
in blood glucose. We found that the lipid profile and HbA1c levels in group B reached the control group D rat values at the end
of the treatment period. There was an increase in 3-nitrotyrosine levels in group D compared to group C. Malondialdehyde and
3-nitrotyrosine levels were found to be decreased in group B compared to group D (P < 0.05). Conclusion. Our data suggests that
the treatment of diabetic rats with group B for 8 weeks may decrease the oxidative/nitrosative stress in left ventricular tissue of rats.
Thus, in diabetes-related vascular diseases, group B treatment may be cardioprotective.

1. Introduction

Hyperglycemia induces protein glycation, systemic low
grade inflammation, and endothelial dysfunction [1]. As a
consequence, diabetes is one of the main risk factor for
cardiovascular disease. Hyperglycemia-induced endothelial
dysfunction is characterized by an enhanced production
of reactive oxygen species (ROS), which are important
actors in the development of vascular damage. Consistently,
antioxidant agents are able to rescue hyperglycemia-induced
vascular dysfunction [1, 2].

Insulin resistance is a fundamental abnormality in the
pathogenesis of type-2 diabetes. A number of different mech-
anisms have been proposed to explain the mechanism of
insulin resistance. Recent information suggests that a com-
mon feature of the development of insulin resistance is an
increased production of ROS and that reduction in ROS
production results in improved insulin sensitivity [3].

Rosiglitazone, a member of the thiazolidinediones (TZD)
class of antidiabetic agents, is an agonist of the nuclear hor-
mone receptor peroxisome proliferator gamma (PPARγ). Ex-
pression of these receptors is most abundant in adipose tissue
where they play a central role in adipogenesis and lipid meta-
bolism [4].

Thiazolidinediones (TZD) are used clinically in diabetic
patients by virtue of their insulin-sensitizing action, con-
veyed by the activation of the nuclear transcription factor
PPARγ [5]. In addition, these agents have remarkable pleio-
tropic activities: by improving endothelial function and
systemic inflammation, they are expected to exert direct ben-
eficial effects on cardiovascular risk, which are not mediated
by the improvement in glucose metabolism. In this regard,
pioglitazone was shown to abolish ROS production in 3T3-
L1 adipocytes [6], whereas RSG reduced NADPH-stimulated
superoxide production in aortas from diabetic mice [7], and
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troglitazone diminished ROS generation in leukocytes from
obese subjects [8]. However, the molecular mechanism by
which TZDs attenuate oxidative stress is not clear.

PPAR-γ activation reduced O2− generation and NADPH
oxidase expression in vascular endothelial cells in vitro and
increased NO production through PPARγ-dependent mech-
anisms [9].

In this study, treatment of insulin and rosiglitazone may
decrease oxidative stress in diabetic rats, which may be car-
dioprotective in setting diabetic vascular disease, Therefore,
the aim of the present study was to dissect the molecu-
lar mechanisms underlying the effects of RSG on hyper-
glycemia-induced ROS production.

2. Material and Method

2.1. Animal Handling and Treatment Protocol. Twenty-four
healthy male Wistar albino male rats (250–320 g) were
selected for the study. All animal procedures were performed
according to the Guide for the Care and Use of Laboratory
Animals of the US National Institutes of Health and approval
of the ethics committee of our institution was obtained
before the commencement of the study. The diabetic rat
model used in our experiments was based on partial damage
of pancreatic beta-cells resulting from a single administra-
tion of streptozotocin (45 mg/kg, STZ, Sigma Chemical Co.,
USA) intravenously (dissolved in 0.01 M sodium citrate, pH
adjusted to 4.5). This model of experimental diabetes is
associated with partial deficits in insulin secretion and con-
sequential hyperglycaemia, without changes in peripheral
insulin resistance [10]. STZ-injected animals were accepted
as diabetic if blood glucose levels were more than 200 mg/dL
[11, 12] using a glucometer (Aquo-Check, Roche) after a
one-week period and at least three high blood glucose levels.

We used three groups randomly constituted four groups:
(1) Nondiabetic control animals (C): rats orally fed with
standard rat nutrients and water, and (2) diabetic group (D),
and (3) rosiglitazone with insulin group (B) treated diabetic
animals group (B) rats treated with 4 mg/kg/day RSG two
times a day by gavage and Insulin Treatment Protocols
eight weeks after the initial STZ injections, diabetic animals
were randomly divided into one group. One group of these
animals was placed on an insulin regimen (NPH Ilentin
II, intermediate acting) for 8 weeks. Insulin doses were
individually adjusted so as to maintain euglycemic states and
varied between 1 uU/kg (s.c.), given once per day between
9:00 AM. Animals were fed with standard rat nutrient
and water without restriction throughout the experiment.
Rosiglitazone-treated groups were given group B for 8 weeks
and blood glucose levels as well as body weights were
measured once weekly.

2.1.1. Isolation of Left Ventricular Muscles. Wistar albino rats
were anesthetized with dietyl ether. Hearts were rapidly
removed and the left ventricular muscles were dissected.
The muscle was mounted in a Petri cup (about 2 mL
volume) and perfused continuously (6–8 mL min−1) with

oxygenated (95% O2 and 5% CO2) krebs buffer, (con-
stituents in mmol L−1: 113 NaCl, 4.7 KCL, 1.2 MgSO4·7H2O,
1.9 CaCl2·2H2O, 1.2 KH2PO4, 25 NaHCO3 11.5 glucose, pH
7,4) solution at a constant flow rate.

2.2. Biochemical Analysis

2.2.1. Measurements of HbA1c and Lipid Parameters. Blood
plasma HbA1c was determined immunoturbidimetrically
(Pfeiffer M). Triacylglycerol (TAG), total cholesterol (TC),
and high-density lipoprotein-cholesterol (HDL-C) were
analyzed by glycerophosphate oxidase, peroxidase/4-amino-
phenazone (GPO/PAP), cholesterol oxidase, peroxidase/4-
aminophenazone (CHOD/PAP), and direct COHD/PAP
enzymatic colorimetric methods, respectively. The very low
density lipoprotein-cholesterol (VLDL-C) and low density
lipoprotein-cholesterol (LDL-C) was calculated according to
the equation described by Friedewald et al. [13]. All these
parameters were determined by Cobas Integra 800 bio-
chemical analyzer (Roche Diagnostics, GmbH, Mannheim,
Germany).

2.2.2. Measurement of Malondialdehyde. A tissue specimen
of 50 mg was homogenized in 0.15 mol/L KCL. After the
homogenate had been centrifuged at 1600 rpm, the MDA
levels in tissue homogenate supernatant were determined
by the thiobarbituric acid (TBA) reaction according to Yagi
[14]. The principle of the method is based on measuring
absorbance of the pink color produced by the interaction
of TBA with MDA at 530 nm. Values were expressed as
nmol/mL.

2.2.3. Measurement of 3-Nitroyrosine. 3-NT and tyro-
sine were obtained from Sigma Chemical (St. Louis,
USA). H2O2, sodium acetate, citrate, NaOH, HCL, H3PO4,
KH2PO4, and K2HPO4 were purchased from Merck Chemi-
cal (Deisenhofen, Germany). All organic solvents were HPLC
grade. The tissues were homogenized in ice-cold phosphate-
buffered saline (pH 7.4). Equivalent amounts of each sample
were hydrolyzed in 6 N HCI at 100◦C for 18–24 h, and
then samples were analyzed on an Agilent 1100 series
HPLC apparatus (Germany). The analytical column was a
5 μm pore size Spherisorb ODS-2 C18 reverse-phase column
(4.6 × 250 mm; HICHROM, Waters Spherisorb, UK). The
guard column was a C18 cartridge (HICHROM, Waters
Spherisorb, UK). The mobile phase was 50 mmol/L sodium
acetate/50 mmol/L citrate/8% (v/v) methanol, and pH 3.1.
HPLC analysis was performed under isocratic conditions at
a flow rate of 1 mL min−1 and UV detector set at 274 nm. 3-
NT and tyrosine peaks were determined according to their
retention times and the peaks were confirmed by spiking
with added exogenous 3-NT [15] and tyrosine (10 μmol/L).
3-NT levels were expressed as 3-NT/total tyrosine.

2.3. Statistical Analysis. The results were expressed as mean
± standard deviation (SD). Kruskal-Wallis (which is non-
parametric) test was used for the comparison of groups.
When significant differences were observed (P < 0.05),
Tukey multiple comparison test was used to determine
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Figure 1: The effects of rosiglitazone with insulin combine on lipid
prolifies. C: control rats, D: diabetic rat, group B: rosiglitazone with
insulin-treated diabetic rats. Data are expressed as mean + SEM.
∗P < 0.001 in D compared with group B, C. TAG: triacylglycerol,
TC: total cholesterol, HDL-C: high-density lipoprotein-cholesterol
VLDL-C; very low-density lipoprotein-cholesterol, LDL-C; low-
density lipoprotein-cholesterol.

the difference between groups. Statistical analyses were car-
ried out using the SPSS statistical software package (SPSS for
Windows version 13.0, SPSS Inc., Chicago, Illinois, USA).

3. Results

3.1. Effects of Rosiglitazone with Insulin Combination on
HbA1c and Lipid Profiles Tolerance in Control and Diabetic
Rats. TAG: triacylglycerol, TC: total cholesterol, HDL-C:
high-density lipoprotein-cholesterol, VLDL-C: very low-
density lipoprotein-cholesterol, LDL-C: low-density lip-
oprotein-cholesterol levels of study groups are shown in
Figures 1 and 2. Group B had significant effects on HbA1c
and lipid profiles in diabetic rats (P < 0.05). HbA1c and TC,
TAG and VLDL levels were significantly increased in diabetic
group compared with C group (P < 0.05). LDL-C levels were
not significantly different between groups (Figures 1 and 2).

3.2. Effects of Rosiglitazone with Insulin Combination on Blood
Glucose in Control and Diabetic Rats. Treatment of D rats
with group B resulted in a time-dependent decrease in
blood glucose levels. The reduction in blood glucose became
significant by week 2 of treatment compared to the diabetic
groups (P < 0.05) (Table 1). At the end of the study period,
the diabetic group had lower body weights than the control
group (P < 0.05). Treatment of diabetic rats with group
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Figure 2: The effects of rosiglitazone with insulin combine on
HbA1c. C: control rats, D: diabetic rat, group B: rosiglitazone with
insulin-treated diabetic rats. Data are expressed as mean + SEM.
∗P < 0.001 in D compared with groups B and C. HbA1c: hemo-
globin A1c.

B for 8 weeks showed a significant increase (27.3%) in the
body weight compared to the diabetic group (P < 0.05). On
the other hand, D rats for 8 weeks resulted in a significant
decrease (39.9%) in the body weight compared to the control
group (P < 0.05) (Table 2).

3.3. Effects of Rosiglitazone with Insulin Combination Therapy
on Malondialdehyde Levels in Control and Diabetic Rats.
Treatment of diabetic rats with RSG (4 mg/kg/day) for 8
weeks brought about a significant decrease at MDA levels
compared with the C groups (P < 0.001). MDA levels in
D + RSG group were not significantly compared with the
B groups. In the diabetic group, MDA levels were found to
be increased compared with the C (P < 0.04), D + RSG,
D + INS, group B (P < 0.001) groups and the differences
between these groups were significant. MDA levels were not
statistically significant between the C and B groups. MDA
levels in the C group were significantly different compared
to the group B (P < 0.003) (Figure 3).

3.4. Effects of Rosiglitazone with Insulin Combination Therapy
on 3-Nitroyrosine Levels in Control and Diabetic Rats. 3-
NT levels in the C group were not significantly different
compared to the D + RSG and D + INS groups. In diabetic
group, 3-NT levels were found to be increased when com-
pared with C and B groups and the differences between these
groups were significant, respectively (P < 0.005). There were
no statistically significant differences between the B groups.
Treatment of diabetic rats with group B (4 mg/kg/day and
1 uU/kg−1) for 8 weeks brought about a significant decrease
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Table 1: Blood glucose levels in the study groups.

Weeks

Groups 0 1 2 3 4 5 6 7 8

C (mg/dL) 99.1± 1.1 101.2± 1.9 102.0± 1.7 99.6± 1.7 99.1± 1.2 98.8± 1.7 99.4± 1.4 101.1± 2.7 100.7± 1.6

D (mg/dL) 102.5± 1.8 275.8±∗10.0 301.9±∗4.8 306.9±∗10.1 318.5±∗16.3 319.6±∗11.8 321.5±∗9.3 322.2±∗9.7 335.7±∗16.7

B (mg/dL) 92.2± 3.1 306.3± 7.8 273.5±†22.7 272.2±†20.1 262.9±†18.5 261.5±†28.2 169.0±†29.1 200.3±†12.9 202.1±†6.4

C: control rats, D: diabetic rat, B: rosiglitazone with insulin combine-treated diabetic rats. Data are presented as mean± SEM. †P < 0.05 in B groups compared
with D; ∗P < 0.05 in D compared with C in the same group in the same week.

Table 2: Body weight levels in the study groups.

Weeks

Groups 0 1 2 3 4 5 6 7 8

C (gr) 100.0± 0.8 100.8± 0.8 101.1± 0.7 102.7± 0.7 107.6± 2.2 107.5± 0.8 109.3± 0.7 111.2± 0.8 112.6± 0.9

D (gr) 100.0± 1.8 91.5± 1.3 86.8∗ ± 1.3 75.5∗ ± 2.8 75.0∗ ± 1.7 73.5∗ ± 1.5 70.9∗ ± 1.5 71.6∗ ± 1.6 72.7∗ ± 1.8

B (gr) 100.0± 2.0 94.0± 2.1 89.1± 1.4 91.0† ± 1.2 95.3† ± 2.5 96.0† ± 2.4 97.0† ± 1.8 99† ± 2.3 100.0† ± 2.1

C: control rats, D: diabetic rat, B: rosiglitazone with insulin combine-treated diabetic rats. Data are presented as mean± SEM. †P < 0.05 in B groups compared
with D; ∗P < 0.05 in D compared with C in the same group in the same week.
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Figure 3: Effects of rosiglitazone with insulin combination therapy
on the MDA levels of rat left ventricular. C: control rats, D: diabetic
rat, group B: rosiglitazone with insulin combine-treated diabetic
rats. Data are presented as mean ± SEM. ∗#P < 0.05 in D group
compared with C and group B compared with D.

at 3-NT levels compared with the C and B groups (P <
0.0011). There were no statistically significant differences
between the B groups (Figure 4).

4. Discussion

In this study, we have demonstrated that group B prevents
glucose-induced oxidative stress in cardiac cells, an effect
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Figure 4: Effects of D + RSG + INS on the 3-nitrotyrosine/total
tyrosine levels of rat left ventricular. C: control rats, D: diabetic rat,
group B: rosiglitazone with insulin combine-treated diabetic rats.
∗P < 0.05 in D group compared with groups B and C.

independent from PPARγ, but distinctively dependent on
activated protein kinase (AMPK) activation. We also showed
that the ability of RSG to quench oxidative stress is conveyed
through the inhibition of NADPH oxidase. Furthermore, we
demonstrated that, downstream of AMPK activation, the
effect of RSG + INS on glucose-induced NADPH oxidase-
derived ROS production is mediated by the inhibition of the
diacylglycerol (DAG)-protein kinase C (PKC) pathway.
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In this study, we investigated the effect of RSG, a
member of the TZD family, on lipid profile and oxidative
status in STZ-induced diabetes mellitus rats. Many studies
have reported that TZDs act through PPARγ-dependent
mechanisms, and this is also true in endothelial cells. For
instance, RSG increased NO production in human umbilical
vein endothelial cells through a transcriptional mechanism
unrelated to eNOS expression but dependent on PPARγ
activation [16]. Interestingly, this effect has been attributed
to the inhibition of NO quenching by NADPH oxidase-
derived ROS [17].

Rosiglitazone is an agonist of the PPAR-γ, which is
found in insulin-dependent glucose-requiring tissues such as
adipose tissue, skeletal muscle, left ventricular muscle, and
liver tissue [18, 19]. The end result of PPAR-γ activation
is a reduction in hepatic glucose production and increased
insulin dependent glucose uptake in fat and skeletal tissues
[8, 19, 20].

Calkin et al. [21] observed that RSG had a significant
effect on HbA1c in diabetic mice. In addition, previous stud-
ies have reported that the administration of RSG induced a
significant decrease in serum glucose levels [18, 22]. In our
study, in group B-treated diabetic rats mean blood glucose
significantly decreased rapidly from 335 to 202.1 mg/dL
between weeks 0 and 8. The blood glucose levels started to
be reduced at 2th week of treatment compared to the level
of diabetic groups. Malinowski and Bolesta [23] found that
treatment of RSG responses began to be observed at 4th
week and were maximal at 12th week. With regard to this
report, RSG may indicate its full effect on blood glucose
at 12th week. In our previous studies, it was indicated that
the effects of treatment with RSG on the body weight of
diabetic rats was significant [18], but treatment of diabetic
rats with RSG (4 mg/kg/day) was caused a significant increase
compared with diabetic rats by the end of the treatment
period [24]. In our study, statistically significant increases
in body weight were observed group B-treated diabetic rats.
These weight changes may be function increased adipocyte
differentiation, which is one of the primary effects of group
B. The clinical significance of these modest weight changes
will require further evaluation in a long-term study.

We found a graded and significant elevation of glucose
levels from the initial phase through the sacrifice in D group
with and without RSG and we believe that it could be
secondary to the development of some degree of insulin
resistance although this was not evaluated in the present
study. The insulin-resistant state is commonly associated
with lipoprotein abnormalities such as hypertriglyceridemia,
high levels of VLDL, small dense LDL [25], and low levels
of HDL-cholesterol [26], which are risk factors for coronary
heart disease. The hypoglycemic and hypotriglyceridemic
action of TZDs is through the activation of PPAR-gama lead-
ing to increased insulin sensitivity of peripheral tissues and
lipoprotein lipase activity in the adipose tissue [27]. Zhao-
hui et al. [28] did not show a reduction of blood glucose
level in hypercholesterolemic rabbits receiving RSG for 6
weeks, as in the present study. Furthermore, we also observed
a significant elevation of triglycerides and HDL-C at the
time of euthanasia in RSG group. The effects of TZDs on

triglycerides have been somewhat more variable. Decreases
in triglyceride levels have been more frequently observed
with pioglitazone than with rosiglitazone. We cannot rule
out that these effects on glucose and triglycerides were due
to chance, as our evaluation period was short and the sample
was relatively. These findings are quite controversial in the
literature [28–30].

Boyle et al. [31] found that RSG reduced TAG, but
increased total cholesterol, LDL-C, and reduced HDL-C. In
contrast, pioglitazone reduced TAG, total cholesterol, and
LDL-C and increased HDL-C. Conversely, in their study,
Myerson et al. [32] observed reduced plasma fatty acid
concentrations and hepatic TAG content after RSG therapy.
Within that TZD group, marked differences have been
reported as regards the effect of different members on lipid
profiles in patients with type-2 diabetes. In the present study,
the administration of RSG + INS, a member of the TZD
family, decreased TC, TAG, and VLDL-C, LDL-C levels in
STZ diabetic rat.

Bagi et al. [33] reported that the reduced activity of
catalase may result in enhanced hydroxyl radical production
leading to enhanced lipid peroxidation in diabetes. Even
short-term activation of PPAR-γ by RSG reduces NAD(P)H
oxidase and enhances catalase activity causing a reduction
of superoxide and hydroxyl radical production, thereby
enhancing NO mediation of coronary vasodilation and
reducing lipid peroxidation in diabetes. These findings
suggest that activation of PPAR-gamma may exert an antiox-
idant activity by favorably altering the expression of specific
enzymes participating in the production and/or elimination
of reactive oxygen species.

Radi et al. [34] found that elevated levels of MDA were
brought down to the normal values by treatment with RSG.
In the present study, we have found that compared with
controls, in diabetic rats, the serum level of MDA (a marker
of in vivo lipid peroxidation) was significantly elevated,
which was reduced by group B treatment (Figure 3). On
the basis of study findings, we observed that even short-
term RSG treatment of rats with diabetes would, by reducing
oxidative stress. These results suggest that RSG + INS is
capable of reducing oxidative stress in rats with diabetes.
Patients with diabetes have modified levels of various mark-
ers of oxidative stress, indicating an overproduction of free
radicals, which have a key role in the development of diabetic
vascular complications [35]. When focusing on diabetic
vascular disease, it is the fine balance between the levels of
superoxide (O2

−), peroxynitrite (ONOO−), and NO, that
is, the key in determining the extent of vascular damage.
It is noteworthy that TZD show intracellular antioxidant
activity. This property may reflect “preventative” action since
these agents do not show direct antioxidant scavenging
activity on free radicals, but block several mechanisms that
in hyperglycaemic or hyperlipidaemic conditions lead to
the generation of oxidative stress. It has been observed
that PPAR-γ ligands inhibit the expression of inducible NO
synthase (iNOS) and, consequently, ONOO− production, in
mesangial cells and in cerebellar granule cells [36]. Similarly,
in mice with rheumatoid arthritis, pioglitazone and RSG
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have been shown to reduce the expression of iNOS and nitro-
tyrosine deposition [37].

It seems that this is the first study to investigate the effect
of group B on oxidative/nitrosative effect in left ventricular
of diabetes mellitus rats.

In summary, the present study demonstrates that in
diabetes, treatment with rosiglitazone with insulin combined
caused rapid reductions in oxidative stress that are not
associated with corrections of major metabolic derange-
ments. Our results clarify that mechanisms of TZD-induced
vascular protection include suppression of specific NADPH
oxidase subunit expression and ventricular muscle superox-
ide production similar to previously reported direct effects
of PPARγ ligands on vascular endothelial cells in vitro
[38]. The mechanisms of PPARγ-induced suppression of
NADPH oxidase subunits remain to be defined and con-
stitute an area of active investigation in our lab. We also
postulate that improvements in endothelial dysfunction
caused by sustained PPARγ activation in diabetes as well as
in other disorders associated with endothelial dysfunction
may be related to direct effects of PPARγ activation on
endothelial nitric oxide synthase activity [39] mediated by
TZD-induced alterations in post-translational mechanisms
regulating eNOS activity [40].

5. Conclusions

Ongoing studies in our laboratory will determine if direct
TZD-mediated activation of PPARγ coordinately regulates
the production of O2− and nitric oxide at the level of the
vascular wall to modulate the development of endothelial
dysfunction. These studies could further clarify the vascular
protective effects of PPARγ ligands and Thus, in diabetes-
related vascular diseases RSG treatment may be cardiopro-
tective.
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Expansion of intra-abdominal adipose tissue and the accompanying inflammatory response has been put forward as a unifying
link between obesity and the development of chronic diseases. However, an apparent sexual dimorphism exists between obesity
and chronic disease risk due to differences in the distribution and abundance of adipose tissue. A range of experimental protocols
have been employed to demonstrate the role of estrogen in regulating health benefits; however, most studies are confounded by
significant differences in body weight and adiposity. Therefore, the purpose of this study was to compare weight-matched obese
male and female mice to determine if the sex-dependent health benefits remain when body weight is similar. The development
of obesity in female mice receiving a high-fat diet was delayed; however, subsequent comparisons of weight-matched obese mice
revealed greater adiposity in obese female mice. Despite excess adiposity and enlarged adipocyte size, obese females remained
more glucose tolerant than weight-matched male mice, and this benefit was associated with increased expression of adiponectin
and reductions in immune cell infiltration and oxidative stress in adipose tissue. Therefore, the protective benefits of estrogen
persist in the obese state and appear to improve the metabolic phenotype of adipose tissue and the individual.

1. Introduction

Obesity is widely regarded as an independent risk factor for
a range of chronic diseases including type 2 diabetes and
cardiovascular disease [1, 2]. Low-grade systemic inflam-
mation has been put forward as a unifying link between
obesity and the onset of these obesity-associated diseases [3–
5]. Expansion of intra-abdominal adipose tissue is associated
with increased infiltration and activation of immune cells,
and these events are a significant contributor to the systemic
inflammation that occurs with obesity [6, 7]. While an
exact explanation for the accumulation of immune cells in
adipose tissue is unknown, one potential contributing factor
is elevated oxidative stress [8, 9]. Therefore, decreasing intra-
abdominal obesity and/or reducing adipose tissue oxidative

stress and inflammation will positively influence chronic
disease risk.

Clear sex-based differences exist in adipose tissue dis-
tribution, inflammation, and ultimately the probability of
developing a chronic disease [10–12]. Specifically, females
tend to have a higher body fat content with the fat localized
subcutaneously while males have less total body fat and
their adipose tissue predominates in the visceral region.
Furthermore, animal studies have demonstrated that diet-
induced obesity and insulin resistance occur much more
rapidly in male rodents as compared to females [13–15].
Estrogen is a major factor involved in this sexual dimorphism
as it promotes subcutaneous fat accumulation, has anti-
inflammatory properties, and is a strong regulator of appetite
and energy expenditure [10, 12, 16, 17]. To help elucidate
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the effects of estrogen on obesity, adipose tissue distribution,
inflammation, and insulin resistance studies have utilized
models of ovariectomy with or without repletion of estrogen
and/or compared male and female mice provided a high-
fat diet [13–15, 18]. While the outcome measures of these
studies varied, they all clearly demonstrate a beneficial effect
of estrogen. However, these studies were also confounded by
body weight differences as intact females or animals receiving
estrogen were typically smaller and had smaller adipose
tissue depots.

Therefore, the purpose of the current study was to
compare weight-matched obese male and female mice to
determine if the sex-dependent improvements in metabolic
health occur independent of differences in body weight.
Following chronic exposure to a high-fat diet, a glucose
tolerance test was performed and differences in markers for
inflammatory and oxidative stress were assessed in adipose
tissue. Our data demonstrate that glucose tolerance remains
improved in obese female mice independent of a difference
in body weight. Furthermore, despite increases in total
adiposity and gonadal adipocyte size, the obese female mice
displayed lower expression of markers for immune cells
and oxidative stress which are consistent with an improved
metabolic phenotype.

2. Methods

2.1. Animals and Animal Care. The University of Missouri
Animal Care and Use committee approved all procedures
involving mice. Animals were maintained at a controlled
temperature (22◦C) and a 12-hour light: 12-hour dark
cycle. Six-to eight-week old male and female C57BL/6 mice
were individually housed and fed either a chow (Purina
5001; 4.5 g/100 g fat) or high-fat diet (HFD; Research Diets
D12492; 35 g/100 g fat) for the duration of the experiment.
Body weight was measured weekly and mice were kept on
treatment until the average body weight of the HFD group
was 45 g. At this point, glucose tolerance testing and tissue
collection were performed on the HFD group and their age-
matched chow-fed counterparts.

2.2. Glucose Tolerance Testing. Once the HFD-fed group
reached a body weight of 45 g; a glucose tolerance test was
performed in both HFD and chow-fed animals. Following
an overnight fast, a baseline blood sample was taken from
the tail vein at time 0. Then an intraperitoneal injection of
glucose (1 g/kg BW) was administered and blood glucose
concentrations were determined using a handheld glucome-
ter at 30, 60, 90, and 120 minutes postinjection. Glucose area
under the curve (AUC) calculations were performed using
GraphPad Prism 4 software.

2.3. Tissue Collection. One week after the glucose tolerance
tests were performed, animals were fasted 10–12 hours
and blood glucose was measured via a tail nick. Animals
were then euthanized by CO2 asphyxiation followed by
exsanguination via cardiac puncture. Plasma was separated
by centrifugation, aliquoted, and frozen for future analysis.

Gonadal and subcutaneous adipose tissues were excised,
weighed, and snap frozen for gene expression analysis or
fixed for histological analysis.

2.4. Histological Analysis of Adipose Tissue. A portion of the
gonadal adipose tissue was fixed in 4% paraformaldehyde,
embedded in paraffin, sectioned, and stained with hema-
toxylin and eosin (H&E). Digital images were acquired with
an Olympus BX51 light microscope using an Olympus DP70
camera. Dead adipocytes were quantified by identification
of crown-like structures (CLSs) within histologic sections of
adipose tissue. The percentage of CLS present in gonadal adi-
pose tissue was calculated and used for comparison among
experimental groups. Adipocyte volume was calculated using
the cross-sectional area obtained from perimeter tracings
using Image J software (Sun Microsystems, Santa Clara, CA,
USA).

2.5. Plasma Analysis. An estradiol EIA kit (Cayman Chem-
ical Company) was used to determine fasting (overnight)
plasma estradiol concentrations of female mice.

2.6. Real-Time Quantitative PCR. Total mRNA was extracted
from adipose using RNeasy lipid tissue kits with on-
column DNase digestion (Qiagen). Purity and concentration
were determined with a Nanodrop 1000 spectrophotometer
(Thermo Scientific). 1μg of RNA was used to synthesize
cDNA with a reverse transcriptase polymerase chain reaction
kit (Applied Biosystems) and diluted to 10 ng/μL. Expression
of mRNA was determined using SYBR green qRT-PCR on
an Applied Biosystems StepOne Plus RT-PCR system. Fold
difference for gene expression was calculated using 2−ΔΔCT

using the endogenous control gene RPS-3.

2.7. Statistical Analysis. Treatment differences were analyzed
by one-way analysis of variance (ANOVA) with main effect
significance set at P < 0.05. Significant main effects were
followed by a Tukey’s multiple comparison test. Values are
reported as mean ± standard error.

3. Results

3.1. Onset of Obesity Is Delayed in Female Mice Receiving
High-Fat Diet. Male and female C57BL/6 J mice received
either a low-fat chow diet or a HFD. The HFD induced a
more rapid body weight gain in male mice which achieved
the target body weight of 45 g in 21 weeks, while female mice
required an additional 17 weeks of HFD to reach the same
body weight (Table 1). This experimental design ensured that
mice would be studied at a body weight associated with
established obesity and insulin resistance [6] and that body
weight would not be a confounding variable. However, due
to the delayed body weight gain in female HFD mice age
did emerge as an unaccounted for variable. Interestingly,
despite having similar body weights, the adiposity of the
female HFD mice was greater than the male HFD group
as both gonadal and subcutaneous adipose tissue masses
were significantly increased (Table 1). Fasting blood glucose
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Table 1: Characteristics of male and female C57BL/6 mice receiving a standard rodent chow or a high-fat diet (HFD).1

Male chow Male HFD Female chow Female HFD

Body weight (g) 28.8± 0.28b 45.3± 1.0a 24.8± 0.45b 46.5± 2.0a

Age2 (weeks) 21 21 38 38

Gonadal AT3 (g) 0.51± 0.28c 2.25± 0.17b 0.44± 0.05c 3.74± 0.35a

Subcutaneous AT (g) 0.32± 0.01c 2.29± 0.24b 0.27± 0.02c 3.34± 0.28a

Blood glucose (mg/dL) 99± 8b 142± 11a 108± 8b 116± 5ab

Plasma estradiol (pg/mL) — — 92.5± 1.53 92.7± 0.35
1
Data are presented as means ± SE; means with different superscripts differ P < 0.05; n = 5–8.

2Age at which the HFD-fed group reached a body weight of 45 g and metabolic testing and tissue collection occurred.
3AT; adipose tissue.

concentrations were elevated by obesity in the male mice
but not the female mice. Obesity also did not alter plasma
estradiol concentrations in the female mice (Table 1).

3.2. Obese Female Mice Have Improved Glucose Tolerance
as Compared to Weight-Matched Obese Male Mice. When
the average body weight of HFD-fed male and female
mice reached 45 g, an intraperitoneal glucose tolerance test
was performed on that experimental group and their age-
matched chow-fed counterparts. Glucose area under the
curve calculations revealed better glucose tolerance in the
female HFD group as compared to the male HFD mice
(Figure 1). This improvement is especially noteworthy since
there was no difference in body weight between these two
groups and also, the HFD females had greater total fat
mass (Table 1). Further, despite the age difference, glucose
tolerance was similar between male chow and female chow
mice (Figure 1).

3.3. Immune Cell Infiltration and Oxidative Stress Markers
Are Reduced in the Adipose Tissue of Obese Female Mice. In
order to better understand the observed glucose tolerance
differences, we characterized markers of inflammation and
oxidative stress in gonadal adipose tissue. In the current
study, gonadal adipose tissue mass was greater in female HFD
mice as compared to the male HFD group (Table 1). Consis-
tent with an increased mass of adipose tissue, relative mRNA
expression of leptin in gonadal adipose tissue was elevated in
both male HFD and female HFD groups with no difference
between genders observed (Figure 2). Interestingly, gonadal
adipose tissue mRNA expression of adiponectin was reduced
in male HFD mice but remained unchanged in female HFD
mice (Figure 2). Adiponectin expression is often correlated
with smaller adipocyte size. Therefore, gonadal adipocyte
size was quantified, and surprisingly female HFD mice
had a larger average adipocyte size as compared to male
HFD mice (Figure 3). This apparent disconnect between
adipocyte size and adiponectin expression may help explain
the improvements in glucose tolerance.

Increases in adipocyte size also are correlated with an
increased presence of immune cells in adipose tissue [6, 19].
Crown-like structures (CLSs) are clusters of proinflamma-
tory immune cells that localize to dead adipocytes within
adipose tissue [20]. Consistent with previous reports [6, 21],
gonadal adipose tissue from the male HFD group contained

elevated numbers of CLS (Figure 3). Interestingly, the pres-
ence of CLS in the gonadal adipose tissue of female HFD mice
was reduced by greater than 50% when compared to the male
HFD group (Figure 3). In support of this observed reduction,
mRNA expression of the macrophage markers F480 and
CD11c were also decreased in female HFD compared to male
HFD mice (Figure 4). However, there was no difference in the
relative expression of the inflammatory cytokines IL-6 and
TNF-α or the chemokine MCP-1 (Figure 4). Obesity caused
a reduction in the relative mRNA expression of eNOS in male
HFD gonadal adipose tissue while there was no change in
the female HFD group (Figure 4). Furthermore, the oxidative
stress markers HO-1, p40phox, and prdx1 were increased
in male HFD gonadal adipose tissue, and this increase was
attenuated in gonadal adipose tissue from female HFD mice
(Figure 4). Importantly, when gonadal adipose tissue from
male chow and female chow mice was compared, adipocyte
size was smaller in female mice, but there were no differences
in any of the other variables that were measured (Figures 2, 3,
and 4). Overall, adipocyte size and adipose tissue masses were
greater in weight-matched female HFD mice as compared to
male HFD mice. However, female HFD mice had reduced
immune cell infiltration and oxidative stress, and this may
be due, in part, to increased adiponectin expression.

Subcutaneous adipose tissue has been reported to be
metabolically different than gonadal adipose tissue [22]
and therefore the gene expression profile of this tissue
was also investigated. Subcutaneous adipose tissue mRNA
expression of CD11c and F480 was increased in male HFD
mice as compared to the female HFD group (Figure 5).
Obesity also caused an increase in MCP-1 expression in
this tissue; however, the increase was greater in the male
HFD animals as compared to the female HFD mice. The
expression of the inflammatory cytokines IL-6 and TNF-
α was increased in both male HFD and female HFD mice
(Figure 5). Similar to the results reported for gonadal adipose
tissue, mRNA expression of oxidative stress markers in
subcutaneous adipose tissue was elevated in male HFD
mice as compared to the female HFD group (Figure 5). In
contrast to the gonadal adipose tissue, we did not observe
any differences in adiponectin expression in subcutaneous
adipose tissue (data not shown). No appreciable differences
in subcutaneous mRNA expression for any of the genes
investigated were observed between male chow and female
chow groups (Figure 5).
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Figure 1: Obese female mice (female HFD) have improved glucose
tolerance when compared to weight-matched obese male mice
(male HFD). Male and female C57BL/6 mice were fed either a
standard rodent chow or a high-fat diet (HFD) from 6 weeks of
age until the HFD-fed group achieved a body weight of 45 g. At
that time, a glucose tolerance test was performed in both chow- and
HFD-fed males (21 weeks old) or females (38 weeks old) and blood
glucose change over time plotted (a). Corresponding blood glucose
area under the curve (AUC) was calculated (b), data are reported as
mean± SE and means with different superscripts differ by P < 0.05.
n = 5–8 per group.

4. Discussion

While numerous studies have demonstrated the benefits
of estrogen in obesity prevention and chronic disease risk
management [13–17, 23], our study is novel in that weight-
matched obese male and female mice were evaluated to
determine if endogenous estrogen provides health benefits
in the obese state that are independent of body weight
differences. As observed from the circulating estradiol levels,
these female mice had not entered ovarian senescence.
Postmenopausal mice have been shown to display a more
severe obese phenotype relative to their cycling, age-matched
controls [24], further supporting that estradiol provides
protection against HFD-induced obesity and alternations in
glucose metabolism. Consistent with previous reports [13–
15], we observed that male mice were more susceptible to
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Figure 2: Adiponectin mRNA expression in gonadal adipose tissue
is reduced by obesity in male mice but not weight-matched obese
female mice. Male and female C57BL/6 mice were fed either a
standard rodent chow or a high-fat diet (HFD) from 6 weeks
of age until the HFD-fed group achieved a body weight of 45 g.
At that time, both chow- and HFD-fed males (21 weeks old) or
females (38 weeks old) were sacrificed and qRT PCR performed on
gonadal adipose tissue. Relative mRNA expression of adiponectin
was reduced by obesity in male mice, while obesity had no effect
on adiponectin expression in female mice (a). Consistent with an
obese phenotype, mRNA expression of leptin was elevated in both
male HFD and female HFD mice (b). Data are reported as mean ±
SE; n = 5–8 per group; means with different superscripts differ by
P < 0.05.

HFD-induced obesity as compared to the female HFD group.
Therefore, we recognize that age is a potential confounding
variable that was not accounted for in the current study
design as it took 17 weeks longer for the female HFD group to
reach the target body weight of 45 g. This target body weight
was selected because it has been shown to be a period of
established obesity, adipose tissue inflammation, and insulin
resistance in male mice [6].

Regardless of the difference in age, obese female mice
had improved glucose clearance during a glucose tolerance
test as compared to weight-matched obese males. This
improvement in glucose metabolism was supported by
the observation that obesity caused an increase in fasting
blood glucose concentrations in males but not females
when compared to their chow-fed littermates. These data
demonstrate that chronic exposure to a HFD can induce an
obese phenotype in female mice; however, the development
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Figure 3: Obese female mice have larger adipocytes and reduced prevalence of crown-like structures in gonadal adipose tissue when
compared to weight-matched obese male mice. Male and female C57BL/6 mice were fed either a standard rodent chow or a high-fat diet
(HFD) from 6 weeks of age until the HFD-fed group achieved a body weight of 45 g. At that time, both chow- and HFD-fed males (21 weeks
old) or females (38 weeks old) were sacrificed and histological analysis was performed on gonadal adipose tissue. Representative H&E stains
of gonadal adipose tissue from each of the four treatment groups are presented in panel (a). Sections were used to quantify the presence
of crown-like structure (b) and to calculate average adipocyte area (c). Data are reported as mean ± SE; n = 5–8 per group; means with
different superscripts differ by P < 0.05; ∗P < 0.05; bar = 100 μM.

of insulin resistance in these animals is not as severe
as that observed in weight-matched obese male mice. In
addition, advanced age is associated with the development
of insulin resistance [25] suggesting the improvement in
glucose tolerance may have been greater if the significant
difference in age did not exist between the two groups. This
difference in age may explain why glucose tolerance was
similar between the male chow and female chow-groups
while others have reported differences in glucose tolerance
testing between chow-fed male and female mice [26].

Given the strong correlation between metabolic dysfunc-
tion in adipose tissue and impaired glucose metabolism;
we examined the adipose tissue from the four experimental
groups in an attempt to better understand the observed
improvement in glucose tolerance in obese females. The
experimental design precluded body weight differences
between male HFD and female HFD groups; however, body

fat content of the female HFD mice was greater due to
increased gonadal and subcutaneous adipose tissue mass.
This increase in mass was associated with increased adipocyte
size in the gonadal adipose tissue and is contrary to our
observation in chow-fed animals and the reports of others
studying lean animals [26]. Both increased intra-abdominal
fat mass and adipocyte size have been associated with insulin
resistance in male mice due to an increased infiltration and
activation of proinflammatory immune cells in the adipose
tissue [6, 7, 19, 27, 28]. Here we observe an apparent discon-
nect where female mice have increased adipose tissue mass
and larger adipocytes but glucose tolerance is improved.
When immune cell infiltration and activation were assessed,
we observed a reduction in the appearance of immune cells
and the formation of CLS in female HFD gonadal adipose
tissue. This correlated with reductions in mRNA expression
of CD11c and F480 although expression of proinflammatory
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Figure 4: Relative mRNA expression of markers for immune cell
infiltration and oxidative stress is decreased in gonadal adipose
tissue isolated from obese female mice as compared to obese male
mice. Male and female C57BL/6 mice were fed either a standard
rodent chow or a high-fat diet (HFD) from 6 weeks of age
until the HFD-fed group achieved a body weight of 45 g. At that
time, both chow- and HFD-fed males (21 weeks old) or females
(38 weeks old) were sacrificed and qRT PCR was performed on
gonadal adipose tissue. Relative mRNA expression of markers for
immune cell infiltration and inflammation (a) as well as oxidative
stress (b) was determined. Data are reported as mean ± SE;
n = 5–8 per group; means with different superscripts differ by
P < 0.05. IL-6: interleukin-6; MCP-1: monocyte chemoattractant
protein-1; TNF-α: tumor necrosis factor-alpha; eNOS: endothelial
nitric oxide synthase; iNOS: inducible nitric oxide synthase; HO-
1: heme oxygenase-1; p40phox: NADPH subunit p40phox; Prdx1:
peroxiredoxin-1.

cytokines was not different between male HFD and female
HFD groups, suggesting that a factor other than these
cytokines was potentially responsible for the improvement in
glucose tolerance.

We then measured mRNA expression of the adipokines
leptin and adiponectin in gonadal adipose tissue. Consistent
with previous studies [29], obesity caused an increase in
leptin expression in both HFD-fed groups. Interestingly,
obesity caused a reduction in adiponectin expression in the
male HFD group, but expression was unchanged with obesity
in the female HFD group. These data are not surprising as
females typically have higher adiponectin levels than males
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Figure 5: Relative mRNA expression of markers for immune
cell infiltration and oxidative stress is altered in subcutaneous
adipose tissue isolated from obese female mice as compared to
obese male mice. Male and female C57BL/6 mice were fed either
a standard rodent chow or a high-fat diet (HFD) from 6 weeks
of age until the HFD-fed group achieved a body weight of 45 g.
At that time, both chow- and HFD-fed males (21 weeks old) or
females (38 weeks old) were sacrificed and qRT PCR was performed
on subcutaneous adipose tissue. Relative mRNA expression of
markers for immune cell infiltration and inflammation (a) as well
as oxidative stress (b) was determined. Data are reported as mean±
SE; n = 5–8 per group; means with different superscripts differ by
P < 0.05. IL-6: interleukin-6; MCP-1: monocyte chemoattractant
protein-1; TNF-α: tumor necrosis factor-alpha; eNOS: endothelial
nitric oxide synthase; iNOS: inducible nitric oxide synthase; HO-
1: heme oxygenase-1; p40phox: NADPH subunit p40phox; Prdx1:
peroxiredoxin-1.

[30, 31] and while this appears to occur independent of
estradiol levels, adiponectin is associated with improved
insulin sensitivity and suggests a potential mechanism
for our observed improvement in the females. However,
additional studies investigating circulating concentrations
of adiponectin are required to more fully explore this
possibility. Endothelial dysfunction and oxidative stress are
additional stressors that can influence glucose metabolism
and were assessed in adipose tissue. Reduced mRNA expres-
sion of eNOS and elevations in HO-1, p40phox, and prdx1
in the adipose tissue of male HFD mice is indicative of
oxidative stress within the tissue [32–35]. Alterations in the
profile of these genes were not as severe in the female HFD
adipose tissue revealing a possible reduction in oxidative
stress and another potential mechanism by which estrogen
may have provided a beneficial effect. Nominal differences
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existed between male chow and female chow adipose tissue
and therefore it is unlikely that any of our observations in
the obese cohorts were influenced by baseline differences.

Overall, our study demonstrates that if provided enough
time, chronic exposure to a hypercaloric diet will induce
an obese phenotype in female mice that is characterized
by excess abdominal adiposity and enlarged adipocytes as
compared to weight-matched obese male mice. However,
despite being an older animal, female mice maintained
partial protection from the detrimental effects of obesity
as demonstrated by improved glucose tolerance testing.
Furthermore, immune cell infiltration and oxidative stress
were reduced in the adipose tissue of obese female mice, and
these changes were associated with increased adiponectin
expression. It is likely that a combination of these factors
is responsible for the observed improvement in glucose
tolerance. While obesity did not alter circulating levels of
estrogen we recognize that estrogen may not be the only
factor influencing the improved phenotype observed in the
female HFD group. However, our data are consistent with
studies that have more carefully manipulated circulating
levels of estrogen. Future studies in weight-matched obese
females will be required to extend and verify these initial
findings.
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Mitochondrial dysfunction is considered to be a pivotal component of insulin resistance and associated metabolic diseases.
Psammomys obesus is a relevant model of nutritional diabetes since these adult animals exhibit a state of insulin resistance when fed
a standard laboratory chow, hypercaloric for them as compared to their natural food. In this context, alterations in bioenergetics
were studied. Using liver mitochondria isolated from these rats fed such a diet for 18 weeks, oxygen consumption rates, activities
of respiratory complexes, and content in cytochromes were examined. Levels of malondialdehyde (MDA) and gluthatione (GSH)
were measured in tissue homogenates. Diabetic Psammomys showed a serious liver deterioration (hepatic mass accretion, lipids
accumulation), accompanied by an enhanced oxidative stress (MDA increased, GSH depleted). On the other hand, both ADP-
dependent and uncoupled respirations greatly diminished below control values, and the respiratory flux to cytochrome oxydase
was mildly lowered. Furthermore, an inhibition of complexes I and III together with an activation of complex II were found.
With emergence of oxidative stress, possibly related to a defect in oxidative phosphorylation, some molecular adjustments could
contribute to alleviate, at least in part, the deleterious outcomes of insulin resistance in this gerbil species.

1. Introduction

The pathophysiology of type 2 diabetes mellitus (T2DM)
is varied and very complex but the association of T2DM
with obesity and inactivity indicates a potentially pathogenic
link between fuel homeostasis, emergence of insulin resis-
tance, and disease progression. Given the central role for
mitochondria in energy production, dysregulated mitochon-
drial function at the cellular level can impact whole-body
metabolism. Three major players are believed to be involved
in such a disordered context: hepatocytes, insulin-dependent
tissues (skeletal muscle, fat), and β-cells. Evidence pointing
to defects in mitochondrial oxidative capacity for all these
cell types demonstrates that each of them contributes to
glucose imbalance [1]. Nevertheless, the nature, origin, and
extent of this dysfunctioning remain controversial. Reduced

expression of oxidative phosphorylation genes was observed
in muscle and adipose tissue of humans with T2DM [2],
while other studies reported on increases in respiration
intensity of liver mitochondria from Goto-Kakizaki (GK)
rats, a rodent model of diabetes [3], or diabetic patients [4].
In any case, it is important to realize that mitochondrial
abnormalities could add to hyperglycemia once the insulin
resistance is in place and lead to worsening of the diabetic
state.

Due to its strategic position, between the intestinal bed
and the systemic circulation, the liver was regarded as buffer
organ for the regulation of metabolic fluxes [5, 6]. As
glucose and fatty acid metabolisms are largely dependent on
mitochondria to generate energy in cells, any impairment in
nutrients oxidation, together with a reduced mitochondrial
content, could thereby establish a vicious cycle of metabolic
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alterations involved in the pathogenesis of T2DM, leading
to an increased generation of free radicals. Oxidative stress
is recognized to contribute to many pathological processes,
and a number of works point to the role of hyperglycaemia in
promoting overproduction of mitochondria-derived reactive
oxygen species (ROS) [7]. On the other hand, oxidative
stress might also result from diminution of the antioxidative
capacity in plasma and within the cells of diabetic subjects.
Indeed, and in spite of more uncertain data, various reports
shown that liver concentrations of reduced glutathione
(GSH) decreased in different rodents models of diabetes
[8, 9].

Several rodents models have been used to investigate
the pathogenesis of metabolic syndrome but they do not
reflect the human disease sufficiently. Psammomys obesus,
a desert gerbil species, is able to subsist on a halophilic
plants-based hypocaloric diet. However, in the presence
of a relatively high energy regimen such as the standard
laboratory diet, this sand rat develops T2DM [10, 11].
Indeed, the potential toxicity of glucose from this exogenous
source (high but normal if compared to Wistar rats) will
be drastically amplified, leading to a rapid evolution of
the disease. Interestingly, prevention of this hyperglycemic
state together with an enhancement of hepatic insulin
sensitivity was found in diabetes-prone Psammomys obesus
after exercise training [12]. Through this peculiar behavior,
this kind of rodent represents an appropriate biological
tool to uncover the features of nutritional diabetes. In
addition, a previous experiment with perifused hepatocytes
of Psammomys reported oxygen consumption rates smaller
than those measured from Wistar rats. As well, levels of ATP
and ADP were markedly lower in these gerbils [13].

In the light of these above considerations, the aim of the
present work was to monitor in parallel the mitochondrial
functioning and oxidative damage in diabetes-prone Psam-
momys obesus, by measuring the respiration intensity related
to electron transfer chain complexes activities as well as some
oxidative stress parameters after 18 weeks of treatment.

2. Materials and Methods

2.1. Animals and Diet. The Algerian sand rats Psammomys
obesus used for this investigation were housed in suitable
cages under controlled temperature and light conditions.
Adult animals of both sexes (80–100 g) were divided into
two groups: the control group consuming their plants-
(Salsola-foetida-) based natural food, with a low energy
diet (20 kcal/day) but rich in water and minerals—and
the group fed the standard laboratory diet of high caloric
value (32.5 kcal/day). Food and water were supplied during
18 weeks. Each animal was monitored for body weight
and blood glucose in order to select Psammomys having
a glycaemia superior to 100 mg/dL. All experimental pro-
cedures were authorized by the Institutional Animal Care
Committee.

2.2. Biochemical Analysis. Fasted Psammomys rats were killed
by cervical dislocation at the end of treatments, without
anesthesia to avoid any further stress, and blood samples

were collected in EDTA tubes. Plasma glucose and lipids
(triglycerides, total cholesterol, HDL-cholesterol, LDL-c),
hepatic and renal function markers (alanine transaminase
(ALT), aspartate transaminase (AST), creatinine, urea) were
measured by a spectrophotometric method adapted on a
Cobas Mira automatic analyser. Plasma insulin was deter-
mined by radioimmunoassay. Extraction of hepatic total
lipids was carried out using a process earlier described [14],
and they were gravimetrically measured.

2.3. Oxidative Stress Assessment. Plasma total antioxidant
status (TAS) was analysed in blood samples, using a com-
mercial kit (Randox Laboratories LTD, UK). The principle
of this assay is based on the reaction of peroxydase and H2O2

with the substrate azinodiethyl-benzothiazoline sulfonic acid
(ABTS) to produce a radical cation of stable blue-green
colour which was detected at 600 nm. The antioxidant capac-
ity was inversely proportional to this coloration intensity and
was expressed as mmol/L.

Lipid peroxidation was estimated from liver homo-
genates by measuring levels of malondialdehyde (MDA)
through the thiobarbituric acid reactive substances method
[15].

Liver GSH content was assayed using a commercially
available kit (Cayman Chemical Company), based on the
reaction with the thiol-specific reagent dithionitrobenzoic
acid (DTNB). In this procedure, the sulfhydryl group of
GSH reacts with DTNB to form a product which is reduced
by glutathione reductase for recycling GSH and producing
more thionitro-benzoic acid (TNB). The rate of TNB
production was directly proportional to GSH levels, which
were expressed as μmoles/mg protein.

The protein content of hepatic samples was determined
according to the Lowry method [16], using bovine serum
albumin (BSA) solution as a standard.

2.4. Mitochondria Isolation. Liver mitochondria from both
Psammomys groups were prepared according to a standard
differential centrifugation procedure, with all steps carried
out at 4◦C. After killing the animals, livers were quickly
excised, rinsed, and chopped into an isolation medium
(250 mM sucrose, 20 mM Tris-HCl, 1 mM EGTA, pH 7.4).
The homogenates were centrifuged at 800 g for 10 min to
remove nuclei and cell debris. Mitochondria were obtained
from the supernatant by spinning twice at 8000 g for 10 min,
and the pellet was resuspended in 0.5 mL of isolation buffer,
then kept on ice. After measuring protein concentrations as
above described, final mitochondrial suspensions were used
immediately for respiration or stored at –80◦C until enzyme
analysis.

2.5. Oxidative Phosphorylation Measurement. Mitochondrial
respiration was recorded polarographically, using a sealed
oxygraphy chamber equipped with a Clark oxygen electrode
and magnetic stirring. Oxygen consumption rates (JO2)
were determined at 37◦C in a respiration buffer (125 mM
KCl, 20 mM Tris-HCl, 1 mM EGTA, 5 mM Pi) with FFA-
BSA to avoid the presence of uncoupled mitochondria. The
non-phosphorylating state 2 was initiated by the addition



Experimental Diabetes Research 3

Table 1: Body weight and biochemical parameters of control (n = 10) and high caloric diet-fed Psammomys rats (n = 15). Each run was
performed in duplicate. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 versus control rat group (natural food).

Parameter Control (18 weeks) Diabetic (18 weeks)

Initial body wt (g) 87.8 ± 3.3 85 ± 3.9

Final body wt (g) 121.5 ± 4.1 138.5 ± 8.7∗

Hepatic mass/body wt ratio (%) 3.4 ± 0.09 4.05 ± 0.12∗

Glucose (mg/dL) 65.2 ± 0.03 267 ± 0.5∗∗

Insulin (pmol/L) 166.5 ± 1.8 1439 ± 3.3∗∗∗

Triglycerides (mg/dL) 74.6 ± 19 253 ± 45.4∗∗

Cholesterol (mg/dL) 61 ± 4.2 145.7 ± 4.9∗∗

HDL-C (mg/dL) 44.2 ± 3.3 48.5 ± 7.2

LDL-C (mg/dL) 17.8 ± 1.3 29.5 ± 3.2∗

Hepatic total lipids (mg/100 g wet wt) 3720 ± 90 4900 ± 190∗

Hepatic triglycerides (mg/100 g wet wt) 291 ± 19 654 ± 79∗∗

Hepatic cholesterol (mg/100 g wet wt) 273 ± 11 322 ± 21∗

Urea (mg/dL) 53.8 ± 4.6 73.6 ± 6.9∗

Creatinine (mg/dL) 0.28 ± 0.05 0.45 ± 0.02∗

ALT (U/L) 76 ± 8.4 136 ± 19∗∗

AST (U/L) 86 ± 6.7 167 ± 25∗∗

of either 5 mM glutamate/2.5 mM malate (G/M) or 5 mM
succinate/0.5 mM malate (S/M) in presence of 1.25 μM
rotenone. The phosphorylating state 3 was obtained after
addition of 1 mM ADP while state 4 was measured with
1.25 μg/mL oligomycin, a specific inhibitor of ATP synthase.
For uncoupled respiration, 75 μM of dinitrophenol (DNP)
was added, while cytochrome c oxidase activity was indirectly
evaluated with 1 mM TMPD/5 mM ascorbate. The efficiency
of oxidative phosphorylation was then assessed by the state 3-
to-state 4 ratio, also called respiratory control index (RCR).

2.6. Electron Transfer Chain Activity and Cytochromes Con-
tent. Activities of respiratory complexes were assayed via
slight changes of the protocols described by Malgat et al.,
using liver mitochondrial particles resulting from freezing-
thawing cycles [17]. Complex I was assayed as the rate of
NADH oxidation at 340 nm in 50 mM KPi buffer containing
3.75 mg/mL BSA, 100 μM decylubiquinone, 100 μM NADH.
Rotenone (10 μM) was specifically used to inhibit this com-
plex whose real activity was deduced from difference between
NADH oxidation without and with rotenone. Complex II
was measured as the rate of 2,6-dichloro-indophenol (DCIP)
reduction at 600 nm in 50 mM KPi buffer supplemented with
2.5 mg/mL BSA, 9.3 μM antimycin A, 5 μM rotenone, 100 μM
DCIP, 30 mM succinate. Enzyme activity was calculated
between the difference before and after addition of 50 μM
decylubiquinone. Complex III was assayed by measuring the
reduction of cytochrome c at 550 nm, with and without
9.1 μM antimycin A. Isolated mitochondria were incubated
in 100 mM KPi medium with 1 mg/mL BSA, 50 μM EDTA,
1 mM KCN, 100 μM oxidized cytochrome c, and the reaction
was started by addition of 105.6 μM decylubiquinol.

In parallel, the content in different cytochromes of the
electron transfer chain was measured by dual-wavelength

spectrophotometry, comparing the spectra of fully oxidized
versus fully reduced cytochromes [18].

2.7. Statistical Analysis. All data were reported as mean ±
SEM. Differences between both rat groups were determined
by Student’s t-tests, with a P value of either <0.05, <0.01, or
<0.001 considered as statistically significant.

3. Results

3.1. Long-Term Metabolic Effects of High Caloric Diet and
Impact on the Liver Redox State. Psammomys rats fed a high
caloric chow for 18 weeks developed a metabolic syndrome,
with significant changes in their body weight (P < 0.05),
glycemia (P < 0.01), and insulinemia (P < 0.001) as com-
pared with those of control group (Table 1). Plasma lipids
levels, in particular triglyceridemia and cholesterolemia,
were also altered. Furthermore, diabetic Psammomys exhib-
ited a severe liver deterioration, as evidenced by a substantial
increase of transaminases activity (P < 0.05), the hepatic
mass accretion together with tissue accumulation of triglyce-
rides. A renal injury, characterized by a rise in uremia and
creatininemia, was besides showed. On the other hand, such
harmful conditions markedly decreased plasma antioxidant
capacity (Figure 1), whereas index of lipid peroxidation
simultaneously increased (Figure 1). In addition, a depletion
in hepatic GSH was found (Figure 1), and the resulting
oxidative stress status in the liver, as the GSH/GSSG ratio,
was largely diminished by the hypercaloric diet (1.07 ± 0.82
versus 4.29 ± 0.69 for control animals, P < 0.01).

3.2. Oxygen Consumption. With mitochondria isolated from
diabetic Psammomys livers, we noticed a net decline of the
respiratory chain activity (Figure 2). Indeed, both basal state
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Figure 1: Oxidative stress in plasma and liver tissue. Total antioxidant defences or TAS (a), as well as the intrahepatic contents in MDA (b)
and GSH (c), was, respectively, measured in fresh plasma and frozen liver homogenate of control or treated Psammomys. ∗P < 0.05 versus
control group.

2 and ADP-stimulated state 3 were significantly lower in
mitochondria respiring on G/M (−24 and −31%, resp.)
but barely decreased with S/M plus rotenone (−8 and
−7.5%, resp.). The assessment of oligomycin-induced state
4 showed no modification whatever the substrates. These
values led to a decreased RCR (state 3-to-state 4 ratio)
for mitochondria only energized with G/M (Table 2). An
inhibition of either DNP-uncoupled or TMPD/ascorbate-
activated respirations (−25 and −19% resp.) was still
observed under this particular condition, suggesting an
alteration of some respiratory fluxes which could alter the
oxidative phosphorylation machinery.

3.3. Mitochondrial Complexes Activity. To assess whether
the above respiration data were directly linked to some
defects inside the electron transfer chain, enzyme activities

of complexes I, II, III, combined with the level in different
cytochromes, were measured in broken liver mitochondria.
Complexes I and III were substantially decreased (−32 and
−40% resp.) in organelles from diabetic animals as compared
to control group, yet complex II unexpectedly increased
by 42.4% (Figure 3). Interestingly, a smaller content in
cytochrome aa3 was found in diabetic Psammomys liver
mitochondria (Table 3), a result rather consistent with a
reduced activity of cytochrome oxidase that we had above
seen through the TMPD-dependent respiration.

4. Discussion

In this work, we have confirmed that Psammomys obesus
is a reliable biological support for the study of metabolic
disorders such as insulin resistance or T2DM, and whose the
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Figure 2: Mitochondrial respiration in Psammomys. Oxygen consumption rates (JO2) were assayed on mitochondria freshly isolated from
control (open bars) or treated Psammomys (black bars), in the presence of glutamate/malate (a) or succinate/malate with rotenone (b) as
energizing substrates. Various respiratory states were next assessed following the addition of different drugs. ∗P < 0.05 versus control group.

Table 2: Effect of dietary treatment on respiratory control ratios (RCR) of liver mitochondria from both Psammomys groups. ∗P < 0.05
versus control group.

Oxygen consumption rate (natoms O/min/mg protein)

Glutamate/Malate (GM) Succinate/Malate (SM) + rotenone

State 3 State 4 RCR State 3 State 4 RCR

Control 138.8 ± 9.9 14.8 ± 0.6 9.4 ± 0.9 143.1 ± 5.3 39.3 ± 3.0 3.7 ± 0.3

Diabetic 96.1 ± 7.3∗ 14.5 ± 0.6 6.6 ± 0.2∗ 133.0 ± 12.3 35.4 ± 3.5 3.8 ± 0.2
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Figure 3: Activities of respiratory complexes I, II, III in liver
mitochondria freshly isolated from control (open bars) or treated
Psammomys (black bars). ∗P < 0.05 versus control group.

etiology is similar to its manifestation in humans. Our results
are in accordance with studies using the Israeli Psammomys
[19] or the Nile rat [20], even though the latter displayed
less pronounced metabolic disturbances than Psammomys

obesus after feeding a calorie-rich diet for 18 weeks. It may
be underlined that the increment in hepatic mass-body
weight ratio was positively correlated with hyperinsulinemia
and tissue accumulation of lipids, meaning a profound
liver injury similar to that reported by others [21]. A high
proportion of soluble transaminases was also seen. Knowing
that these enzymes are released when hepatocellular damage
occurs [22] and, on the other side, that an incomplete
oxidation due to chronic fuel excess can be linked to the
inability for mitochondria to maintain sufficient ATP levels
[23, 24], it seems that these deleterious metabolic defects are
consistently associated with a drastic endogenous oxidative
stress and subsequent mitochondrial dysfunction, mainly at
the inner membrane activity level.

The current work studied oxidative phosphorylation
capacity using liver mitochondria isolated from Psammomys
obesus. Because there existed no or few relevant data
about bioenergetics in these rats, it became quite difficult
to compare our findings with those of recent literature.
We, therefore, tried to discuss them at best with respect
to other experimental models involving a mitochondrial
dysfunction. Mitochondria from diabetes-prone Psammomys
obesus showed a lower respiratory rate than that of control
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Table 3: Effect of dietary treatment on levels in different cytochromes of liver mitochondria from both Psammomys groups.∗P < 0.05 versus
from control group.

Cytochromes content (pmols/mg protein)

a + a3 b c1 c

Control 66.1 ± 3.1 184.2 ± 6.0 95.0 ± 9.2 63.2 ± 21.0

Diabetic 51.3 ± 2.8∗ 219.4 ± 12.0 79.8 ± 7.9 58.2 ± 7.2

group: the decreases in both state 3 (with ADP) and
uncoupled state indicate a loss of oxidative capacity. Similar
results were obtained from Wistar rats fed a high-fat diet
[25, 26], while no modifications or even higher respiration
intensities were found with Zucker rats [27] or GK rats
of 6 months age [3]. Cytochrome oxidase, last component
of the respiratory chain, is well recognized as a controlling
step of nonphosphorylating oxygen consumption [28]. Its
activity, when indirectly determined in the presence of
TMPD/ascorbate, was lower in diabetic Psammomys obesus
compared to control animals, and this response was more-
over accompanied by a significant loss in cytochrome aa3.
Such an observation could reflect a smaller mitochondrial
efficiency as evidenced by the reduction of RCR though this
fact concerned more particularly the NAD-driven respiration
(with glutamate/malate). These findings would be also
partially explained by diet-induced changes in membrane
lipids composition but this phenomenon merits to be further
explored.

High glucose or free fatty acids flux or both impairs
metabolic flexibility, which may enhance mitochondrial
substrate supply and ROS production [7]. As the harmful
effects of ROS on tissues are widely appreciated, the severity
of diabetic state for Psammomys obesus is likely related to an
exacerbated oxidative stress. An increase in lipoperoxidation
together with a decline in TAS were reported. In line with
these alterations, a decrease of GSH/GSSG ratio was clearly
indicative of an impaired liver antioxidant system. Our data
are in agreement with several studies using streptozotocin-
treated rats [29, 30], rats fed a high fructose diet [31],
or diabetic mice [32, 33]. In view of that an increased
oxidative stress is also consistent with a slowing-down of
oxidative phosphorylation, our bioenergetics results suggest
the existence of multiple damaged sites along the electron
transfer chain. Indeed, mitochondria from diabetic Psam-
momys revealed an inhibition of complex I and complex III,
attributable to an excess in mitochondrial ROS as earlier sug-
gested [34]. Another important finding of this work is that
Psammomys fed a calorie-rich diet exhibited a net activation
of complex II despite a nearly decrease of JO2 in presence
of succinate (FAD-linked substrate), but with comparable
RCR between diabetic and control rats. In support of our
data, Cunningham et al. observed decreases in all respiratory
complexes, except complex II, using liver biopsies from
patients with steatosis [35]. Otherwise, complexes II and
IV activities were augmented in GK rats or streptozotocin-
induced diabetic rats [36].

A large number of studies invoked the involvement of
ROS in the pathogenesis of mitochondrial DNA-related dis-
orders [37, 38], and lipid peroxidation products can damage

the mitochondrial genome [39]. One may infer that an
increasing oxidative stress linked to the diabetic state should
lead to mitochondrial DNA damages, altering the function
of complexes I and III. Taken into account that the proteins
of complex II encoded by nuclear genes are probably spared,
any improvement of its activity can alleviate the abnormality
or loss of other respiratory parameters, and determine
the overall oxidative capacity. Interestingly enough, another
kind of adaptative response of mitochondrial metabolism
to a high glucose milieu was revealed in pancreatic islets
from diabetic Psammomys obesus [40]. In this regard, the
desert gerbil model could set up metabolic and/or molecular
adjustments to circumvent some of the deleterious outcomes
of insulin resistance.

It is concluded that a high-caloric diet causes metabolic
troubles at the hepatic level in the Psammomys obesus rat after
an 18-week treatment, and these changes are likely associated
with a vast mitochondrial dysfunctioning. The present work
is in agreement with an altering expression of oxidative
phosphorylation genes, possibly resulting from aggravated
oxidative stress, which justifies the performance of further
studies to identify some molecular processes responsible for
that mitochondrial impairment, and to quantify their relative
influence for the liver.
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M. S. Santos, “Decreased susceptibility to lipid peroxidation of
Goto-Kakizaki rats: relationship to mitochondrial antioxidant
capacity,” Life Sciences, vol. 65, no. 10, pp. 1013–1025, 1999.

[4] T. Takamura, H. Misu, N. Matsuzawa-Nagata et al., “Obesity
upregulates genes involved in oxidative phosphorylation in
livers of diabetic patients,” Obesity, vol. 16, no. 12, pp. 2601–
2609, 2008.

[5] J. Radziuk and S. Pye, “The liver, glucose homeostasis, and
insulin action in type 2 diabetes mellitus,” in Contempory
Endocrinology: The Metabolic Syndrome: Epidemiology, Clinical
Treatment and Underlying Mechanisms, B. C. Hansen and G. A.
Bray, Eds., pp. 343–371, Humana Press, 2007.

[6] G. A. Rutter, “Diabetes: the importance of the liver,” Current
Biology, vol. 10, no. 20, pp. R736–R738, 2000.

[7] M. Brownlee, “Biochemistry and molecular cell biology of
diabetic complications,” Nature, vol. 414, no. 6865, pp. 813–
820, 2001.

[8] S. S. Melo, M. R. Arantes, M. S. Meirelles, A. A. Jordao Jr., and
H. Vannucchi, “Lipid peroxidation in nicotinamide-deficient
and nicotinamide-supplemented rats with streptozotocin-
induced diabetes,” Acta Diabetologica, vol. 37, no. 1, pp. 33–39,
2000.

[9] F. M. Rauscher, R. A. Sanders, and J. B. Watkins, “Effects of
coenzyme Q10 treatment on antioxidant pathways in normal
and streptozotocin-induced diabetic rats,” Journal of Biochem-
ical and Molecular Toxicology, vol. 15, no. 1, pp. 41–46, 2001.
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2 Laboratório de Fisiopatologia Experimental and Instituto Nacional de Ciência e Tecnologia Translacional em Medicina (INCT-TM),
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Diabetes Mellitus (DM) is associated with pathological changes in the central nervous system (SNC) as well as alterations in
oxidative stress. Thus, the main objective of this study was to evaluate the effects of the animal model of diabetes induced by
alloxan on memory and oxidative stress. Diabetes was induced in Wistar rats by using a single injection of alloxan (150 mg/kg),
and fifteen days after induction, the rats memory was evaluated through the use of the object recognition task. The oxidative
stress parameters and the activity of antioxidant enzymes, superoxide dismutase (SOD), and catalase (CAT) were measured in
the rat brain. The results showed that diabetic rats did not have alterations in their recognition memory. However, the results did
show that diabetic rats had increases in the levels of superoxide in the prefrontal cortex, and in thiobarbituric acid reactive species
(TBARS) production in the prefrontal cortex and in the amygdala in submitochondrial particles. Also, there was an increase in
protein oxidation in the hippocampus and striatum, and in TBARS oxidation in the striatum and amygdala. The SOD activity was
decreased in diabetic rats in the striatum and amygdala. However, the CAT activity was increased in the hippocampus taken from
diabetic rats. In conclusion, our findings illustrate that the animal model of diabetes induced by alloxan did not cause alterations
in the animals’ recognition memory, but it produced oxidants and an imbalance between SOD and CAT activities, which could
contribute to the pathophysiology of diabetes.

1. Introduction

Diabetes Mellitus (DM) is a heterogeneous metabolic disor-
der characterized by hyperglycemia [1]. In type 1 diabetes
(DM1), which generally develops at a young age (children
and early adulthood), the principal defect is an auto-
immune-mediated destruction of pancreatic cells, leading to
insulin deficiency [2]. In type 2 diabetes (DM2) the principal
defect is insulin resistance, leading to a relative insulin defi-
ciency in the liver and peripheral tissues, which leads to overt
hyperglycaemia [3]. The hyperglycaemia in turn causes upto

a fourfold increase in neuronal glucose, with intracellular
glucose metabolism then leads to neuronal damage [4]. In
addition to this, the current therapeutic strategies for DM2
are limited [5].

In both the human and animal models, DM is associated
with pathological changes in the central nervous system
(SNC) that lead to cognitive and affective deficits, and to an
increased risk of brain vascular complications [3]. In the ani-
mal models of diabetes, several brain alterations have been
described, such as increased hippocampal astrocytic reactiv-
ity, impaired synaptic plasticity, vascular changes, decreased
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dendritic complexity, and disturbed neurotransmission [6].
Recently, a significant body of evidence has accumulated
to indicate that diabetes has detrimental effects on brain
function. A number of investigations have been performed
to indicate that memory loss is a consequence of both type I
and type II diabetes [7]. Some authors have also reported a
reduction in the length and a simplification of the dendritic
trees of the hippocampal pyramidal cells in diabetic rodents
[6]. There is evidence from the animal models showing that
changes in dendritic morphology, probably associated with
synaptic disturbances, correlate with alterations in memory
and learning abilities [8]. Mitochondria are the principal
source of reactive oxygen species (ROS) in cells, as the result
of imperfectly coupled electron transport. Oxidative stress
is widely accepted as playing a key mediatory role in the
development and progression of diabetes and its complica-
tions, due to the increased production of free radicals and
impaired antioxidant defenses [9]. Several mechanisms can
contribute to increased oxidative stress in diabetic patients,
especially chronic exposure to hyperglycemia. Accumulated
evidence points out that hyperglycemia can lead to elevated
ROS and reactive nitrogen species (RNS) production by the
mitochondrial respiratory system [10], glucose autoxidation
[11], activation of the polyol pathway [12], formation of
advanced glycation end products (AGEs) [13], antioxidant
enzyme inactivation [14] and an imbalance of glutathione
redox status [15]. Hyperglycemia can promote an impor-
tant oxidative imbalance, favoring the production of free
radicals and the reduction of antioxidant defenses. At high
concentrations, ROS/RNS can lead to damage to the major
components of the cellular structure, including nucleic
acids, proteins, amino acids, and lipids [16]. Such oxidative
modifications in the diabetes condition would affect several
cell functions, metabolism, and gene expression, which in
turn can cause other pathological conditions [17].

It is important to note that the animal models of diabetes
are very useful tools to gain new insights into human dia-
betes. Animal models induced by chemicals, such as alloxan,
exhibit a syndrome of insulin resistance and type 2 diabetes
[5]. Thus, the main objective of our study was to evaluate the
effects of the animal model of diabetes induced by alloxan
on the object recognition task and on the parameters of oxi-
dative stress in the hippocampus, striatum, prefrontal cortex,
and amygdala.

2. Material and Methods

2.1. Animals. Male Adult Wistar rats (60 days old) were
obtained from the UNESC (Universidade do Extremo Sul
Catarinense, Criciúma, SC, Brazil) breeding colony. They
were housed five per cage with food and water available ad
libitum and were maintained on a 12 h light/dark cycle (lights
on at 7 : 00 a.m.). All experimental procedures involving
animals were performed in accordance with the NIH Guide
for the Care and Use of Laboratory Animals and the
Brazilian Society for Neuroscience and Behavior (SBNeC)
recommendations for animal care and with approval by the
local Ethics Committee under protocol number 16/2010.

2.2. Diabetes Induction. Diabetes was induced in rats by
using a single intraperitoneal injection of alloxan from
Sigma Chemical Co. (St Louis, MO, USA) dissolved in
a physiological saline (0.9% NaCl) solution (150 mg/kg),
whereas the control group received only a saline injection
[18]. Both groups were injected after an 18 h fasting period
(60–70 mg/dL blood glucose). Fasting animals are more
susceptible to alloxan probably due to partial protection by
increased blood glucose [19]. All induced rats showed hyper-
glycemia (400–600 mg/dL) 48 h after alloxan administration.
During the course of the experiment, the blood glucose
level was monitored on a daily basis with commercial kits
by performing a small puncture in the animals’ tail. This
methodology is quick and noninvasive, subjecting the rats
to a negligible level of stress. At the end of the study, rats
with glycemia between 400 and 600 mg/dL were considered
diabetic [20]. Fifteen days after the induction of diabetes,
based in previous studies [21], all rats were submitted to the
object recognition task, after which the animals were killed
by decapitation and a biochemical analysis was undertaken
of the brain tissues.

2.3. Object Recognition Task. The object recognition task
took place in a 40 × 60 cm open field surrounded by 50 cm
high walls made of ply wood with a frontal glass wall. The
floor of the open field was divided into 12 equal rectangles
by black lines. All animals (alloxan or saline; n = 10–
15 animals per group) were submitted to a habituation
session where they were allowed to freely explore the open
field for 5 min. No objects were placed in the box during
the habituation trial. Twenty-four hours after habituation,
training was conducted by placing the individual rats in
the open field for 5 min, in which two identical objects
(objects A1 and A2; both being cubes) were positioned in
two adjacent corners, 10 cm from the walls. In a short-term
recognition memory test given 1.5 h after training, the rats
explored the open field for 5 min in the presence of one
familiar (A) and one novel (B, a rectangle) object. In a
long-term recognition memory test given 24 h after training,
the rats explored the open field for 5 min in the presence
of one familiar (A) and one novel (C, a pyramid with a
square-shaped base) object. All objects had similar textures
(smooth), colors (blue), and sizes (weight 150–200 g) but
distinctive shapes. A recognition index calculated for each
animal was calculated during the test session. It reports the
ratio TB/(TA + TB) (TA = time spent exploring the familiar
object A; TB = time spent exploring the novel object B) and it
reports the ratio TC/(TA + TC) (TA = time spent exploring
the familiar object A; TC = time spent exploring the novel
object C). Between trials, the objects were washed with
10% ethanol solution. Exploration was defined as sniffing
(exploring the object 3–5 cm away from it) or touching the
object with the nose and/or forepaws [21].

2.4. Oxidative Stress Parameters. Immediately after the object
recognition task, the animals were sacrificed by decapita-
tion and the following brain areas; the prefrontal cortex,
amygdala, hippocampus and striatum (n = 4–6 animals per
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group) were dissected according to the stereotaxic atlas [22]
in ice-cold buffer, in a Petri dish. Submitochondrial particles
were prepared in parallel from the four brain regions of each
animal. For biochemical analysis in total tissue, the brain
structures were rapidly frozen and stored at −70◦C.

2.4.1. Mitochondrial Isolation. Rat brain homogenates were
centrifuged at 700 g for 10 min to discard nuclei and
cell debris and the pellet was then washed to enrich the
supernatant that was centrifuged at 700 g for 10 min. The
obtained pellet, washed and resuspended in the same buffer,
was considered to consist mainly of intact mitochondria able
to carry out oxidative phosphorylation. The operations were
carried out at 0–2◦C. Submitochondrial particles (SMPs)
were obtained by freezing and thawing (three cycles) of
isolated mitochondria. For superoxide production measure-
ments, SMP were washed twice with 140 mM KCl, 20 mM
Tris-HCl (pH 7.4) and suspended in the same medium [23].

2.4.2. Superoxide Production in Submitochondrial Particles
of the Rat Brain. Superoxide production was determined
in washed brain SMP using a spectrophotometric assay
based on superoxide-dependent oxidation of epinephrine
to adrenochrome at 37◦C (C480 nm = 4.0 mM−1 cm−1). The
reaction medium consisted of 0.23 M mannitol, 0.07 M
sucrose, 20 mM Tris-HCl (pH 7.4), SMP (0.3–1.0 mg pro-
tein/mL), 0.1 μM catalase, and 1 mM epinephrine. NADH
(50 μM) and succinate (7 mM) were used as substrates and
rotenone (1 μM) and antimycin (1 μM) were added as spe-
cific inhibitors, respectively, to assay O2

− production at the
NADH dehydrogenase and at the ubiquinone-cytochrome b
region. Superoxide dismutase (SOD) was used at 0.1–0.3 μM
final concentration to give assay specificity [24].

2.4.3. Thiobarbituric Acid Reactive Species Formation. To
determine oxidative damage in lipid, we measured the
formation of thiobarbituric acid reactive species (TBARS)
during an acid-heating reaction, as previously described
[25]. The samples were mixed with 1 mL of trichloroacetic
acid 10% and 1 mL of thiobarbituric acid 0.67%, and then
heated in a boiling water bath for 30 min. Malondialdehyde
equivalents were determined in tissue and in submitochon-
drial particles of the rat brain spectrophotometrically by the
absorbance at 532 nm.

2.4.4. Carbonyl Protein Formation. Oxidative damage to
proteins was assessed by the determination of carbonyl
groups content based on the reaction with dinitrophenylhy-
drazine (DNPH), as previously described [26]. Proteins were
precipitated by the addition of 20% trichloroacetic acid and
were redissolved in DNPH. The absorbance was monitored
spectrophotometrically at 370 nm.

2.4.5. Superoxide Dismutase Activity. This method for the
assay of superoxide dismutase (SOD) activity is based on
the capacity of pyrogallol to autoxidize, a process highly
dependent on O2

−2; a substrate for SOD [27]. The inhibi-
tion of autoxidation of this compound thus occurs when

SOD is present, and the enzymatic activity can be then
indirectly assayed spectrophotometrically at 420 nm, using a
double-beam spectrophotometer with temperature control.
A calibration curve was performed using purified SOD as
the standard, in order to calculate the specific activity of
SOD present in the samples. A 50% inhibition of pyrogallol
autoxidation is defined as 1 unit of SOD, and the specific
activity is represented as units per mg of protein.

2.4.6. Catalase Activity. The catalase (CAT) activity was
assayed using a double-beam spectrophotometer with tem-
perature control. This method is based on the disappearance
of H2O2 at 240 nm in a reaction medium containing 20 mM
H2O2, 0.1% Triton X-100, 10 mM potassium phosphate
buffer, pH 7.0, and 0.1–0.3 mg protein/mL [28]. One CAT
unit is defined as 1 mol of hydrogen peroxide consumed per
minute, and the specific activity is reported as units per mg
protein.

2.4.7. Protein Determination. All biochemical measures were
normalized to the protein content with bovine albumin as
standard [29].

2.5. Statistical Analysis. In the open field test, the differences
between training test sessions were analyzed by the paired
Student’s t-test. Data for recognition indexes are reported
as median ± interquartile ranges (25 and 75). Comparisons
among groups were performed using the Kruskal-Wallis
test followed by Mann-Whitney test when necessary. The
oxidative stress parameters were analyzed by Student’s t-test
for unpaired data and are reported as mean± S.E.M. P values
less than 0.05 were considered to be statistically significant.

3. Results

As depicted in Figure 1, in the object recognition task, no
statistical differences were observed in the saline or alloxan
groups in the training session (P > 0.05). In the control rats
group, 1.5 h after the training session (short-term recogni-
tion memory), we observed an increase in the recognition
index compared to the training session, and 24 h after
the training session (long-term recognition memory) there
was an increase in the recognition index, compared to the
training session or to the short-term memory tests (P < 0.05;
Figure 1). In the diabetic rats induced by alloxan, there was
an increase in the recognition index after 24 h, but not 1.5 h
after the training session (P < 0.05; Figure 1).

In diabetic rats, there was an increase in the superoxide
submitochondrial particles in the prefrontal cortex (P <
0.05; Figure 2(a)) and an increase in the TBARS submito-
chondrial particles in the prefrontal cortex and amygdala
(Figure 2(b)). In diabetic rats it was shown that there was
an increase in the carbonyl proteins in the hippocampus
and striatum (P < 0.05; Figure 3(a)) and an increase in the
TBARS oxidation in the striatum and amygdala (P < 0.05;
Figure 3(b)). The SOD activity was decreased in diabetic
rats in the striatum and amygdala (P < 0.05; Figure 4(a)).



4 Experimental Diabetes Research

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Saline Alloxan

Training
1.5 h retention
24 h retention

R
ec

og
n

it
io

n
 in

de
x

/#

Figure 1: The effects of the animal model of diabetes induced by
alloxan on the object recognition task. Results are reported as
median± interquartile ranges of the recognition indexes in training
and short- and long-term memory retention test trials. N = 10–15
per group, ∗P < 0.05 difference from the training session and #P <
0.05 difference from the training from 1.5 h retention, according to
Kruskal-Wallis test.

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Hippocampus Striatum Prefrontal cortex AmygdalaSu
pe

ro
xi

de
 in

 s
u

bm
it

oc
h

on
dr

ia
l

pa
rt

ic
le

s 
(n

m
ol

/m
g 

pr
ot

ei
n

)

(a)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

Hippocampus Striatum Prefrontal cortex AmygdalaT
B

A
R

S 
in

 s
u

bm
it

oc
h

on
dr

ia
l

pa
rt

ic
le

s 
(n

m
ol

/m
g 

pr
ot

ei
n

)

Control
Alloxan

(b)

Figure 2: The effects of the animal model of diabetes induced by
alloxan on the superoxide (a) and TBARS (b) production in sub-
mitochondrial particles in the hippocampus, striatum, prefrontal
cortex and amygdala. Results are reported as mean + S.E.M. N = 4–
6 per group, ∗P < 0.05 difference from the saline group, according
to the Student t-test.
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Figure 3: The effects of the animal model of diabetes induced by
alloxan on TBARS production (a) and carbonyl formation (b) in the
hippocampus, striatum, prefrontal cortex, and amygdala. Results
are reported as mean + S.E.M. N = 4–6 per group, ∗P < 0.05
difference from the saline group, according to the Student’s t-test.

However, the CAT activity was increased in the hippocampus
from diabetic rats (P < 0.05; Figure 4(b)).

4. Discussion

Experimental diabetes models can be induced by chemicals
that selectively destroy the insulin-producing β-cells in the
pancreas [30]. One of the most commonly used chemicals
is alloxan. This drug induces diabetes by intracellular
generation of ROS formed in a cyclic reaction involving
alloxan and its reduced product called dialuric acid [18], with
subsequent inhibition of insulin synthesis and secretion.

Recently, a significant body of evidence has accumulated
to indicate that diabetes has detrimental effects on brain
function. In fact, hypoglycemia and diabetes insults are
related with damage in the hippocampus and hypothalamus,
which are the brain areas associated with memory and plas-
ticity functions [31]. A number of investigations have been
performed to indicate that memory loss is a consequence
of both type I and type II diabetes [3, 32]. However, the
exact mechanism(s) as to how diabetic conditions could
affect memory activity remains to be fully characterized. In
the present study our results showed that in diabetic rats,
there was an increase in the recognition index 24 h after
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Figure 4: The effects of the animal model of diabetes induced by
alloxan on the superoxide dismutase (a) and catalase (b) activities
in the hippocampus, striatum, prefrontal cortex, and amygdala.
Results are reported as mean + S.E.M. N = 4–6 per group, ∗P <
0.05 difference from the saline group, according to the Student’s t-
test.

the training session, indicating that diabetic rats did not
alter recognition memory, when subjected to the object
recognition task. Contrary to this, another study showed
a significant reduction of memory formation, evaluated in
the passive avoidance test in streptozotocin-induced diabetic
mice [7]. The authors suggest that the overexpressed β-
amyloid precursor might be one of the underlying factors
causing memory deficit.

Differences between these studies could be related with
the animal model of diabetes and tests used to evaluate
memory. Although some studies have shown that oxidative
stress induces significant deficits in cognitive performance
(learning ability and memory retention) [33], in the present
findings we did not show this correlation. It is impor-
tant to note that during the formation of memories the
activation of specific receptors and of several molecular
cascades is required to convert extracellular signals that
lead to changes in neuronal connectivity [34], which were
probably not altered in the brains of alloxan-induced diabetic
rats. For example, we recently demonstrated that brain-
derived neurotrophic factor (BDNF) levels did not alter in
the hippocampus from alloxan-induced diabetic rats [35].

BDNF is a neurotrophin which has an important role in
hippocampal-dependent forms of memory [36]. Thus, the
findings of the present study on recognition memory could
be related, at least in part, because the animal model of
diabetes induced by alloxan did not alter BDNF levels.

A previous study showed that alloxan-induced diabetes
is associated with changes in the uptake of insulin by the
brain, which includes increased binding to the capillary bed
comprising the blood brain barrier and increased transport
across the blood brain barrier [37]. Moreover, studies related
that oxidative stress impacts several brain areas, such as the
forebrain, cerebellum, and brain stem [31, 38]. Thus, in the
present study we evaluated oxidative stress parameters in
different brain areas, namely, the hippocampus, striatum,
prefrontal cortex, and amygdala. Uncontrolled ROS produc-
tion could lead to damage in cellular macromolecules (DNA,
lipids, and protein) and other small antioxidant molecules
[39], contributing to the progress of diabetic complications.
Still, research indicates that obesity and hyperglycemia are
associated with increases in the ROS production [40, 41]. In
the present study we observed an increase in the superoxides
in the prefrontal cortex and an increase in TBARS in
the prefrontal cortex and amygdala in submitochondrial
particles. Diabetes causes mitochondrial superoxide over-
production and this increased superoxide production is the
major mediator of diabetes tissue damage [41]. In fact, in
diabetic cells with a high intracellular glucose concentration,
there is more glucose-derived pyruvate being oxidized in
the tricarboxylic acid cycle, increasing the flux of electron
donors (NADH and FADH2) into the electron transport
chain [42]. Thus, electron transfer inside complex III is
blocked [43], causing the electrons to use coenzyme Q
as a backup, which donates the electrons one at a time
to molecular oxygen, thereby generating superoxide [42].
The mitochondria are an organelle and have the ability to
generate superoxides at complexes I and III [44, 45]. In
addition to this, in brain tissue, complexes I and III have
been attributed to major ROS production [44, 45]. In fact, a
study from our group demonstrated that in alloxan-induced
diabetic rats there were alterations in the mitochondrial
respiratory chain [20]. Thus we suggest that alloxan-induced
diabetic-like symptoms may provide a useful animal model
to test the hypothesis of the involvement of oxidative stress
in diabetes. Our results also showed an increase in carbonyl
protein in the hippocampus, and amygdala and an increase
in TBARS oxidation in the striatum and amygdala from
diabetic animals. We discovered from our data that the
TBARS levels in mitochondrial particles and in tissues were
different, but our analysis was conducted in different areas,
involving separate samples from submitochondrial particles
and another from tissue. It is known that the mitochondria is
a major producer of ROS [42], which in turn causes damage
in lipids, which may explain the increase in TBARS in
submitochondrial particles in the prefrontal cortex. Recently,
Chang et al. [46] showed an increase in the carbonyl
protein in the renal tissues from diabetic animals induced
by streptozotocin. Additionally, similar to our findings, the
TBARS index was increased in the liver of rats that had
received a single injection of alloxan (150 mg/kg) [30]. Also,
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there was shown to be an increase in the TBARS in the
plasma and hippocampus from diabetic animals induced by
streptozotocin [47]. Recently, [48] investigated the effects
of agmatine, an antihyperglycemic and antioxidant, on
MDA and glutathione levels in the cerebral cortex and
hippocampus from diabetic rats. The authors found that
treatment with agmatine reduced oxidative stress markers
in the brain of diabetic rats. In addition, [48] showed that
brain regions differ in their response to oxidative stress in
obese db/db mice. Still, silibinin, a compound with antioxi-
dant properties, provided efficient neuroprotection in these
diabetic rats [48]. Thus, this suggests that diabetes is related
to oxidative stress in the brain.

The present findings showed that SOD activity decreased
in the striatum and amygdala. On the other hand, the CAT
activity increased in the hippocampus in diabetic animals.
SOD is a protective enzyme that can selectively scavenge
the superoxide anion radical (O2

−.) by catalyzing its dis-
mutation to hydrogen peroxide (H2O2) [49]. CAT catalyzes
degradation of H2O2 to water and O2. Another study showed
that SOD and CAT activities were increased in the livers
from alloxan-induced diabetic rats [31]. Also, Amer et al.
[50] demonstrated that polymorphisms of glutathione S-
transferase (an antioxidant enzyme) genes GSTM1 and
GSTT1 were associated with an increased risk of type 2 DM.
Interestingly, Di Naso et al. [51] reported that exogenous
antioxidant copper zinc superoxide dismutase (Cu/Zn SOD)
decreased liver peroxidation and increased nitric oxide
synthase (NOS) in diabetic rats. Moreover, Gibson et al.
[52] showed that N-acetylcysteine (NAC), a biosynthetic pre-
cursor of the antioxidant glutathione, reduced thrombotic
propensity in type 2 diabetes patients, suggesting that this
effect occurred by increasing the platelet antioxidant status
as a result of elevated glutathione synthesis.

An imbalance in the SOD/CAT ratio indicates the
generation of reactive species [53], which were reported in
the present study. In this context, the effects of alloxan on
SOD/CAT turnover (by increasing CAT and decreasing SOD
activity) may result in antioxidant effects. An imbalance
in the SOD/CAT ratio indicates the generation of reactive
species, which were reported in the present study. Thus,
considering the pathophysiology of diabetes, and the results
presented in the present work, it is sensible to suggest that
differences in oxidative stress parameters may be related, at
least in part, with brain metabolism. Another study from
our group also showed a decrease in SOD and an increase in
CAT activities in the brain of rats submitted to the chronic
mild stress procedure [54]. In fact, studies have reported
a relationship between diabetes and stress [55, 56] inclu-
sively, alloxan-induced diabetic rats presented depressive-like
behaviour [20].

The cause of the overall oxidative imbalance demon-
strated in our study may be due to mitochondrial dysfunc-
tion. Recently, it was shown that alloxan-induced diabetic
rats presented alterations in the mitochondrial respiratory
chain, creatine kinase, and citrate synthase activities [20].
However, mitochondrial alteration could occur by oxidative
imbalance. In fact, ROS causes damage in the mitochondrial
oxidative phosphorilation [56]. In addition, Bhattacharya

et al. [57] reported decreased mitochondrial membrane
potential, enhanced cytochrome c release, reciprocal regula-
tion of the Bcl-2 family, and increases of caspases 3 and 9
in alloxan-induced diabetes. The authors also showed that
treatment with D-saccharic acid 1,4-lactone, a derivative of
D-glucaric acid which has antioxidant properties, counter-
acted these changes [57].

5. Conclusions

To our knowledge our data describes for the first time,
the effects of the animal model of diabetes induced by
alloxan on memory and oxidative stress parameters in the
rat brain. In conclusion, alloxan-induced diabetes did not
alter recognition memory, but induced oxidative damage and
an imbalance between antioxidant enzymes, contributing, at
least in part, to the pathophysiology of diabetes.
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Diabetic cardiomyopathy and nephropathy are two major causes of death of patients with diabetes. Extra generation of reactive
oxygen species (ROS), induced by hyperglycemia, is considered as the main reason for the development of these diabetic
complications. Transcription factor, NFE2-related factor 2 (Nrf2), is a master regulator of cellular detoxification response and
redox status, and also provides a protective action from various oxidative stresses and damages. Recently we have demonstrated its
important role in determining the susceptibility of cells or tissues to diabetes-induced oxidative stress and/or damage. Therefore,
this review will specifically summarize the information available regarding the effect of Nrf2 on the diabetic complications with
a focus on diabetic cardiomyopathy and nephropathy. Given the feature that Nrf2 is easily induced by several compounds, we
also discussed the role of different Nrf2 activators in the prevention or therapy of various diabetic complications. These findings
suggest that Nrf2 has a potential application in the clinic setting for diabetic patients in the short future.

1. Introduction

Generally speaking, diabetic cardiovascular complications
include macrovascular disease (e.g., stroke and atheroscle-
rosis) and microvascular disease (e.g., retinopathy and
nephropathy) [1]. Diabetic nephropathy as one of microvas-
cular diseases and diabetic cardiomyopathy as one of
macrovascular diseases are two common complications of
diabetes and also two main causes of the mortality for
diabetic patients. The prevention of diabetic nephropathy
and cardiomyopathy has become a global concern for those
who are working in diabetic care and management. Although
glucose control, blood pressure, lipid lowering, and the
blockade of the renin-angiotensin system [2] were used
for the treatment of diabetic patients, the development
and progression of nephropathy and cardiomyopathy in the
patients with diabetes remains unpreventable. Therefore,
to develop an effective approach to prevent or delay the
development and progression of these lethal complications
for diabetic patients is urgently needed.

Hyperglycemia, hyperlipidemia and inflammation were
three main metabolic abnormalities in diabetes, all which are
able to stimulate generation of reactive oxygen or nitrogen
species (ROS or RNS). Extra generation of these species
is known to be critically causative of the development of
diabetic complications, including diabetic nephropathy and
cardiomyopathy [3–6]. Therefore, antioxidant prevention or
therapy of diabetic complications has been attractive, but
to date, there was no any antioxidant that was found to be
efficiently applied in clinics [4–6].

The transcription factor NFE2-related factor 2 (Nrf2) as
one member of the cap’n’collar family is a master regulator of
cellular detoxification responses and redox status [9, 10]. As
illustrated in Figure 1, under physiological conditions Nrf2
locates in the cytoplasm and combines with its inhibitor
kelch-like ECH-associated protein 1 (KEAP1) [11]. KEAP1
could mediate a rapid ubiquitination and subsequent degra-
dation of Nrf2 by the proteasome [11]. Upon exposure of
cells to oxidative stress or electrophilic compounds, Nrf2
is free from KEAP1 and translocates into the nucleus to
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bind to antioxidant-responsive elements (AREs) in the genes
encoding antioxidant enzymes such as NADPH quinone
oxidoreductase (NQO1), glutathione S-transferase, heme
oxygenase-1 (HO1), and γ-glutamylcysteine synthetase,
increasing their expression to play a role of detoxification,
antioxidation, and anti-inflammation [11, 12].

Recently, several studies have indicated preventive effect
of Nrf2 on high glucose- (HG-) induced oxidative damage in
the cultured cells and potentially on the diabetic complica-
tions in animal models [13]. Although a few good reviews
on the general features of Nrf2 in the oxidative stress and
damage related to diabetes are available now [14, 15], we
would like to briefly review the information in terms of
the protective role of Nrf2 in the development of diabetic
complications with a specific focus on nephropathy and
cardiomyopathy. Given the feature that Nrf2 is easily induced
by several compounds, we also discussed the effect of several
Nrf2 activators in the prevention or therapy of these two
major complications.

2. Diabetes Upregulates Nrf2 Expression and
Function in the Heart and Kidney

It is known that Nrf2 expression and function in the cells
in vitro and tissues in vivo are increased in response to
oxidative stress. Since several studies have indicated that
the induction of ROS and/or RNS by HG in the cultured
cardiovascular cells and renal cells, whether HG could elevate
the Nrf2 expression and activation and its downstream gene
expression in these cells has been investigated [13, 16, 17].
Treatment with glucose at 20 and 40 mM for 24 h increased
the expression of Nrf2 mRNA in primary cardiomyocytes
or H9C2 cardiac cell line. NQO1, a prototype of Nrf2-
regulated chemical-detoxification gene, was induced to be
overexpressed in cardiomyocytes by such HG exposure
too. Immunoblotting confirmed the protein expression and
induction of Nrf2 and HO1 in cardiomyocytes. Immunoflu-
orescent confocal microscopic examination of the cells
revealed that HG treatment significantly increased the
nuclear and total cell staining of Nrf2 in comparison with
the control cells, indicating that glucose indeed increased
the protein level and nuclear accumulation of Nrf2 [16].
Used human mesangial cells (HRMCs), Jiang et al. also
demonstrated HG-induced elevation of nuclear protein level
of Nrf2 along with upregulation of the mRNA level of NQO1,
HO-1, and GST [17]. To further confirm the notion that
Nrf2 activation by HG is through generation of ROS, N-
acetylcysteine (NAC), an ROS scavenger, was included in the
medium. As expected, NAC inhibited the activation of HG-
induced Nrf2 and NQO1. In addition, HG-induced Nrf2
activation in other cells such as endothelial cells [13, 18]
and vascular smooth muscle cells [19] was also reported.
Collectively, these results indicate that HG or hyperglycemia
is able to activate the Nrf2 pathway through generation of
ROS.

Upregulation of Nrf2 and/or its downstream antioxidant
genes in response to hyperglycemia were found not only
in the cultured cells, but also in the heart and kidney
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Figure 1: The simplified regulation of Nrf2 by Keap1 and the
mechanism of MG132 to activate Nrf2. In general condition,
Nrf2 combined with Keap1 in cytoplasm. Under oxidative stress,
Nrf2 is free from Keap1 and translocates into nuclear. Through
binding with antioxidant response element (ARE), Nrf2 regulates
the expression of its downstream target genes to prevent oxidative
stress and damage. MG132 could prevent Nrf2 degradation by
inhibiting proteasome (adapted from [7, 8]).

of diabetic mice that were also observed. We have used
C57BL/6 mice to make type 1 diabetes with a single dose of
streptozotocin (STZ). At two weeks after hyperglycemia, we
found a significant upregulation of Nrf2 downstream genes
NQO1 and HO1 mRNA expression [16]. Jiang et al. have
examined if Nrf2 is activated in the kidney of STZ-induced
diabetic mice. They used multiple low doses of STZ to induce
type 1 diabetes in C57BL/6 mice. At 16 weeks postinjection,
Nrf2 expression in the glomeruli of diabetic mice was greatly
enhanced and Nrf2 nuclear staining was observed. Activation
of Nrf2 was confirmed by upregulation of NQO1 in the
glomeruli of diabetic mice [17].

Diabetes-upregulated activation of Nrf2 expression was
also observed in the kidney and heart of diabetic patients.
In the study by Jiang et al., the diabetic nephropathy
kidney tissues were obtained from patients with proteinuria
that underwent a renal biopsy for diagnosis of diabetic
nephropathy and nondiabetic patients as control. They
used these normal and diabetic nephropathy glomeruli to
perform immunohistochemical analysis, showing that Nrf2
was hardly expressed in normal glomeruli, whereas it was
upregulated in diabetic nephropathy glomeruli. In addition,
cells with high expression of Nrf2 in the nucleus were
identified as mesangial cells. NQO1 was also activated in
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glomeruli of the patients with diabetic nephropathy [17]. In
contrast with diabetic nephropathy patients, Tan et al. have
demonstrated a different finding in terms of Nrf2 expression
in the cardiac tissue from diabetic patients and control [20].
Tissue sections of left ventricles were obtained from autopsy
heart specimens of humans with or without diabetes (all
diabetic males had histories of hypertension and cardiac
dysfunction). Nrf2 expression in the nuclei was significantly
downregulated compared to control heart. Reasons for
the discrepancy between diabetic kidney and heart remain
unclear now based on the limited date. However, several
possibilities should be kept in mind: (1) case numbers are
too small; (2) organ’s different responses may be related; (3)
tissues from control groups may be an important issue since
what these patients were exposed to were unclear; (4) the last
is the period of diabetes history.

In support of the last notion listed above, our recent
finding demonstrated that Nrf2 protein expression was
slightly increased in the heart of mice with two months
hyperglycemia but significantly decreased in the heart of
mice with 5 months hyperglycemia [20]. Combined our early
study [16] in which Nrf2 downstream genes were increased
in the heart of diabetic mice at 2 weeks after STZ-induced
hyperglycemia, we assume that Nrf2 is adaptively trying to
remain functional to overcome diabetic damage at the early
stage of diabetes. At the late stage of diabetes, however,
cardiac antioxidant function is further impaired, leading
to a decrease in cardiac Nrf2 expression. Therefore, these
above studies imply the preventive function of Nrf2 against
diabetes-induced oxidative damage.

3. Downregulation of Nrf2 Gene
Accelerates Diabetic Pathological Effect on
the Heart and Kidney

To gain insight into the role of Nrf2 in prevention of diabetic
complication, Yoh et al. have performed the first study using
Nrf2-KO mice [21]. They used STZ to induce diabetes in
both Nrf2-KO and their wild-type (WT) C57BL/6 mice and
found that compared to WT diabetic mice, Nrf2-KO diabetic
mice exhibited a deterioration of renal function gradually
over the 10-week observation period, along with urinary
excretion of nitric oxide metabolites and the occurrence
of 8-nitroguanosine, as index of glomerular lesions, during
the early stages after treatment. The increased susceptibility
of Nrf2-KO mice to diabetes-induced renal damage was
further and systemically examined by Jiang et al. [17]. In
this study, they used STZ to induce diabetes with Nrf2-KO
and WT mice and demonstrated the following evidence:
(1) at 16 weeks post-injection, Nrf2-KO diabetic mice
showed higher renal ROS production, greater oxidative DNA
damage and renal injury compared with WT diabetic mice;
(2) Nrf2-KO diabetic mice had more severe glomerular
injury than WT diabetic mice, shown by increased glycogen
deposition and severe glomerulosclerosis; (3) Nrf2-KO mice
had higher TGF-β1 transcription and fibronectin expression,
this work clearly indicates a protective role of Nrf2 in
diabetic nephropathy; (4) to directly link the Nrf2 to the

renal protection from diabetes, particularly hyperglycemia,
they used human renal mesangial cells to show that HG-
induced significant increase in the expression of several
fibrotic mediators, including TGF-β1, could be enhanced by
knockdown of Nrf2 by siRNA.

In consistence with the renal protection of Nrf2 from
diabetes, we demonstrated that HG-induced ROS generation
in both primary neonatal and adult cardiomyocytes from
the WT mouse heart, whereas, in the cardiomyocytes
from Nrf2-KO mice, ROS was significantly higher under
basal conditions and HG remarkably further increased ROS
production in concentration and time-dependent manners
[16]. In addition, HG also induced significantly higher levels
of apoptosis at lower concentrations and in shorter time
in Nrf2-KO cardiomyocytes than in WT cardiomyocytes.
Primary adult cardiomyocytes from control and diabetic
mice that was induced by STZ also showed dependence on
Nrf2 function for isoproterenol-stimulated contraction [16].

In fact, Nrf2 activation not only protects the kidney and
heart from diabetes-induced oxidative damage, but also the
other organs from diabetes. For instance, Ungvari et al. have
tried to elucidate the homeostatic role of adaptive induction
of Nrf2-driven free-radical detoxification mechanisms in
endothelial protection under diabetic conditions. They fed
both Nrf2-KO and WT mice with high-fat diet (HFD). HFD-
induced increases in vascular ROS levels and endothelial
dysfunction were significantly greater or more severe in
Nrf2-KO mice than WT mice [18].

4. Prevention of Diabetic Complications by
Activation of Nrf2 with Various Activators

The information from the above parts indicates that Nrf2 as
an adaptive mechanism is upregulated in the cells exposed to
HG or tissues of diabetic animals and patients. Deletion of
Nrf2 gene causes a significant increase in the susceptibility of
cells or tissues to HG- or diabetes-induced oxidative dam-
age and dysfunction, as illustrated in Figure 2. Therefore,
upregulation of Nrf2 expression and function by various
approaches may provide a preventive effect on diabetes-
induced oxidative damage and consequent complications, to
support of which several studies have been done with very
multiple beneficial effects on the diabetic complications, as
summarized in Table 1.

4.1. In Vitro Evidence. The first study using Nrf2 activator
to prevent HG-induced damage was done by Xue et al.
[13]. They used sulforaphane (SNF) to induce nuclear
translocation of Nrf2 with significant increases in its down-
stream antioxidant genes such as three- to five-fold increased
expression of transketolase and glutathione reductase [13].
SNF treatment significantly prevented HG: increased the
formation of ROS and the activation of the hexosamine
and PKC pathways, both which have been well defined
as important cellular changes in diabetic effect on the
target organs. After this study, several other studies with
different Nrf2 activators in different kinds of cells also
reported similar preventive effects on HG-induced oxidative
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Figure 2: The protection by Nrf2 activation from diabetic
nephropathy. Two main pathogenic factors leading to diabetic
nephropathy in diabetic patients are increased ROS/RNS and extra-
cellular matrix (ECM) accumulation. Activation of Nrf2 by SNF,
CA, tBHQ, and Keap1 SiRNA or activation of Nrf2’s downstream
targets genes such as NQO1 and r-GCS plays an important role
in preventing ROS/RNS-induced damage. At the same time, the
expression of TGF-β and P21 was inhibited, leading to a prevention
of ECM accumulation. Inhibition of Nrf2 in Nrf2-KO animals
or by Nfr2 siRNA resulted in an enhancing diabetic effects. This
illustration was made mainly based on a published study [22].

damage (see Table 1). For instance, the effects of magnesium
lithospermate B (LAB) against HG-induced oxidative stress
and damage via activation of Nrf2 have been evaluated in
vascular smooth muscle cells [19].

Zheng et al. have systemically examined the preventive
effect of Nrf2 activation with its activators on HG-mediated
mesangial cell growth inhibition and hypertrophy. They
used human mesangial cell line (HRMC) and three kinds
of Nrf2 activators, tert-Butylhydroquinone (tBHQ), SNF,
or cinnamic aldehyde (CA). The growth curve for HRMCs
growing in HG media was found to be below compared
to those either growing in control or in HG with Nrf2
activators. Staining with Ki67 showed that hyperglycemia
inhibited cell proliferation, which was counteracted by
activation of Nrf2. The size of HRMCs growing in HG
was larger than those in control media, and the increased
HRMCs’ size induced by HG was significantly improved by
three Nrf2 activators. Collectively, these results demonstrate
that hyperglycemia-induced cell growth inhibition, and that
hypertrophy can be attenuated by activation of the Nrf2
pathway. To gain molecular understanding of how Nrf2 acti-
vation relieves HRMC hypertrophy and growth inhibition
under HG conditions, the expressions of TGF-β1 and its
downstream effectors were further analyzed. They found that
HG-induced upregulation of TGF-β1, fibronectin, collagen
IV, and p21 in HRMCs was suppressed by treatment with
three Nrf2 activators.

4.2. In Vivo Evidence. The preventive effect of Nrf2 activation
on diabetic complications in animal models has been
explored recently by several groups with different activators
(see Table 1). Resveratrol, a red wine antioxidant and a

natural phytoalexin, has already been used in prevention and
therapy of cancer [33], regulation of blood platelet functions,
and protection of cardiovascular diseases [34]. By treating
STZ-induce diabetic rats with resveratrol, Palsamy and Sub-
ramanian not only confirmed the protection of resveratrol to
diabetic nephropathy but also found that resveratrol could
normalize the protein expression of Nrf2, and its down-
stream genes such as γ-GCS and HO-1 in diabetic kidney
[31]. Similarly by treating with 1% tBHQ in STZ-induce dia-
betic mice diet, Li et al. also demonstrated that renal expres-
sion of Nrf2 and downstream antioxidants increased along
with significant decreases in the extracellular matrix depo-
sition and malondialdehyde concentrations in the glomeruli
compared to the diabetic mice with regular diet [28].

As mentioned in Section 1, under physiological condi-
tions, Nrf2 locates in the cytoplasm and combines with
its inhibitor Keap1 that leads to Nrf2 degradation by the
proteasome (Figure 1). It is known that MG132 acts as a
proteasome inhibitor, so that it may activate Nrf2 through
decreasing the degradation of Nrf2. Luo et al. have first
explored the possible prevention of diabetic nephropathy
by activation of Nrf2 with MG132 [8]. They treated STZ-
induced diabetic rats with MG132 (10 μg/kg) for 12 weeks
and they found the following important outcomes. (1)
Diabetes-increased 24-h urinary protein excretion rate and
renal pathological changes were all improved after MG132
administration. (2) Diabetes-enhanced renal 26S proteasome
activity and concentration were effectively reduced after
MG132 administration. (3) Diabetes-increased nitrosative
damages in kidneys were decreased after MG132 treatment.
(4) Renal mRNA and protein expressions of Nrf2 in diabetic
rats were upregulated by MG132 compared to diabetes alone.
Accordingly, diabetes-decreased renal mRNA expression of
superoxide dismutase 1 (SOD1), catalase, and glutathione
peroxidase (GPx) was restored after MG132 intervention.
(5) Diabetes-increased renal nuclear factor κB (NF-κB)
activity was inhibited after MG132 administration. These
data suggest that inhibition of the proteasome by MG132
has a preventive effect on the development and progression
of diabetic nephropathy in rats through the upregulation of
Nrf2-dependent antioxidant genes (Figure 1).

In line with the above findings for the renal protec-
tion by MG132 activation of Nrf2, a series of synthetic
triterpenoids, CDDO, and CDDO-imidazolide as potent
inducers of Nrf2/ARE signaling has been developed and
used to prevent several diseases related to inflammatory
and oxidative damage [35–38]. Recently, a novel synthetic
triterpenoid derivative, dihydro-CDDO-trifluoroethyl amide
(dh404), has been developed to activate Nrf2 and sup-
presses oxidative stress. Dh404 interrupted the Keap1-Cul3-
Rbx1 E3 ligase complex-mediated Nrf2 ubiquitination and
subsequent degradation saturating the binding capacity
of Keap1 to Nrf2, thereby rendering more Nrf2 to be
translocated into the nuclei to activate Nrf2-driven gene
transcription [39]. We have shown that activation of cardiac
Nrf2 by Dh404 in STZ-induced diabetic mice significantly
prevented diabetes-induced cardiac oxidative damage and
insulin resistance [20]. More importantly, Bardoxolone
methyl (aka CDDO-Me or RTA 402) has been clinically
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Table 1: Nrf2 activators were treated to diabetic animals and cells.

Nrf2 activators Mechanisms Target organs Species Ways and volume References

Insulin Nuclear translocation Brain endothelial cell Human 100 nM, 30 min [23]

HMEC-1 endothelial cell Human 4 mol/L, 6–48 h [13]

Pancreatic islet
RIN cells

Mice
Rat

40 μg /kg, IP daily, 8 days
10 μM , 3 h

[24]

Sulforaphane
Disrupt the Keap1-Nrf2 complex
nuclear translocation

Kidney Mice
12.5 mg/kg,

p.o. 16 weeks
[22]

Mesangial cells Human 1.25 mmol/L

Nerve
Neuro2a cell

Rat
0.5 and 1 mg/kg, 6 weeks

5.5 mM
[25]

Oltipraz Nuclear translocation
Liver Mice

150 mg/kg, IP tertian, 5
times

[26]

Adipose/muscle Mice 0.75 g/kg p.o., 28 weeks [27]

tBHQ
Enhance expression and nuclear
accumulation

Kidney Mice 1% p.o., 4 and 12 week [28]

Renal mesangial cells Human 6.25 mmol/L [22]

MG132 Decrease degradation Kidney Rat 10 μg /kg IP, daily, 12 weeks [8]

PETN Induce HO-1 Blood vessel Rat 15 mg/kg/day, p.o. 7 weeks [29]

LAB Activate NQO1
Vascular smooth muscle cells

Vessel tissue
Rat

50 μmol/L
50 mg/kg IP. daily, 15 days

[19]

AGE-BSA Nuclear translocation Aortic endothelial cells Bovine 100 μg mL−1, 0–24 hours [30]

Resveratrol Increase expression Kidney Rat 5 mg/kg, p.o., 30 days [31]

DH404 Disrupt the Keap1-Nrf2 complex
HL-1 cells

Heart
Mice

200 nmol/L, 12 hour
10 mg/kg, IP., tertian 2 weeks

[20]

CA Increase the expression
kidney

mesangial cells
Mice

Human
25/50 mg/kg, p.o., 16 weeks

5 mmol/L
[22]

Telmisartan
Suppression of NAD(P)H
oxidase

Kidney Mice 5 mg/kg, p.o., 4 weeks [32]

Notes. RIN cells: rat pancreatic β-cell line RINm5F; HMEC-1 cells: human microvascular endothelial cells; tBHQ: tert-butylhydroquinone; PETN:
pentaerithrityl tetranitrate; LAB: magnesium lithospermate B; AGE-BSA: AGE-modified bovine albumin; CA: cinnamic aldehyde; HL-1 cells: adult murine
atrial cardiomyocyte tumor lineage p.o.: diet; IP: intraperitoneal injection.

explored and extensively discussed for its preventive and
therapeutic effects on diabetic nephropathy [40–45].

Although the studies discussed above and others listed
in Table 1 have phenomenally suggested the involvement
of Nrf2 activation in the preventing diabetic nephropathy,
it remains unclear whether upregulated Nrf2 by these
activators such as resveratrol, tBHQ, or MG132 is really or
not the mediator to prevent complications. This uncertain
conclusion was solved by a recent systemic study by Zheng
et al. The beauty of the Zhang et al. study is that they
used two activators of Nrf2: SNF and CA to treat STZ-
induce diabetic model in both Nrf2-KO and WT mice
[22]. They demonstrated that the activation of Nrf2 and
its downstream targets NQO1 and γ-GCS could improve
metabolic disorder and alleviate renal damage in STZ-
induced WT diabetic mice, but not in Nrf2-KO diabetic
mice. This study conclusively indicates the requirement of
Nrf2 for SNF- and CA-induced renal protection against
diabetes [22].

Besides the studies discussed above, several other studies
also demonstrated the preventive effects of Nrf2 activation
on diabetic complications with different Nrf2 activators,
which are summarized in Table 1. It should be noted

that not all Nrf2 activators have the same effects on the
activation of Nrf2 and its downstream target genes. For
instance, AGE-modified bovine albumin (AGE-BSA) could
induce Nrf2 nuclear translocation and enhanced mRNA and
protein expression of HO-1 and NQO1, but not glutathione
peroxidase-1. Treated with AGE-BSA (100 μg/mL for 24 h),
bovine aortic endothelial cells exhibited an adaptive endoge-
nous defense against oxidative stress in diabetes [30]. Pen-
taerithrityl tetranitrate (PETN), although did not activate
Nrf2, significantly activated the expression and function of
HO-1, which significantly improved endothelial dysfunction
in diabetes by reducing oxidative stress [29].

To further address the importance of Nrf2 downstream
protective genes in preventing diabetic complications, there
was a very important human study. It is known that NQO1,
one important Nrf2 downstream protective components, is
an important detoxifying enzyme. To address whether the
functional variants of NQO1 can reflect the development of
diabetic complications, Ramprasath et al. have analyzed the
genotypes of 539 type 2 patients and 285 controls in South
Indian population. It is found that the functional variants
of NQO1 were associated with the development of coronary
artery disease in people with type 2 diabetes [46]. There was



6 Experimental Diabetes Research

an study, in which nonobese and hypoinsulinemic C57BL/6-
Ins2(Akita) (C57BL/6-Akita) diabetic mice were treated with
telmisartan, an angiotensin II type 1 receptor blocker, for 4
weeks. Vehicle-treated C57BL/6-Akita mice exhibited higher
renal NAD(P)H oxidase (NOX) and lower renal SOD activity
with increased levels of renal superoxide than the C57BL/6-
wild-type nondiabetic mice. Interestingly, telmisartan treat-
ment not only reduced NOX activity but also enhanced SOD
activity in C57BL/6-Akita mouse kidneys, leading to a reduc-
tion of renal superoxide levels. Furthermore, telmisartan-
treated C57BL/6-Akita mice increased the renal protein
expression of SOD and Nrf2. In parallel with the reduction of
renal superoxide levels, a reduction of urinary albumin levels
and a normalization of elevated glomerular filtration rate
were observed in telmisartan-treated C57BL/6-Akita mice.
Finally, treatment of C57BL/6-Akita mice with apocynin, an
NOX inhibitor, also increased the renal protein expression
of SOD and Nrf2. Collectively, our data suggest that NOX
negatively regulates renal SOD, possibly by downregulation
of Nrf2, and that telmisartan could upregulate renal SOD
by the suppression of NOX and subsequent upregulation of
Nrf2, leading to the amelioration of renal oxidative stress and
diabetic renal changes [32].

5. Conclusions

The prevalence of diabetes dramatically increases in world-
wide and its complications significantly affect the life quality
of diabetic patients. Diabetic nephropathy and cardiomyopa-
thy are the two major causes for the mortality of diabetic
patients. However, there was no an effective approach to pre-
vent the development of these complications for the patients
with diabetes. Recently, studies have indicated that Nrf2 as
a pivotal mediator for the antioxidant defense system in
our body plays a critical role in preventing diabetes-induced
oxidative stress/damage, inflammation, and organ’s dysfunc-
tion. Although there remain many questions to be further
investigated, the potential beneficial effects of upregulation
of Nrf2 and/or its downstream protective components
has attracted the attention of basic scientists and clinical
physicians to consider its potential application in the clinic.
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Received 16 February 2012; Accepted 26 March 2012

Academic Editor: Pietro Galassetti
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Eryptosis is a term to define apoptosis of erythrocytes. Oxidative stress and hyperglycemia, both of which exist in the diabetic
intravascular environment, can trigger eryptosis of erythrocytes. In this experimental study, it is presented that the majority
of erythrocytes shows caspase-3 immunoreactivity in streptozocin- (STZ)-induced diabetic rats. Besides that, caspase-3 positive
erythrocytes are aggregated and attached to vascular endothelium. In conclusion, these results may start a debate that eryptosis
could have a role in the diabetic complications.

1. Introduction

Hyperglycemia and oxidative stress are the prominent fea-
tures of diabetes mellitus (DM) and seems to play a crucial
role in DM-related microvascular complications. In addi-
tion, complications of DM like nephropathy, retinopathy,
and macrovascular disease are associated with anemia [1, 2].

Eryptosis, a term used for apoptosis of erythrocyte, is
triggered with osmotic shock, oxidative stress, or energy
depletion [3]. Moreover, eryptosis is characterized with cell
shrinkage, membrane blebbing, membrane phospholipids
scrambling, and phosphatidylserine (PS) shifting from inner
to outer membrane of the erythrocyte [4]. It is demonstrated
that death receptor initiated pathway of apoptosis takes a
role in eryptosis involving Fas, caspase-8, and caspase-3
[5]. Caspase-3, an executioner caspase, immunoreactivity is
observed in the lysate of erythrocytes obtained from type
2 DM patients [6]. Besides that, previous reports show the
evidence that eryptosis underlies anemia and microvascular
injury both of which may be related with endothelial

adhesion and increased aggregation of erythrocytes, in DM
patients [3, 7–9].

In this study, it is presented that increased caspase-
3 activity is detected in erythrocytes in the vasculature
of cerebrum and cerebellum of STZ-induced DM rats. In
other words, eryptotic erythrocytes number is increased
in DM rats. This finding can explain the anemia and the
underlying or accompanying factors of microvascular injury,
such as erythrocyte aggregation and endothelial erythrocyte
adhesion in DM.

2. Materials and Methods

2.1. Animals. Female Wistar Albino rats are obtained from
the Laboratory Animals Facility of Dicle University. In this
study, rats are handled in accordance with the Animal
Welfare Act and the Guide for the Care and Use of Laboratory
animals prepared by the Animal Ethical Committee of Dicle
University. Rats are distributed into following groups with
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n = 7 each: non-DM group and DM group. Rats in non-DM
group received citrate buffer intraperitoneal (i.p.) injections.
Rats of DM group were injected with STZ (50 mg/kg, i.p.;
in 0.1 M citrate buffer, pH 4.5) for induction of DM. Blood
glucose level of rats in DM group is confirmed before
sacrifice and it is over 250 mg/mL. Thirty days after i.p.
administration rats are executed for the analysis.

2.2. Biochemical Analysis. The excised cerebrum for bio-
chemical analyses were weighed, immediately stored at
−80◦C. The cerebral tissues are perfused with 1.15% ice-cold
KCl (w/v) and sliced into minute pieces then homogenized
in five volumes of the same solution. The homogenate is
centrifuged at 14.000 rpm at 4◦C for 30 minutes (min). The
supernatants are used for the assay. Lipid peroxidation level,
indicator of oxidative tissue damage, in the cerebrum is
defined with malondialdehyde (MDA) amount as mentioned
by Ohkawa et al. [10].

2.3. Immunohistochemical Staining. Cerebrum and cerebel-
lum are fixated in 10% formaldehyde for 48 hours. Then,
they are dehydrated and embedded in paraffin. Paraffin
blocks are sliced in 4 μm thickness with microtome. Tissue
slices are located on positive-charged glasses and incubated
at 60◦C for 60 min to deparaffinize. Then, slides are treated
with xylene (3 × 5 min) and hydrated with alcohol. Antigen
retrieving process is done in citrate buffer (10 mM Citric
Acid, 0.05% Tween 20, pH 6.0) by boiling and cooling
down (x3) in microwave oven. After this and every other
processes slides are washed with Phosphate-Buffered Saline
twice for 5 min each. Endogenous peroxidase blocking is
done with Peroxide Block (ACA500, ScyTek, UT, USA) for
10 min at room temperature (RT). Then, slides are treated
with Super Block (AAA125, ScyTek, UT, USA) for 20 min
at RT. Then, slides are treated with rabbit anti-human
Caspase-3 polyclonal Antibody (1 : 750) (cat#. GTX73090,
Gene Tex, Inc.; CA92606, USA) cross reacting with rat
caspase-3 for 20 min at RT. Then, biotinylated SensiTek poly-
valent antibodies (ABF125, ScyTek, UT, USA) are applied
for 20 min at RT before SensiTek HRP, streptavidin-HRP
complex (ABG125, ScyTek, UT, USA) treated for 20 min at
RT. Finally, AEC Chromogen/Substrate Bulk Kit (ACJ125,
ScyTek, Utah, USA) working solution is applied for 10 min at
RT. Counterstaining is performed with Mayer hematoxylin
(cat#. 05-M06002, Bio-Optica, Milano, Italy). Slides are
evaluated under the light microscope (Nikon ECLIPSE 80i,
Japan) at ×400 magnification by a pathologist blinded to
study groups.

2.4. Statistics. Caspase-3 positive and negative erythrocytes
are counted in vascular spaces at randomly selected 8 regions
for each slide. The averages of percentage of positive cell are
calculated for each slide. Then, the means of percentages
of positive cells of the groups are compared with Student’s
t-test. The difference of the means of MDA levels is also
calculated with Student’s t-test. Data are presented as mean
± S.D.

3. Results

In this study, MDA levels, showing lipid peroxidation rep-
resenting oxidative tissue destruction, in cerebral tissues are
significantly higher in DM group than non-DM group, 451±
66 nmol/gr protein, and 263 ± 55 nmol/gr protein, respec-
tively (P < 0.0001). In addition, immunohistochemical
staining of the cerebral and cerebellar tissues demonstrates
that a few number of erythrocytes show immunoreactivity to
caspase-3 in non-DM group (Figure 1(a)), that is physiologi-
cal outcome of senescence of erythrocytes, possibly. However,
the number of capase-3 immunoreactive erythrocytes is
elevated in DM group (Figure 1(b)). In addition, majority of
the erythrocytes with caspase-3 immunoreactivity attached
each other in DM group (Figure 1(c)). Furthermore, these
aggregated erythrocytes adhered to endothelium of the
vessels (Figure 1(c)). What is more, some of the vessels
are totally occluded with caspase-3 positive erythrocytes
in these rats in DM group (Figure 1(d)). The statistical
picture of our finding is as follows: 31.33 ± 9.03% of the
erythrocytes show immunoreactivity to caspase-3 in DM
group; nonetheless, 7.43± 3.36% of the erythrocytes stained
with caspase-3 in non-DM group (Figure 2). In addition, the
mean of percentages of caspase-3 positive cells is significantly
different in DM group than other group (P < 0.0001).
These findings suggest that eryptosis, ignited with either high
serum glucose level or oxidative stress or bought of them
and defined with prominent caspase-3 immunoreactivity, is a
considerable underlying cause of the diabetic complications,
such as microangiopathy and anemia.

4. Discussion

In this study, in brief, caspase-3 immunoreactivity in
erythrocytes, aggregation, and endothelial adhesion of ery-
throcytes are shown with immunohistochemical staining of
cerebral and cerebellar tissues in the diabetic rats. In diabetic
rats, presence of caspase-3 immunoreactivity in erythrocytes
may be an indirect evidence of eryptosis accompanying
conditions like PS exposure and caspase-8 activity.

Up to date, according to our literature search, this
is the first report that demonstrates caspase-3 activity in
erythrocytes with immunohistochemical study in diabetic
rat. Beside that, there are two other reports supporting
our finding, caspase-3 activity in erythrocytes [6, 11].
First report presents that caspase-3 activity is significantly
higher in type 2 DM than healthy subjects [6]. Second
report shows that even erytrhocytes of type 2 DM patients
without chronic kidney disease are stained with annexin V,
bind PS, and show early apoptotic cells [11]. Our results
suggest that hyperglycemia, a kind of hyperosmalar state,
and oxidative stress may initiate the cascade of eryptosis.
Hyperglycemia and oxidative stress are a well-documented
trigger of eryptosis; however, how they do succeed that is
not clearly demonstrated yet [6]. One explanation of that
may be death receptor based. Previously, it was reported
that Fas, caspase-8, and caspase-3 exist in erythrocytes and
take role in eryptosis [5]. In the same study, it is also
reported that erythrocytes expresses FasL. In the line with
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Figure 1: Caspase-3 immunoreactivity of erythrocytes (immunoperoxidase). Baseline caspase-3 positivity of erythrocytes in rats of non-
DM group (a). Red arrows show caspase-3 positive erythrocytes in brown color in rats of DM group (b). Caspase-3 positive erythrocytes,
aggregated and adhered to vascular endothelium in diabetic rat (c). Caspase-3 positive erythrocytes occluding vascular spaces presented in
higher magnification endothelium in diabetic rat (d). Magnifications are 400 in (a), (b), and (c), and 1000 in (d).

this and our result, it may be thought that hyperglycemia and
oxidative stress direct erythrocytes into hemolytic pathway,
very parallel to eryptotic pathway. Then, PS is exposed on the
outer membrane of the erythrocyte during hemolysis which
results in erythrocyte-to-erythrocyte attachment. Thus, Fas-
FasL interaction starts eryptosis, which may protect micro-
circulation from occlusion and be pointed with caspase-3
positivity, in erythrocytes to escape hemolysis in the process
of erythrocyte aggregation. In short, eryptosis may work as
a mechanism saving erythrocytes from hemolysis. On the
other hand, hyperglycemia and oxidative stress may induce
eryptosis independent of hemolysis beginning with death
receptor pathway.

It is clearly seen in our study that diabetic rat erythrocytes
attached each other and endothelial surface (Figure 1(c)).
In reports, increased aggregability was observed in the red
blood cells of diabetic patients [8, 9]. In one report, it
is shown that PS decreases energy to need erythrocyte-
erythrocyte attachment [7]. In addition to these reports,
it is claimed that PS exposure is responsible for increased
erythrocyte adhesion to endothelium in central retinal vein
occlusion [12]. Here, we do not present direct evidence
of PS presence on erythrocytes; nonetheless, caspase-3

immunoreactivity may be accepted as indirect evidence of its
existence. As a result, we conclude the reason of increased
aggregability and adhesiveness may be PS presence in outer
membrane of eryptotic erythrocytes. Besides all, it is worthy
to say that caspase-3 immunoreactivity is observed in the
vascular endothelium of the cerebrum and cerebellum in
many areas (unpresented data) in DM group. In line with
this, high aggregability and adhesiveness of erythrocytes may
cause vascular occlusion which may explain the underlying
pathology in microangiopathic complications of diabetes.

Anemia in diabetics is generally overlooked and thought
to be developed due to nephropathic complication of
diabetes. In addition, low or nonfunctional erythropoietin is
accused of anemia [1, 13]. On the other hand, hyperglycemia
itself can be the reason of anemia if diabetic treatment is
not given properly or absent. As an example, we have seen
once a case: 70-year-old female who is diagnosed as having
diabetes without nephropathy after hospital admittance is
presented with severe anemia (hemoglobin = 8 g/dL) and
recovered from anemia (hemoglobin = 12.5 g/dL) with
diabetic prescription (unpublished case). We believe that our
result, high frequency of eryptotic erythrocytes in diabetics,
is a reflection of functional anemia, undetectable with
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Figure 2: Percentages of Caspase-3 immunoreactive erythrocytes
in diabetic and nondiabetic rats. Means ± SD of the percentages
of caspase-3 positive cells are compared with student’s t-test (P <
0.0001; n = 7).

routine laboratory tests, which is also mentioned elsewhere
as anemia masked by dehydration [14]. Consequently, to
diagnose anemia in diabetics, calculation of intravascular
total volume with red blood cell count may be taken into
consideration. Alternatively, caspase-3 positive erythrocyte
count may be another solution to diagnose functional
anemia in diabetics.

5. Conclusions

In short, it is presented here that the number of eryptotic ery-
throcyte in diabetic rat is higher than non-DM group. This
result may help us to understand the bases of anemia and
microangiopathy in diabetics. In conclusion, the treatment
of masked anemia in diabetes may lead to improvement of
diabetic complications in these patients.
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Fagopyrum tataricum (buckwheat) is used for the treatment of type 2 diabetes mellitus in Taiwan. This study was to evaluate
the antihyperglycemic and anti-insulin resistance effects of 75% ethanol extracts of buckwheat (EEB) in FL83B hepatocytes by
high-glucose (33 mM) induction and in C57BL/6 mice by fructose-rich diet (FRD; 60%) induction. The active compounds of
EEB (100 μg/mL; 50 mg/kg bw), quercetin (6 μg/mL; 3 mg/kg bw), and rutin (23 μg/mL; 11.5 mg/kg bw) were also employed to
treat FL83B hepatocytes and animal. Results indicated that EEB, rutin, and quercetin + rutin significantly improved 2-NBDG
uptake via promoting Akt phosphorylation and preventing PPARγ degradation caused by high-glucose induction for 48 h in
FL83B hepatocytes. We also found that EEB could elevate hepatic antioxidant enzymes activities to attenuate insulin resistance as
well as its antioxidation caused by rutin and quercetin. Finally, EEB also inhibited increases in blood glucose and insulin levels of
C57BL/6 mice induced by FRD.

1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic disease caused
by deficient insulin secretion or ineffective insulin activity,
which negatively affects carbohydrate metabolism. Medicinal
plants are used as a common alternative treatment for T2DM
in many parts of the world. Insulin resistance is associated
with inflammatory factors such as tumor necrosis factor-α
(TNF-α) and interleukin-6 (IL-6) in T2DM patients. Cellular
stress due to obesity is thought to be associated with the
disturbance of homeostasis in the endoplasmic reticulum
(ER). Hepatic regulation of glucose homeostasis is the major
factor controlling plasma glucose concentrations, and the
induction of hepatic ER stress and oxidative stress resulting
in insulin resistance has been investigated [1].

High-fructose diet upregulates hepatic expression of the
sterol regulatory element binding protein-1c (SREBP-1c), a
key transcription factor for hepatic expression of lipogenic
enzymes, but down regulates the expression of PPARα (pro-
moting fatty acid oxidation) [2, 3]. The study also
investigates the fructose-inducing effect in C57BL/6 mice and

has found that fructose would promote SREBP-1c promoter
activity resulting in hepatic lipogenesis [4]. Moreover, fruc-
tose is employed to induce insulin resistance, hepatic stea-
tosis, and the metabolic syndrome [5]. Fructose is a highly
lipogenic sugar that has profound metabolic effects in the
liver resulting in metabolic syndrome, and fructose does not
stimulate insulin secretion [6]. The rate of hepatic uptake
of fructose from portal circulation is greater than the rate of
glucose uptake, and because fructose metabolism bypasses
phosphofructokinase, fructose metabolism is not under the
regulatory control of insulin [7]. On the other hand, fructose
may activate SREBP-1c which activates genes involved in de
novo lipogenesis, and triglyceride [8].

Fagopyrum tataricum (buckwheat) is a herbaceous plant
that belongs to the Polygonaceae family. It has now been in-
troduced in many countries, because the seeds of this herb
are a healthy and nutritionally important food item. Rutin
has been found to be the major ingredient of buckwheat [9].
Tartary buckwheat (F. tataricum) contains more rutin and
quercetin than common buckwheat (F. esculentum) dose;
rutin is known to have antioxidative activity [10]. Due to



2 Experimental Diabetes Research

1
2 3

4

5

0 5 10 15 20 25 30 35 45 55 60 650504

-

Retention time (min)

(a) Standards

0 5 10 15 20 25 30 35 45 55 60 65

2
4

04

5

05
Retention time (min)

(b) Sample

Figure 1: (a) The HPLC chromatogram of standards (rutin and quercetin): (1) caffic acid, (2) rutin, (3) quercetin-3-glucoside, (4) quercetin,
and (5) kaempferol. (b) The HPLC chromatogram of sample (75% ethanol extracts of F. tataricum).

the rise in recent years to investigate the anti-diabetic activity
of antioxidants, anti-insulin resistance of rutin, quercetin,
and the 75% ethanol extracts from buckwheat (EEB) in vivo
and in vitro were investigated in this study.

2. Materials and Methods

2.1. Materials and Chemicals. 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), glucose, querce-
tin, Triton-X 100, rutin, and trypsin were purchased from
Sigma Co. (St. Louis, MO, USA). Sodium bicarbonate, fetal
bovine serum (FBS), F12-K medium, penicillin, and strepto-
mycin were purchased from HyClone Laboratories (Logan,
UT, USA). The Bio-Rad protein assay dye was from Bio-Rad
Laboratories (Hercules, CA, USA). 2-[N-(7-Nitrobenz-2-
oxa-1,3-diazol-4-yl)amino]-2-deoxy-d-glucose (2-NBDG)
was from Invitrogen (Carlsbad, CA, USA).

2.2. Preparation of Sample. The seeds of F. tataricum (buck-
wheat) were provided by Taiwan Golden Buckwheat Limited
company) and then were freeze-dried and ground. Approx-
imately 2.5 kg of the buckwheat powder was extracted by
25 L of 75% ethanol for 2 days. After extraction, the ethanol
extracts were vacuum-concentrated and freeze-dried. The
extract powder was stored at−20◦C until used. The 75% eth-
anol extracts of buckwheat was shown as EEB in this study.

2.3. Cell Culture. FL83B cells were seeded in 10 cm dishes
at a density of 5 × 105 per well and grown until 80% con-
fluence was reached. Subsequently, insulin resistance was in-
duced in these cells and glucose uptake was determined [11].
FL83B cell line is a mouse normal liver cell from the Biore-
source Collection and Research Center (BCRC) in Taiwan
(Hsinchu, Taiwan), which is cultured in the F12-K medium
supplemented with 10% heat-inactivated FBS and antibi-
otics (100 unit/mL penicillin and 100 μg/mL streptomycin).
Cells were cultured at 37◦C in a humidified atmosphere of
5% CO2.

2.4. High-Performance Liquid Chromatography (HPLC)
Assay. HPLC was performed with a Hitachi liquid chro-
matograph (Hitachi, Ltd., Tokyo, Japan) consisting of a
model L-6200 pump and a model L-4200 UV-Vis detec-
tor set at 320 nm. The analyses were carried out on a
LiChrospher RP-18 column (250 mm·4.6 mm i.d., 5 μm, E.

Merck Co., Darmstadt, Germany). Extracts were filtered
through a 0.45 μm filter before use. The mobile phase A
was 2% acetic acid, and the mobile phase B was 0.5% acetic
acid/water (1 : 1; v/v). Caffic acid, rutin, quercetin, kaemp-
ferol, and quercetin-3-glucoside were determined by ultra-
violet detector (Hitachi L-7455 diode array detector). Caffic
acid, rutin, quercetin, kaempferol, and quercetin-3-glucoside
were identified by comparison of their retention time (Rt)
values and UV spectra with those of known standards and
determined by peak areas from the chromatograms [12].
Results suggested that 228.8 mg/g of rutin and 58.6 mg/g of
quercetin were contained in EEB (Figure 1).

2.5. Cell Viability. Mouse FL83B cells (1.5 × 105 cells per
well) were seeded into 24-well plates overnight. Cells were
treated with high glucose (33 mM) and sample (quercetin/
rutin/EEB) in free-serum F12-K medium for 48 h. Subse-
quently, cells were washed with phosphate buffered saline
(PBS) twice, and the supernatants were exchanged with 1 mL
of medium and MTT (0.5 mg/mL) to react for 2 h at 37◦C.
After reaction, removing medium, and washing cells with
PBS, the MTT reacted product (formazan crystals) was dis-
solved with 0.5 mL of dimethyl sulfoxide (DMSO), and the
absorption was measured at 570 nm by an ELISA reader for
cell viability assay.

2.6. Insulin Resistance Induction and Glucose (2-NBDG) Up-
take. Glucose uptake of FL83B cells was assessed using the
fluorescent glucose analog, 2-NBDG. Briefly, cells were treat-
ed with high glucose (33 mM) and sample in serum-free
medium for 48 hours, and then the medium was replaced
with Krebs-Ringer-Bicarbonate (KRB) buffer containing
insulin (500 nM; final concentration) and 2-NBDG (160 μM;
final concentration) for 20 min for incubation at 37◦C. Free
2-NBDG was washed out from cultures after treatment and
measured 2-NBDG with a FACS flow cytometer (BD Bio-
sciences, San Jose, CA, USA) and analyzed using CellQuest
software [11].

2.7. Western Blot Analysis. FL83B cells were lysed in ice-cold
lysis buffer containing 20 mM of Tris-HCl (pH 7.4), 1% of
Triton X-100, 0.1% of SDS, 2 mM of EDTA, 10 mM of NaF,
1 mM of phenylmethylsulfonyl fluoride (PMSF), 500 μM of
sodium vanadate, and 10 μg/mL of aprotinin overnight. And
then the cell lysates were sonicated with ice cooling (four
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times each 15 s) and then centrifuged (12,000×g, 10 min) to
recover the supernatant. The supernatant was taken as the
cell extract. The protein concentration in the cell extract was
determined using a Bio-Rad protein assay kit. The samples
were subjected to 10% sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE). The protein spots were
electrotransferred to a polyvinylidene difluoride (PVDF)
membrane. The membrane was incubated with block buffer
(PBS containing 0.05% of Tween-20 and 5% w/v nonfat dry
milk) for 1 h, washed with PBS containing 0.05% Tween-20
(PBST) three times, and then probed with anti-Akt antibody,
anti-PTP1B, anti-GS, anti-p-PKC, anti-PKC, anti-AMPK,
anti-p-Akt, anti-GLUT2, and anti-PPAR-γ antibodies (Cell
Signaling Technology, Beverly, MA, USA) overnight at 4◦C.
In addition, the intensity of the blots probed with 1 : 1000
diluted solution of mouse monoclonal antibody to bind
GAPDH (Cell Signaling Technology) was used as the control
to ensure that a constant amount of protein was loaded into
each lane of the gel. The membrane was washed three times
each for 5 min in PBST, shaken in a solution of HRP-linked
anti-rabbit IgG secondary antibody, and washed three more
times each for 5 min in PBST. The expressions of proteins
were detected by enhanced chemiluminescent (ECL) reagent
(Millipore, Billerica, MA, USA).

2.8. Animals Study. C57BL6 mice (4 weeks old) were ob-
tained from BioLASCO, Taiwan Co., Ltd. in this study. Ani-
mals were provided with food and water ad libitum. Animals
were subjected to 12 h light/dark cycle with a maintained rel-
ative humidity of 60% and a temperature at 25◦C. The exper-
iments were carried out in a qualified animal breeding room
in the animal center at our institute. Hyperglycemia and
hyperinsulinemia in mice were induced by fructose-rich diet
(FRD; 60%) for 8 weeks of induction [13]. The animals were
randomly divided into 6 groups (n = 12), including (a) con-
trol, (b) fructose-rich diet (FRD), (c) FRD + quercetin (3 mg/
kg bw), (d) FRD + rutin (11.5 mg/kg bw), (e) FRD + EEB
(50 mg/kg bw), and (f) FRD + rutin + quercetin. The doses
of rutin and quercetin were equivalent to those administered
to the EEB administration group.

2.9. Oral Glucose Tolerance Test (OGTT). The OGTT was
performed at week 4 and week 8. The experiment was per-
formed on animals after fasting for 12 h (free access to water).
Animals were given glucose (2 g/kg of body weight) with
an oral administration. Blood samples were collected from
the tail vein at times 0, 30, 60, 90, and 120 min after glu-
cose administration. Homeostasis model assessment of in-
sulin resistance (HOMA-IR) was calculated according to the
formula HOMA-IR = fasting insulin × fasting blood glu-
cose/22.5 [14, 15].

2.10. Assays for Blood Glucose. Blood glucose was immedi-
ately determined by the glucose oxidase method, using an
analyzer [16].

2.11. Assay for Antioxidase Activity. Glutathione peroxidase
(GPx) activity was determined as previously described
[17]. Glutathione reductase (GR) activity determination was

according to Bellomo et al. (1987) [18]. The catalase (CAT)
activity was determined by the method of Aebi (1984) [19].
SOD activity was determined by the method of S. Marklund
and G. Marklund (1974) [20].

2.12. Assay for Hepatic and Pancreatic Reactive Oxygen Species
(ROS). The ROS levels were assayed with nitroblue tetra-
zolium (NBT), which is reduced to form blue-black forma-
zan. In this assay, 100 μL of homogenates reacted with 10 mg/
mL of NBT and measured by the absorbance at 570 nm [21].

2.13. Assay for Insulin Level. Insulin was determined by the
insulin kit derived from Mercodia AB (Uppsala, Sweden).

2.14. Histopathologic Studies. Liver tissues were trimmed
(2 mm thickness) and fixed (buffer formaldehyde). The fixed
tissues were processed including those embedded in paraffin,
sectioned, and rehydrated. The histological examination by
the previous conventional methods evaluated the index of
ethanol-induced necrosis by assessing the morphological
changes in the liver sections stained with hematoxylin and
eosin (H and E) [22].

2.15. Statistical Analysis. Experimental results were averaged
triplicate analysis. The data were recorded as mean ± stand-
ard deviation (SD) and analysis by statistical analysis system
(SAS Inc., Cary, NC, USA). One-way analysis of variance was
performed by ANOVA procedures. Significant differences
between means were determined by Duncan’s multiple range
tests. Results were considered statistically significant at P <
0.05.

3. Results and Discussion

3.1. Effects of EEB, Rutin, and Quercetin on High-Glucose-
Induced Insulin Resistance in the FL83B Hepatocytes for 48 h.
Caffic acid, rutin, quercetin, kaempferol, and quercetin-3-
glucoside of EEB were identified by HPLC. Results sug-
gested that 228.8 mg/g of rutin and 58.6 mg/g of quercetin
were contained in EEB (Figure 1). We performed a 2-
NBDG uptake test involving FL83B cells with high-glucose
(33 mM)-induced insulin resistance to evaluate the effects of
EEB (100 μg/mL), rutin (23 μg/mL; 37 μM), and quercetin
(6 μg/mL; 20 μM) on improving insulin sensitivity. The re-
sults showed that EEB, quercetin, and rutin significantly in-
creased glucose uptake in these cells (Figure 2(a)). Further-
more, the treating concentrations of EEB, rutin, and querce-
tin without cytotoxic effects were found in FL83B hepato-
cytes (data not shown).

Akt is a Ser/Thr protein kinase that plays a key role
in the translocation of glucose transporter (GLUT) to
the plasma membrane via a signal transduction cascade
involving insulin treatment [23]. We determined whether
activated Akt was involved in the anti-insulin resistance effect
of EEB, rutin, quercetin, and rutin + quercetin on glucose
uptake. The treatment of high glucose significantly inhibited
Akt phosphorylation in FL83B hepatocytes (Figure 2(b)).
These results showed that exposure to high concentrations of
glucose induces an insulin resistance-like condition includ-
ing inhibition of the Akt pathway and EEB, rutin, quercetin,
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Figure 2: Effects of EEB on 2-NBDG uptake (a), Akt phosphorylation (b), and GLUT2 expression (c) of FL83B hepatocytes induced by high
glucose. FL83B cells were incubated in serum-free F12K medium with glucose (33 mM; final concentration) with or without EEB, quercetin,
rutin, and quercetin + rutin for 48 h. EEB: 75% ethanol extracts of buckwheat. #Significantly different (P < 0.05) from normal; ∗significantly
different (P < 0.05) from high-glucose treating group.

and rutin + quercetin could overcome the insulin resistance
by activating the Akt pathways, thus resulting in increased
glucose uptake.

GLUT2 is the major glucose transporter expressed in
hepatocytes, insulin-secreting pancreatic β-cells and absorp-
tive epithelial cells of the intestinal mucosa and kidney.
GLUT2 is thought to act as a glucose-sensing apparatus that
plays a role in blood glucose homeostasis, by responding
to changes in blood glucose concentration and altering
the rate of glucose uptake by hepatocytes. High-glucose
levels decreased GLUT2 protein expression in FL83B cells,
but EEB, rutin, quercetin, and rutin + quercetin markedly
increased GLUT2 protein expression (Figure 2(c)). Results
showed that EEB, rutin, and quercetin promoted Akt
phosphorylation, in turn promoting GLUT2 translocation
into plasma membrane of FL83B cells thereby increasing
glucose uptake and alleviating insulin resistance induced by
high-glucose. Although rutin + quercetin treatment did not
show the synthetic effect on 2-NBDG uptake, Akt phospho-
rylation, and GLUT2 expression in high-glucose-induced

FL83B hepatocytes compared to quercetin- or rutin-treated
groups.

3.2. Effects of EEB, Rutin, and Quercetin on AMP-Dependent
Protein Kinase (AMPK), Protein Tyrosine Phosphatase 1B
(PTP1B), and Glycogen Synthase (GS) Expressions in FL83B
Hepatocytes. AMPK is a conserved intracellular energy sen-
sor that plays a central role in the regulation of glucose and
lipid metabolism, and AMPK has multiple biological effects,
including the regulation of intracellular glucose transport
[24]. Recent investigations suggest that AMPK could poten-
tially be beneficial as a therapeutic target in the treatment of
diabetes and obesity [25]. However, AMPK expression would
be inhibited by oxidative stress and ER stress in inflammatory
factors or high-glucose induction downregulating AMPK
expression and phosphorylation [1, 5, 6, 8]. On the other
hand, hepatic specific PTP1B plays a pivotal role in glucose
and lipid metabolism. Inhibition of PTP1B in the peripheral
tissues may be beneficial with respect to the treatment of
diabetes as well as the treatment of metabolic syndrome and
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Figure 3: Effects of EEB on AMPK (a), PTP1B (b), and GS expressions (c) of FL83B hepatocytes induced by high glucose. FL83B cells were
incubated in serum-free F12K medium with glucose (33 mM; final concentration) with or without EEB, quercetin, rutin, and quercetin +
rutin for 48 h. EEB: 75% ethanol extracts of buckwheat. #Significantly different (P < 0.05) from normal; ∗significantly different (P < 0.05)
from high-glucose-treated group.

reduction of cardiovascular risk. Study has demonstrated
that PTP1B expression involved in ER stress in high-glu-
cose induction [1, 24]. In addition, the natural product,
monascin, identified from Monascus-fermented products has
been demonstrated to show the inhibitory activity for PTP1B
expression in insulin-resistance-induced C2C12 cells [26].

We evaluated the effects of EEB, rutin, and quercetin
on AMPK and PTP1B expression of FL83B hepatocytes in-
duced by high-glucose treatment for 48 h. Results indicated
that EEB, rutin, and quercetin significantly prevented a de-
crease in AMPK (Figure 3(a)), and the inhibition of PTP1B
was found in EEB, rutin, and quercetin treatments in high-
glucose-induced FL83B hepatocytes (Figure 3(b)). These re-
sults showed that EEB, rutin, and quercetin could signifi-
cantly regulate AMPK and PTP1B activity in FL83B hepa-
tocytes thereby attenuating insulin resistance and promoting
2-NBDG uptake.

Moreover, we investigated the GS expression of FL83B
hepatocytes induced by high-glucose treatment for 48 h.
Results indicated that EEB, rutin, and rutin + quercetin

could promote GS expression compared to the high-glucose-
induced group; however, this effect was not found in the
quercetin-treated group (Figure 3(c)).

3.3. Antioxidative Stress and Anti-PPARγ Phosphorylation
by EEB, Rutin, and Quercetin in FL83B Hepatocytes. High-
glucose levels have been shown to induce the activities of
inflammatory cytokines, chemokines, p38 mitogen-activated
protein kinase, reactive oxygen species (ROS), protein kinase
C (PKC), and nuclear factor-κB (NF-κB) activity in clinical
and experimental systems [27–29]. We evaluated the inhi-
bitory effect of EEB on ROS production in this study.
High-glucose levels significantly increased ROS production,
whereas EEB, rutin, quercetin, and rutin + quercetin treat-
ments could decrease ROS production in high-glucose-
induced FL83B hepatocytes (Figure 4). Activation of p-PKC
directly contributes to the oxidative stress and membrane-
associated NADPH oxidases, which further leads to exces-
sive ROS production. Results suggested that EEB, rutin,
quercetin, and rutin + quercetin markedly inhibited PKC
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Figure 4: Effects of EEB on ROS level in FL83B hepatocytes induced by high glucose. FL83B cells were incubated in serum-free F12K medium
with glucose (33 mM; final concentration) with or without EEB, quercetin, rutin, and quercetin + rutin for 48 h. EEB: 75% ethanol extracts
of buckwheat. #Significantly different (P < 0.05) from normal; ∗significantly different (P < 0.05) from high-glucose-treated group.
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Figure 5: Effects of EEB on PKC phosphorylation (a) and PPARγ expressions (b) of FL83B hepatocytes induced by high glucose. FL83B cells
were incubated in serum-free F12K medium with glucose (33 mM; final concentration) with or without EEB, quercetin, rutin, and quercetin
+ rutin for 48 h. EEB: 75% ethanol extracts of buckwheat. #Significantly different (P < 0.05) from normal; ∗significantly different (P < 0.05)
from high-glucose-treated group.

phosphorylation caused by high-glucose induction for 48 h
(Figure 5(a)).

Peroxisome proliferator-activated receptors (PPARs) reg-
ulate cellular development and differentiation and govern
cellular bioenergetics by modulating fat and glucose metabo-
lism and inflammatory responses [30]. There are three PPAR
subtypes, including PPAR-α, PPAR-γ, and PPAR-δ. All three
subtypes can modulate DNA transcription by binding to
specific peroxisome-proliferator-response elements (PPREs)
on target genes. Moreover, PPAR-γ plays an important role
in the development of insulin resistance. PPARγ plays a key
role in adipogenesis, survival of mature adipocytes, fatty
acid uptake, lipid storage, and systemic energy homeostasis.
The metabolic regulation of PPAR-γ for glucose homeostasis
is investigated in the study [31]. High-glucose induction
attenuating insulin sensitivity has been found via activat-
ing PKC [26]. PKC inhibits PPAR-γ function via direct

phosphorylation at serine residues, affecting DNA-binding
activity and increasing PPAR-γ degradation by the ubiquitin-
proteasome-dependent pathway [26, 31].

Therefore, we postulated that the EEB, rutin, quercetin,
and rutin + quercetin could prevent a decrease in PPAR-γ of
high-glucose-induced FL83B hepatocytes; this result may at-
tribute to EEB, rutin, quercetin, and rutin + quercetin signi-
ficantly inhibiting p-PKC activation thereby attenuating
PPARγ phosphorylation and degradation (Figure 5(b)).

3.4. The Regulation of EEB, Rutin, Quercetin, and Rutin +
Quercetin on Blood Glucose In Vivo . Fructose is employed to
induce insulin resistance, hepatic steatosis, and the metabolic
syndrome [32]. Fructose is a highly lipogenic sugar that has
profound metabolic effects in the liver resulting in metabolic
syndrome, and fructose does not stimulate insulin secretion
[6]. The rate of hepatic uptake of fructose from portal
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Figure 6: The regulatory effect of EEB, quercetin, rutin, and quercetin + rutin on OGTT in C57BL/6 mice induced by fructose-rich diet
(FRD; 60%) for 8 weeks. The animals were randomly divided into 6 groups (n = 12), including (a) control, (b) fructose-rich diet (FRD), (c)
FRD + quercetin (3 mg/kg bw), (d) FRD + rutin (11.5 mg/kg bw), (e) FRD + EEB (50 mg/kg bw), and (f) FRD + rutin + quercetin. The doses
of rutin and quercetin were equivalent to those administered to the EEB administration group. EEB: 75% ethanol extracts of buckwheat.
Data are presented as the mean ± SEM. #Significantly different (P < 0.05) from control group.

Table 1: Effects of EEB on HOMA-IR by levels of blood glucose and insulin in FRD-induced rats.

Groups
Week 8

Glucose (mmol/L) Insulin (mIU/L) HOMA-IR

Normal 6.4± 0.4 10.3± 0.4 2.9± 0.4

HFD 7.8± 0.0# 18.1± 0.5# 6.3± 0.7#

HFD + quercetin 7.5± 0.1# 17.1± 0.7# 5.7± 0.2#

HFD + rutin 7.2± 0.1#∗ 15.3± 0.4#∗ 4.9± 0.4#∗

HFD + EEB 6.9± 0.4#∗ 11.2± 0.3∗ 3.4± 0.8#∗

HFD + quercetin + rutin 7.0± 0.3#∗ 13.6± 0.2∗ 4.2±0.1#∗

Hyperglycemia and hyperinsulinemia in mice were induced by fructose-rich diet (FRD; 60%) for 8 weeks. The animals were randomly divided into 6
groups (n = 12), including (a) control, (b) fructose-rich diet (FRD), (c) FRD + quercetin (3 mg/kg bw), (d) FRD + rutin (11.5 mg/kg bw), (e) FRD + EEB
(50 mg/kg bw), and (f) FRD + rutin + quercetin. The doses of rutin and quercetin were equivalent to those administered to the EEB administration group.
Data are presented as the mean ± SEM. #Significant difference from the control group (P < 0.05). ∗Significant difference form the FRD group (P < 0.05).
The statistics were shown by the t-test.

circulation is greater than the rate of glucose uptake, and
because fructose metabolism bypasses phosphofructokinase,
fructose metabolism is not under the regulatory control of
insulin [7].

The levels of blood glucose and insulin in the FRD-
induced group were significantly increased compared with
the normal group, suggesting that the FRD markedly induced
hyperinsulinemia and hyperglycemia, and the elevations of
blood glucose and insulin both were inhibited by EEB and
rutin/quercetin + rutin treatments; moreover, the HOMA-
IR value by FRD induction was significantly reduced by EEB
and rutin/quercetin + rutin treatments (Table 1). On the
other hand, the improvement of EEB and rutin/quercetin
+ rutin administrations for regulating blood glucose in
OGTT test was significantly observed compared to the con-
trol group and FRD-induced group, suggesting that the hy-
poglycemic activity of rutin + quercetin and EEB are both

greater than rutin or quercetin administration from 30 min
to 120 min (Figure 6). However, these effects were not found
in quercetin administration group, indicating that EEB and
which active compound (rutin) both improved insulin sen-
sitivity in C57BL/6 mice induced by FRD.

3.5. The Improvements of EEB, Rutin, Quercetin, and Rutin +
Quercetin on Fatty Acid/Cholesterol Generation and Accumu-
lation. Plasma and hepatic fatty acid/cholesterol are com-
monly associated with impaired insulin-mediated glucose
uptake in related tissues and coexist with type 2 diabetes
and obesity [33]. As shown in Table 2, EEB and rutin/quer-
cetin + rutin could improve plasma and hepatic TC,
TG, HDL-C, and LDL-C levels compared to the FRD-
induced group, thereby showing antihyperglycemic and anti-
hyperinsulinemic activities. In addition, FRD induction
for 8 weeks significantly increased fatty degeneration and
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Table 2: Effect of EEB on hepatic and serum TC, TG, HDL, and LDL levels in FRD-induced rats at week 8.

Groups
Hepatic TG Hepatic TC Hepatic HDL-C Hepatic LDL-C

Concentration (mg/g)

Normal 298.2± 3.6 26.6± 1.6 17.9± 0.2 373.4± 1.2

FRD 385.2± 7.1# 39.5± 1.3# 17.7± 0.8 457.2± 3.9#

FRD + quercetin 359.8± 4.2#∗ 38.9± 2.6# 16.0± 0.3 429.7± 4.6#

FRD + rutin 322.2± 7.4#∗ 29.6± 1.9#∗ 17.1± 0.4 393.1± 3.4#∗

FRD + EEB 310.0± 6.2∗ 24.7± 1.4∗ 15.7± 0.4∗ 378.5± 2.0∗

FRD + quercetin + rutin 317.9± 7.3∗ 27.9± 1.1∗ 16.7± 0.1 359.8± 10.1∗

Groups
Plasma TG Plasma TC Plasma HDL-C Plasma LDL-C

Concentration (mg/dL)

Normal 124.6±1.7 69.0± 1.1 71.8± 2.5 126.5± 1.5

FRD 238.0± 1.1∗ 94.3± 3.1# 52.6± 1.6# 239.5± 4.7#

FRD + quercetin 193.5± 6.6#∗ 89.0± 5.3# 54.1± 3.7# 235.5± 5.6#

FRD + rutin 172.0± 3.3#∗ 82.7± 2.8#∗ 52.5± 5.3# 211.4± 1.6#∗

FRD + EEB 148.5± 8.7#∗ 76.6± 2.4#∗ 62.8± 2.2#∗ 187.5± 3.9#∗

FRD + quercetin + rutin 138.2± 6.4∗ 80.5± 2.4#∗ 59.4± 1.5#∗ 193.2± 1.8#∗

Hyperglycemia and hyperinsulinmia in mice were induced by fructose-rich diet (FRD; 60%) for 8 weeks. The animals were randomly divided into 6
groups (n = 12), including (a) control, (b) fructose-rich diet (FRD), (c) FRD + quercetin (3 mg/kg bw), (d) FRD + rutin (11.5 mg/kg bw), (e) FRD + EEB
(50 mg/kg bw), and (f) FRD + rutin + quercetin. The doses of rutin and quercetin were equivalent to those administered to the EEB administration group.
Data are presented as the mean ± SEM. #Significant difference from the control group (P < 0.05). ∗Significant difference form the FRD group (P < 0.05).
The statistics were shown by the t-test.

Table 3: Effects of EEB on hepatic antioxidase activity in FRD-induced rats at week 8.

Groups

Hepatic antioxidant enzyme activity

CAT GR GPx SOD

nmol H2O2/min/mg
protein

nmol NADPH/min/mg protein U/mg protein

Normal 126.3± 1.6 5963± 11 5438± 32 65.8± 0.7

FRD 90.4± 3.0# 4543± 56# 4019± 57# 50.3± 0.6#

FRD + quercetin 120.8± 1.8∗ 4326± 52# 4089± 34# 58.5± 1.9#∗

FRD + rutin 117.9± 2.9∗ 5107± 60#∗ 4101± 55# 65.0± 2.6∗

FRD + EEB 127.1± 3.7∗ 6211± 58∗ 4739± 38#∗ 67.1± 1.4∗

FRD + quercetin + rutin 121.0± 2.0∗ 5842± 32∗ 4997± 22#∗ 62.2± 1.7∗

Hyperglycemia and hyperinsulinemia in mice were induced by fructose-rich diet (FRD; 60%) for 8 weeks. The animals were randomly divided into 6
groups (n = 12), including (a) control, (b) fructose-rich diet (FRD), (c) FRD + quercetin (3 mg/kg bw), (d) FRD + rutin (11.5 mg/kg bw), (e) FRD + EEB
(50 mg/kg bw), and (f) FRD + rutin + quercetin. The doses of rutin and quercetin were equivalent to those administered to the EEB administration group.
Data are presented as the mean ± SEM. #Significant difference from the control group (P < 0.05). ∗Significant difference form the FRD group (P < 0.05).
The statistics were shown by the t-test.

accumulation provided histopathological evidence of liver
tissue; however, these histopathologic injuries were improved
by EEB, rutin/quercetin + rutin administration (Figure 7).

3.6. Effects of EEB on Hepatic Antioxidant Enzymes Activity.
Several lines of evidence have established that excessive oxi-
dative stress caused by reactive oxygen species (ROS) and
reactive nitrogen species (RNS) can promote disease pro-
gression through oxidation of biomolecules such as DNA,

lipids, and proteins [34, 35]. Oxidative stress contributes
to diabetes and other human diseases [36]. Elevated levels
of free fatty acid have been inhibiting insulin secretion
by mitochondrial oxidation in the establishment of insulin
resistance in diabetes mellitus [37]. An association between
oxidative stress and insulin resistance has been reported in
diabetes [38]. The results described above indicated that
FRD induction resulted in lipid accumulation in the liver,
resulting in insulin resistance. Therefore, the preventive
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Figure 7: The effects of EEB, quercetin, rutin, and quercetin + rutin on fatty acid accumulation in liver of C57BL/6 mice induced by fructose-
rich diet (FRD; 60%) for 8 weeks. The animals were randomly divided into 6 groups (n = 12), including (a) control, (b) fructose-rich diet
(FRD), (c) FRD + quercetin (3 mg/kg bw), (d) FRD + rutin (11.5 mg/kg bw), (e) FRD + EEB (50 mg/kg bw), and (f) FRD + rutin + quercetin.
EEB: 75% ethanol extracts of buckwheat. The doses of rutin and quercetin were equivalent to those administered to the EEB administration
group.

effects of EEB and rutin/quercetin + rutin on oxidative stress
in the liver of FRD-induced mice were evaluated in this
study. The results suggested that EEB and rutin/quercetin +
rutin administration significantly increased CAT, GR, GPx,
and SOD activities in liver of FRD-induced C57BL/6 mice
(Table 3).

4. Conclusion

In conclusion, we evaluated the effects of EEB, rutin, and
quercetin on the insulin resistance pathway in FL83B hepato-
cytes with high-glucose-level-induced insulin resistance. We
found that EEB, rutin, and quercetin may alleviate insulin
resistance by improving insulin signaling via p-PKC activity
inhibition and glucose uptake enhancement in insulin-re-
sistant cells. In addition, we proposed that alleviation of in-
sulin resistance was involved in the antioxidative effect of
these phenolic acids in C57BL/6 mice induced by FRD (60%)
for 8 weeks. We found that EEB and rutin/quercetin + rutin
could improve hyperglycemia and hyperinsulinemia but
quercetin administration did not show these activities, sug-
gesting that rutin was major active compound of EEB. Taken
together, the present study showed that EEB, rutin, and
quercetin exerted antihyperglycemic and antioxidant activi-
ties because of their multiple effects, including antioxidative
capacity and promotion of antioxidation enzymes, for

protecting oxidative stress-induced insulin resistance in
FL83B hepatocytes.
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Objective. Oxidative stress is considered to be the main factor in the development of diabetic complications and tissue injury.
our objective was to investigate and compare the oxidant/antioxidant conditions and detoxification mechanisms of the liver, lung,
kidney, cardiac tissues, and mitochondria of rats with diabetes induced by streptozocin (STZ). Methods. Rats with diabetes induced
by streptozocin were anesthetized by administering 90 mg/kg ketamine hydrochloride and 3 mg/kg xylazine hydrochloride.
Thoracic cavities were incised open; liver, lung, kidney, and cardiac tissues were removed and stored at −70◦C. All samples were
homogenized and mitochondrial fractions were separated. Total Antioxidant Status (TAS), Total Oxidant Status (TOS), Oxidative
Stress Index (OSI), Paraoxonase (PON), Arylesterase, Catalase (Cat), Malondialdehyde (MDA), and Glutathion-S-transferase were
measured in each fraction. Results. MDA and TOS levels were significantly increased in liver tissues, and TOS and OSI were
increased in the mitochondrial fractions of diabetic rats. These increases were not statistically significant compared to the control
group. No significant differences were determined in the antioxidant and GST activities. Conclusion. According to our results,
oxidative stress has not developed in rats with diabetes induced by streptozocin. The detoxification system was induced; however,
this induction did not differ significantly from the controls.

1. Introduction

Diabetes is a rapidly spreading disease due to current adverse
living conditions and unbalanced nutrition habits. The in-
cidence and prevalence of type II diabetes are increasing
particularly in industrializing and developing nations, and
this increase is estimated to exceed 200 million as of the
end of 2011 [1]. Chronic complications of diabetes affect
several organ and systems creating the primary causes of
morbidity and mortality. Overall, chronic complications are
grouped into two categories as vascular and nonvascular
complications [2–4].

Diabetes is a metabolic disease; however, it has long been
known that its complications are associated with oxidative
stress [5]. Chronic hyperglycemia leads to increased oxidative
stress particularly in tissues where complications of diabetes
develop [6]. The mechanisms that increase oxidative stress

in diabetes include nonenzymatic glycation, autooxidative
glycation, metabolic stress secondary to the changes in en-
ergy metabolism, activity of the sorbitol pathway, levels of
inflammatory mediators, and tissue injury resulting from the
changes in antioxidant defense system [7–13].

In this study, our objective was to investigate and com-
pare the antioxidant-oxidant systems (TAS,TOS, OSI, PON,
Arylesterase, Catalase, and MDA) and levels of GST enzyme
that plays an important role in detoxification mechanisms
in heart, liver, lung, and kidney tissues and mitochondrial
fractions in rats with hyperglycemia (not chronic) developed
with STZ, a diabetogenic chemical agent.

2. Material and Methods

2.1. Development of Experimental Diabetes. Twelve female
and male Wistar albino rats of 250–300 grams in weight,
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reproduced in the Experimental Animals Laboratory of
Cumhuriyet University, Medical Faculty were used in this
study. Rats were separated into two groups as control and
study groups and were provided with free access to food
and water. An approval document dated November 1st; 2007
and numbered B.30.2.CUM.0.01.00.00-50/214 was obtained
from the Cumhuriyet University, Experimental Animals
Ethics Committee.

Blood glucose levels of rats were measured following
and overnight fasting (Lever Check TD-4222). Rats with
blood glucose levels 80–110 mg/dL were considered normal.
A single dose of intraperitoneal 60 mg/kg streptozocin (STZ;
Sigma Chemical Co., St. Louis Missouri, USA) resolved in
0.1 M citrate buffer of 4.5 pH was used to develop diabetes in
the experimental group of animals without sex distinction.
Blood glucose levels were measured in the intravenous blood
samples obtained from the tails of rats at 48 hours of strep-
tozocin injection. Rats with blood glucose levels of 250 mg/
dL were considered diabetic.

2.2. Surgical Procedure. All rats were anesthetized at week
two with an intramuscular injection of 90 mg/kg ketamine
hydrochloride, 3 mg/kg of xylazine hydrochloride into left
fore leg muscle. Thoracic cavities were incised open; liver,
lung, kidney, and heart tissues were removed and stored at
−70◦C.

2.3. Mitochondria Extract. All defrosted tissues were homog-
enized in ice shower containing 4 mL of 0.2 M phosphate
buffer at pH 7.4. Homogenates were centrifuged at 3000 g for
15 minutes at 4◦C to remove tissue remnants. Activities were
determined in the supernatant.

Mitochondria were extracted according to the method
defined by Max et al. [14] and modified by Mousa [15]. Sam-
ples of 1 gram was obtained from each tissue and homog-
enized in 5 mL of 0.25 M sucrose solution. Homogenates
were centrifuged at 800 g for 15 minutes at 4◦C, supernatant
was later recentrifuged at 20 000 g for 10 minutes. Following
the removal of the supernatant, the mildly swollen layer on
top of the mitochondrial pellet was removed with the gentle
addition of sucrose solution. Pellet was later prepared for
analyses by suspension with 1.2 mL of 0.02 M phosphate
buffer at pH 7.4.

2.4. Activity Analyses. MDA were measured spectrophoto-
metrically according to the thiobarbituric acid (TBA) meth-
od [16]. TAS, TOS, PON, and arylesterase activities were
measured using the commercial kit (Rel Assay Diagnostic)
Syncron LX autoanalyzer. OSI was calculated according to
the following formula: OSI: TOS/TASX100.

Catalase activity was determined by measuring the
amount of H2O2 decreased at 240 nm wavelength according
to the method defined by Beers and Sizer [17]. GST activities
were calculated spectrophotometrically at 340 nm according
to the method defined by Habig et al. [18].

2.5. Statistical Analysis. Statistical analysis was performed
using the Kruskal Wallis analysis (SPSS, 14.0). Paired com-
parisons were performed with Mann-Whitney U test, when

a P value of ≤0.05 was obtained. A P value of ≤0.05 was
considered significant.

3. Results

In the comparison of parameters measured in control group
by tissue types as shown in Table 1 (lung, liver, kidney, and
heart), no significant differences were determined in terms of
MDA and PON. Paired comparisons with Mann-Whitney U
test demonstrated that level of MDA was significantly higher
in heart tissue compared to the lung and kidney tissues (P <
0.05), and PON activity was significantly higher in the kidney
tissue compared to the liver and lung tissues (P < 0.05).
Kruskal Wallis analysis was used to determine significant
differences between the groups, and no significant differences
were determined in the paired comparison of other tissue
types (P > 0.05).

No significant differences were determined in terms of
MDA and TOS between the groups in the evaluation of
parameters measured in diabetic group by tissue types.
Paired comparisons with Mann-Whitney U test demon-
strated that MDA level of liver tissue was significantly higher
compared to that of the heart tissue (P < 0.05). TOS level
of liver tissue was significantly higher compared to that of
the heart and lung tissues (P < 0.05). Renal TOS level was
also significantly higher compared to the lung and heart
(P < 0.05). Kruskal Wallis analysis was used to determine
significant differences between the groups, and no significant
differences were determined in the paired comparison of
other tissue types (P > 0.05) (Table 1).

A significant difference was determined in terms of TOS,
OSI (%), GST, and Catalase between the groups in the
evaluation of parameters measured in mitochondrial tissue
fractions by tissue types in the diabetic group, as shown in
Table 2. In the paired comparison of these groups with the
Mann-Whitney U test, TOS and OSI levels were significantly
higher in the mitochondrial fraction of liver tissue compared
to the heart tissue and kidney tissue, respectively (P < 0.05).
Catalase-specific activity in the mitochondrial fraction of
liver tissue was significantly higher compared to that of the
mitochondrial fraction of lung tissue. GST-specific-activity
was appointed to be significantly higher in the mitochondrial
fraction liver tissue compared to mitochondrial fractions of
all tissue types. Kruskal Wallis analysis was used to determine
significant differences between the groups, and no significant
differences were determined in the paired comparison of
other tissue types (P > 0.05).

Significant difference was determined in terms of MDA,
OSI (%) and Catalase between the groups in the evaluation
of parameters measured in mitochondrial tissue fractions
of control group by different tissue types (Table 2). Paired
comparisons with Mann-Whitney U test in these groups
demonstrated that OSI (%) level was significantly higher in
mitochondrial fraction of liver tissue compared to kidney
and heart tissues (P < 0.05). Catalase-specific activity in
mitochondrial fraction of kidney tissue was significantly
higher compared to that of lung tissue. MDA level was
determined to be significantly higher in the mitochondrial
fraction of liver tissue compared to mitochondrial fractions
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Table 1: Evaluation of parameters measured in both group by tissue types.

Measurement Lung X ± S Liver X ± S Kidney X ± S Heart X ± S

MDA (nmol/mL)

Control 3,81 ± 1,1§ 3,22 ± 0,7 5,22 ± 0,8ξ 1,29 ± 0,4ξ

Diabetic 3,22 ± 3,1 9,01 ± 7,8∗ 3,30 ± 1,5 0,50 ± 0,4∗

TAS (mmol trolox Equiv/L)

Control 0,423 ± 0,54 0,406 ± 0,21 0,376 ± 0,10 0,143 ± 0,03

Diabetic 0,19 ± 0,06 0,53 ± 0,28 0,45 ± 0,28 0,18 ± 0,04

TOS (μmol H2O2 Equiv/L)

Control 7,75 ± 10,4 4,46 ± 1,2 6,40 ± 2,4 2,53 ± 0,9

Diabetic 2,22 ± 0,03# 6,29 ± 1,05# 4,59 ± 0,78# 1,49 ± 0,6#

OSİ (%)

Control 16,83 ± 2,35 13,12 ± 6,70 16,97 ± 4,12 17,35 ± 3,42

Diabetic 12,05 ± 3,4 15,82 ± 11,4 12,49 ± 6,99 8,07 ± 1,44

PON (U/L)

Control 4,33 ± 3,2∗ 4,33 ± 1,5∗ 9,33 ± 0,5∗ 7,66 ± 1,5

Diabetic 6,00 ± 3,0 6,00 ± 4,3 8,00 ± 1,0 7,33 ± 1,5

Arylesterase (U/L)

Control 4365,0 ± 410,7 4347,6 ± 738,5 4093,3 ± 359,1 4068,3 ± 380,6

Diabetic 4785,0 ± 111,8 4088,3 ± 541,0 4350,0 ± 172,4 4249,0 ± 483,0

GST (U/mgPrt)

Control 0,0032 ± 0,002 0,0547 ± 0,040 0,0073 ± 0,004 0,0062 ± 0,003

Diabetic 0,0011 ± 0,001 0,0238 ± 0,020 0,0020 ± 0,003 0,0173 ± 0,029

Catalase (U/mgPrt)

Control 0,545 ± 0,07 0,1176 ± 0,04 0,0371 ± 0,02 0,0188 ± 0,01

Diabetic 0,012 ± 0,003 0,0665 ± 0,029 0,0381 ± 0,036 0,0488 ± 0,04
∗
P = 0.05, §P = 0, 03, #P = 0.01.

of all other tissue types. Additionally, MDA level of mito-
chondrial fraction of lung tissue was also significantly higher
compared to the MDA levels in the mitochondrial fraction of
kidney and heart tissues (P < 0.05). Kruskal Wallis analysis
was used to determine significant differences between the
groups, and no significant differences were determined in the
paired comparison of other tissue types (P > 0.05).

No significant differences were determined between the
diabetic and control groups in the statistical analysis of
parameters measured in all tissue types (tissue-mitochondri-
al) (P > 0.05).

4. Discussion

Male and female rats were equally distributed to each group
to prevent the influence of confounding factors including
sex. The most significant increase in the level of MDA
among rats with chemically induced diabetes was observed
in the liver when the results were evaluated between different
tissues and within the same group (Table 1). Studies on
rats with STZ-induced diabetes have demonstrated that
MDA levels were significantly increased in the liver [19]
and kidney mitochondria [19, 20]. According to our results
this increase was limited to the liver; however it was not
statistically significant. The increase in TOS in both liver

and mitochondrial fractions in the diabetic group led to an
increase also in the OSI. Although MDA, TOS, and OSI were
increased, these were not statistically significant increases
compared to the control group (P > 0.05). No significant
differences were noted between the two groups, tissues and
mitochondrial fractions when levels of TAS were compared.

A significant increase only in the catalase activity of
liver mitochondria of the diabetic group was noted in the
comparison of the antioxidative enzymes PON, arylesterase,
and catalase (P = 0.03). The lack of difference in OSI levels
in between the groups suggested us the contribution of the
increased catalase activity. A study on acute diabetic rats
has demonstrated that catalase activity is not altered [21];
however another time-dependent study has demonstrated an
increase in the first week followed by a decrease compared to
the controls [22]. In the long term, this will affect the OSI and
trigger oxidative injury. Planning of a time-dependent study
is important to demonstrate the alterations in OSI.

On the other hand, in terms of the data of GST,
liver mitochondrial fraction was increased in the diabetic
group, although not statistically significantly compared to
the controls. This increase in GST is in response to STZ
and causes a reflex in the detoxification system. It is known
that medications and endogenous-exogenous chemical sub-
stances are first metabolized by the liver microsomal oxidase
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Table 2: Evaluation of parameters measured in the mitochondrial fraction of both group by tissue types.

Measurement Lung X ± S Liver X ± S Kidney X ± S Heart X ± S

MDA (nmol/L)

Control 4,23 ± 0,59# 6,04 ± 0,12# 2,54 ± 0,67# 1,21 ± 0,29#

Diabetic 2,90 ± 2,00 6,21 ± 4,63 4,43 ± 3,81 1,61 ± 0,99

TAS (mmol trolox Equiv/L)

Control 0,79 ± 0,86 0,69 ± 0,55 1,46 ± 0,32 0,83 ± 0,59

Diabetic 0,51 ± 0,10 2,11 ± 1,65 1,28 ± 0,20 0,42 ± 0,15

TOS (μmol H2O2 Equiv/L)

Control 8,83 ± 11,79 7,82 ± 9,31 2,27 ± 0,79 1,57 ± 1,28

Diabetic 1,87 ± 0,35 10,00 ± 7,09� 2,19 ± 0,76 0,85 ± 0,33

OSİ (%)

Control 8,66 ± 5,03 16,10 ± 21,67§ 1,52 ± 0,28§ 1,82 ± 0,32§

Diabetic 3,84 ± 1,44 5,59 ± 2,15∗ 1,68 ± 0,22∗ 2,20 ± 1,0

PON (U/L)

Control 6,00 ± 2,00 11,66 ± 12,50 7,33 ± 2,08 8,00 ± 1,00

Diabetic 7,33 ± 0,57 10,66 ± 5,85 7,33 ± 1,52 9,66 ± 2,88

Arylesterase (U/L)

Control 5006,6 ± 742,0 4330,6 ± 951,4 4636,3 ± 210,7 3996,3 ± 183,9

Diabetic 3583,6 ± 1487,6 4460,6 ± 449,5 4348,0 ± 165,3 3996,6 ± 136,0

GST (U/mgPrt)

Control 0,0027 ± 0,001 0,0307 ± 0,016 0,0063 ± 0,004 0,0077 ± 0,005

Diabetic 0,0023 ± 0,0007� 0,0272 ± 0,003� 0,0038 ± 0,001� 0,0087 ± 0,004�

Catalase (U/mgPrt)

Control 0,0126 ± 0,004ξ 0,0655 ± 0,032 0,1005 ± 0,047ξ 0,0254 ± 0,02

Diabetic 0,0086 ± 0,003§ 0,0575 ± 0,024§ 0,0429 ± 0,0094 0,0266 ± 0,009
#P = 0.01, �P = 0.02, §P = 0.03, ξP = 0.04, ∗P = 0.05.

systems leading to the formation of several toxic interme-
diate products. This is the phase 1 reaction needed for
the metabolism of xenobiotics. These toxic substances are
conjugated and transformed in to polar compounds that
dissolve in water in order to excrete in urine in phase 2
reactions. GST is one of the most important phase 2 systems
[23]. The increase in GST activity will both prevent the cells
from the toxic effects of harmful compounds and prevent
the development of oxidative injury. The lack of difference in
terms of OSI in between the groups possibly resulted from
the increased GST activity. Although we did not find any
other study investigating the relationship between GST and
diabetes, there is one study on the effect of STC on GST. This
study has suggested that GST activity was decreased [24]. The
lack of more studies on this topic is a limitation in terms of
the comparison of our results. Further studies on this topic
will be very important to remove the uncertainties, since the
reported result contradicts with ours.

Consequently, although partial differences were observed
between the tissues within the same group, no statistically
significant difference was determined between the tissues
and mitochondrial fractions. However, oxidative stress might
develop in the long term in a chronic picture of diabetes and
lead to tissue injury in addition to reduction in catalase and
GST activity.

5. Conclusion

Consequently, although partial differences have been noted
in both oxidant/antioxidant systems and detoxification en-
zyme (i.e., GST) activity in tissue and mitochondria of rats
with experimental diabetes, these differences are not statisti-
cally significant compared to the control group. According to
our results, oxidative stress has not developed in acute dia-
betes induced by a chemical agent, suggesting that oxidative
stress might develop in long term and lead to tissue injury in
a chronic picture of diabetes.
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High fructose intake induces an insulin resistance state associated with metabolic syndrome (MS). The effect of vascular
inflammation in this model is not completely addressed. The aim of this study was to evaluate vascular remodeling, inflammatory
and oxidative stress markers, and atheroma development in high-fructose diet-induced insulin resistance of ApoE-deficient
mice (ApoE-KO). Mice were fed with either a normal chow or a 10% w/v fructose (HF) in drinking water over a period
of 8 weeks. Thereafter, plasma metabolic parameters, vascular remodeling, atheroma lesion size, inflammatory markers, and
NAD(P)H oxidase activity in the arteries were determined. HF diet induced a marked increase in plasma glucose, insulin,
and triglycerides in ApoE-KO mice, provoked vascular remodeling, enhanced expression of vascular cell-adhesion molecule-1
(VCAM-1) and matrix metalloprotease 9 (MMP-9) and enlarged atherosclerotic lesion in aortic and carotid arteries. NAD(P)H
oxidase activity was enhanced by fructose intake, and this effect was attenuated by tempol, a superoxide dismutase mimetic, and
losartan, an Angiotensin II receptor antagonist. Our study results show that high-fructose-induced insulin resistance promotes a
proinflammatory and prooxidant state which accelerates atherosclerotic plaque formation in ApoE-KO mice.

1. Introduction

Insulin-resistant states, including the metabolic syndrome
(MS) and type 2 diabetes, have been strongly associated with
subclinical and clinical cardiovascular disease (CVD)[1].
Elevated blood glucose, hyperinsulinemia, dyslipidemia and,
oxidative stress are central components of MS which are
additionally associated with a “proatherogenic” phenotype
[2]. There are evidences indicating that structural and
functional changes in the vascular wall are involved in
cardiovascular alterations associated with MS [3], but the
mechanisms underlying are not completely addressed. Previ-
ous studies from our group showed that chronic fructose-fed
rats exhibited dyslipidemia, hyperglycemia, and endothelial

dysfunction, and it was suggested an important role for the
renin-angiotensin system (RAS) in the pathogenic mecha-
nisms involved in this model [4].

Arterial remodeling occurs under an atherosclerotic
plaque formation [5]. The propensity to accelerated lesion
formation in MS may involve altered vascular structure and
increased vascular inflammatory response. Delbosc et al.
[6] reported that mesenteric arterial media/lumen ratio was
higher in fructose-fed rats, and a potential association of
soluble adhesion molecules with atherosclerosis has been
postulated [7]. Vascular cell adhesion molecule-1 (VCAM-
1) is a cytokine-inducible member of the immunoglobulin
gene superfamily that is expressed by endothelial cells in
regions predisposed to atherosclerosis and at the borders
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of atherosclerotic plaques [7, 8]. VCAM-1 functions in
combination with other adhesion molecules during chronic
inflammation, activating NAD(P)H oxidase and endothelial
MMPs [9]. Oxidative stress and associated vascular damage
are mediators of vascular injury and inflammation in many
CVD including atherosclerosis [10]. NAD(P)H oxidase is
the major source of vascular reactive oxygen species (ROS)
and is expressed in endothelial cells, vascular smooth muscle
cells (VSMCs), fibroblasts, and monocyte/macrophages [11].
Extent data strongly support the hypothesis that oxidative
stress, induced via activation of NAD(P)H oxidase, plays
a causative role in atherosclerosis [12, 13]. ROS are able
to regulate cellular growth (hyperplastic or hypertrophic),
endothelial dysfunction, cell migration, and inflammation
[14]. ROS also induce the expression of matrix-degrading
enzymes such as matrix metalloproteinases (MMPs) which
are involved in vascular remodeling and are postulated to
participate in the pathogenesis of atherosclerosis [15]. We
aimed to study the association of fructose intake-induced
insulin resistance with the development of atherosclerotic
plaque in ApoE-KO mice, an experimental model of cardio-
vascular complications related to MS, and the relationship
between metabolic parameters, vascular inflammation, and
oxidative stress.

2. Methods

2.1. Animals and Diets. All animals were cared in accordance
with the Guiding Principles in the Care and Use of Animals
of the US National Institutes of Health. All procedures
were approved by the Animal Research Committee of the
Universidad Nacional de Cuyo (protocol approval no. 10089
CICUAL/2009). Male C57/BL6J wild type and ApoE-KO
mice 8 weeks of age (20 to 22 g; The Jackson Laboratories,
Bar Harbor, ME) were used for this study. The animals
were maintained in a 22◦C room with a 12 hour light/dark
cycle and received drinking water ad libitum and were fed a
standard commercial chow diet (GEPSA, Argentina). During
8 weeks, animals from each genotype were randomly divided
into two groups: control mice (n = 10), with free access
to tap water; fructose-fed (HF) mice (n = 10) receiving
10% (w/v) fructose (Parafarm, Argentina) in their drinking
water. Additional group of age-matched ApoE-KO mice
were given a control diet or HF during 4 weeks and then
were randomized to no treatment, Tempol (Sigma Aldrich,
St. Louis, MO, USA; 1 mg/kg of body weight per day), or
losartan (Roemmers, Argentina, 10 mg/kg of body weight per
day), during 4 more weeks.

2.2. Biochemical Determinations. After overnight fasting
blood samples for glucose, insulin, triglycerides, and choles-
terol determinations were taken from mice, collected from
cardiac puncture under anesthesia at the end of the experi-
mental period. The plasma glucose, cholesterol, and triglyc-
eride concentrations were determined using commercial kits
by enzymatic colorimetric methods (GT Lab, BuenosAires,
Argentina). Insulin was measured by ELISA (Crystal Chem,
USA).

2.3. Histomorphometric Studies. Mice were euthanized by
cervical dislocation and were perfused in situ with chilled
phosphate-buffered saline. The proximal aorta and the
mesenteric artery tree were fixed with 2% paraformaldehyde,
paraffin embedded, and mounted in a Micron microtome.
Consecutive sections (5 μm thickness) were taken from 2 to
3 regions of the aortic arch separated by ∼60 μm and from
the mesenteric vascular tree. Three cross-sections from each
region were stained with hematoxylin/eosin or with Masson’s
trichrome solution and examined the diameters of the wall
and the lumen, displayed in 20X optical microscope and
digitized images with the software Image Pro. The linear
relationship of superficial lumen/media was calculated for
each vessel with the Scion Image software.

2.4. Quantification of Atherosclerotic Plaques. Plaque area was
quantified by Oil-red-O staining of lipid deposits. Aortas
and whole right carotid arteries were incubated for 45 min
with Oil red O (0.5% in 60% isopropyl alcohol). Excess stain
was removed with 60% isopropyl alcohol. Quantification of
atherosclerosis was performed in the aortic arch region up to
the descending abdominal aorta and on the bifurcation of the
right common carotid arteries by computer-assisted image
analysis as previously described in detail [16]. Subsequently
images of en face preparations of the whole mounted aorta
and the carotid arteries were taken and the percentage of
plaques in relation to the entire aortic surface was calculated
as plaque score in percent of total area using ImageJ 1.37 v
software (NIH).

In another group of animals the whole aorta and right
carotid arteries were dissected from mice, perfusion fixed
in situ with 2% paraformaldehyde, paraffin embedded, and
mounted in a microtome. Atherosclerotic lesion size in
cross-sections of the aortic sinus was quantified as the area
occupied by hematoxylin/eosin staining.

2.5. Determination of Vascular Markers of Inflammation.
Paraformaldehyde-fixed sections of aorta or mesenteric
arteries were incubated with murine monoclonal antibody
against VCAM-1(1 : 500; BD) or rabbit polyclonal antibody
against MMP-9 (1 : 200; Santa Cruz), overnight at 4◦C, fol-
lowed by 1 h incubation with FITC or Alexa red conjugated
secondary antibody, respectively. Sections were mounted
and visualized using fluorescence microscopy. Total area
of antigen-specific fluorescence staining per section was
quantified using WCIF ImageJ imaging software. Positively
stained areas were selected and measured using program-
specific tools. Two replicate measurements were averaged
for each tissue type per mouse (n = 4–6) to obtain
data for statistical analysis. MMP-9 expression was also
determined by Western Blot analysis. Aortic tissues were
homogenized in 100 μL lysis buffer supplemented with
protease inhibitors (Complete Mini; 1 tablet/1.5 mL; Roche
Diagnostics, Mannheim, Germany). Samples were run on
12.5% Tris-HCl gels with Tris/glycine/SDS buffer and the
proteins detected; after transfer to PDVF membranes, using
rabbit-anti MMP-9 antibody (1 : 500; Santa Cruz Biotech-
nology, Santa Cruz, CA) and HRP-conjugated secondary
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Table 1: Average plasma glucose, insulin, and lipid levels in WT and ApoE-KO mice fed with control diet or high fructose diet.

Glucose
(mg/dL)

Insulin(ng/mL)
Cholesterol

(mg/dL)
Triglycerides

(mg/dL)

WT-control diet 161.2 ± 0.6 nd 71.41 ± 1.5 91± 1.2

WT-fructose fed 142.7 ± 5.4 nd 130.35± 6.3� 83.8± 0.7

ApoE-control diet 143.4 ± 25.9 0.85± 0.03 391.6± 6.0 114.10± 3.5

ApoE-fructose fed 216.2 ± 22.2∗ 1.27± 0.19∗ 382.0± 34.5 190.2± 18.2∗

Values are the mean ± SD (n = 12)�P < 0.05 versus WT control diet, ∗P < 0.001 versus ApoE control diet.
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Figure 1: Morphometric analysis of the middle layer of aorta (a) and mesenteric arteries (b) from WT and ApoE-KO mice fed regular chow
(Control diet) or high fructose diet (HF). ApoE-KO mice display a decreased lumen/media ratio in vessels walls from fructose-fed ApoE-KO
mice. Results are expressed as means (n = 8) ± S.E.M ∗∗P < 0.001 versus ApoE control in aortic rings; ∗P < 0.05 versus WT, §P < 0.05
versus ApoE control in mesenteric arteries rings.
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Figure 2: High fructose intake enhances atheroma development. (a) Representative of whole aorta artery and (b) representative of right
carotid artery staining with Oil-red O. Extent of atherosclerosis quantified as percent of plaque area in ApoE-KO mice fed control diet and
HF diet. (c) Cross-sections from the aortic sinus were stained with hematoxylin and eosin to quantify the lesion area. Results are expressed
as means (n = 8) ± S.E.M ∗P < 0.05; ∗∗P < 0.01 versus control diet.

antibody (1 : 10.000 Jackson laboratory, US) for 1 h, proteins
were visualized by performing luminal-enhanced chemi-
luminescence. Loading of equal amounts of proteins was
confirmed by reproving the membrane with an antibody
against tubulin antibody (1 : 100; Santa Cruz Biotechnology,
Santa Cruz, CA) and secondary HRP-conjugated antibody
(1 : 10.000 Jackson laboratory, US).

2.6. Detection of Tissue NAD(P)H Oxidase Activity. The
NAD(P)H-driven superoxide production, an estimate of
NAD(P)H oxidase activity, was measured in freshly dis-
sected aorta using lucigenin-enhanced chemiluminescence.
Longitudinally cut aortas were transferred to 96-well
optiplates (Packard, USA) containing 50 mM phosphate
buffer, 150 mM sucrose, 100 μM NAD(P)H, and 5 μM luci-
genin (N,N′-dimethyl-9-9′-biacridianium, Sigma Aldrich,
St. Louis, MO, USA). Luminescence generated by the reac-
tion of tissue-derived superoxide and lucigenin was counted
at 20◦C with a microplate scintillation counter (Fluoroskan
Ascent, Thermo) running in kinetic mode with a 1 min
interval for each sample. Luminescence measurements were

obtained every 15 s for 25 minutes. Basal chemiluminescence
was measured in the tissue placed in the 96-well optiplate
(dark-adapted) with phosphate-sucrose buffer and 5 μM
lucigenin before 100 μM NAD(P)H addition and subtracted
from NAD(P)H-stimulated luminescence. Dried tissues were
weighed for calculation of normalized superoxide produc-
tion expressed as counts per minute and per milligram of dry
tissue.

2.7. Statistical Analysis. Results are reported as mean ±
S.E.M. Significance was determined by nonparametric anal-
ysis using Mann-Whitney U test to detect a statistical
difference between group of interest and its control. Analyses
involving more than two groups were done by ANOVA
and Bonferroni’s post hoc test using Prism-4 software.
Differences were considered significant at P < 0.05.

3. Results

3.1. Effects of High Fructose Diet on Biochemical Parameters.
Fructose intake slightly increased cholesterol levels in WT
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Figure 3: Immunofluorescence detection of VCAM-1 expression (green) in aorta and mesenteric arteries of ApoE KO mice fed control diet
or fructose-rich diet (HF). Quantification of the fluorescent signal was performed by ImageJ software. Results are expressed as means ±
S.E.M ∗P < 0.05; ∗∗P < 0.01 versus control diet.

mice compared to WT in a control diet, without changing
any of the others variables measured. In ApoE-KO mice 8
weeks of 10% fructose feeding in drinking water significantly
increased the concentration of plasma glucose, insulin, and
triglycerides, compared to ApoE-KO mice in control diet,
with no changes in cholesterol levels (Table 1).

3.2. Effects of High Fructose Diet on Vascular Remodeling.
We determined the structural changes in the arterial wall by
histological analysis of aorta and the mesenteric arteries. In
ApoE-KO mice fed with fructose, thickness of the middle
layer of both aorta (Figure 1(a)) and mesenteric arteries
(Figure 1(b)) significantly increased compared to ApoE-
KO mice in a control diet, producing a lower ratio of
lumen/media in the vessels of fructose-fed ApoE-KO mice.

3.3. High Fructose Diet Enhances Atherosclerosis. We deter-
mined the effects of fructose feeding on the development
of atherosclerosis in arteries from ApoE-KO mice. We
quantified the area of atheroma plaque by computerized
morphometry using two independent approaches: (1) en face
Oil red O-stained mouse aortas and right carotid arteries
and (2) quantification of the lesion area in aortic sinus

cross-sections. Fructose-treated mice displayed a significant
induction in the area of Oil Red O-stained atherosclerotic
plaques in both aorta and right carotid arteries (Figures 2(a)
and 2(b), resp.), as compared with untreated mice. HF diet
increased the lesion area in the aortic sinus in ApoE-KO mice
(Figure 2(c)).

3.4. Effect of Fructose on Vascular Inflammation. Vascular
adhesion molecule (VCAM-1) is a hallmark of vascular
inflammation. Immunofluorescence detection revealed a
markedly increased VCAM-1 expression in aorta, especially
on the endothelium, and within the vascular wall in
mesenteric arteries from ApoE-KO mice fed with HF diet
(Figure 3).

We also evaluated the expression of metalloproteinase 9
(MMP-9), another vascular inflammatory marker involved
in remodeling. MMP-9 expression, examined by immuno-
histochemistry and western blot, clearly increased in
fructose-fed ApoE-KO aorta tissue (Figure 4).

3.5. Effect of Fructose on NAD(P)H Oxidase Activity.
NAD(P)H oxidase contributes to basal vascular superoxide
production. HF diet increased significantly the NAD(P)H
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oxidase activity, suggesting the involvement of oxidative
stress in this model. Four-week treatment with Tempol,
a membrane permeable superoxide dismutase mimetic, or
with losartan, an Angiotensin-II receptor 1 (AT1) antagonist,
significantly reduced vascular NAD(P)H oxidase activity in
aortas from ApoE KO mice in a HF diet (Figure 5).

4. Discussion

Most of the studies that utilize fructose intake to develop
an experimental model of MS use rat, an animal model
that is resistant to develop atheroma plaques and is not
suitable for studying inflammatory pathways implicated in
the development of atherosclerosis [17]. In this study we
induce a MS, characterized by hyperglycemia, hypertriglyc-
eridemia, and hyperinsulinemia in ApoE-deficient mice, an
atherogenic-prone animal model, to investigate the effect of
insulin resistance induced by fructose feeding on vascular
remodeling, vascular inflammation, oxidative stress, and
atheroma development. We first noticed that high-fructose
diet promoted vascular remodeling, which is involved in the
pathogenesis of atherosclerosis. Due to the hemodynamic,
histological, and biological particularities in large and small
vessels, it is of great interest to investigate structural changes
in our model. Turnover of extracellular matrix components
and cell migration causes structural changes in the vessel wall
with either outward (adventitial/media) or inward (lumenal)
protrusion. It is postulated that outgrowth remodeling
occurred also in mesenteric artery [18], so we measured
the medial thickness of both large and small arteries. We
demonstrated that in fructose-fed ApoE-KO mice, the media
cross-section area from aortas and mesenteric arteries were
significantly increased while lumen diameter was normal.
This remodeling format is similar to that found in fructose-
fed rats by Puyo et al. [19].
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One important feature we found was that fructose-
rich diet promotes a proatherogenic state in ApoE-KO
mice, independently of hypercholesterolemia, leading to
accelerate aortic and carotid atheroma development. It has
been demonstrated the involvement of inflammation in
vascular remodeling and atherogenesis, with the expression
of VCAM-1 in the vascular wall [17, 20]. Here we observed
that intimal VCAM-1 expression in small and large caliber
arteries was significantly increased in fructose-treated ApoE
KO mice compared with control chow mice.

Different components of the MS have been identified
as possible stimulus for the synthesis and activity of
MMPs. Diverse MMPs have been identified in atherosclerotic
plaques and in regions of foam cell accumulation and have
been directly associated with plaque remodeling [21] as well
as plaque vulnerability [22]. In our study we found that high
fructose diet enhanced expression of MMP-9, a gelatinase
enzyme, in atheroma-free area of the vessels during early
stages of atherosclerosis development.

Oxidative stress and inflammation processes are key
components of atherosclerosis, from fatty streak forma-
tion to plaque rupture and thrombosis [23, 24]. Diets
rich in fructose can alter cellular metabolism via several
pathways, thereby accelerating oxidative stress. Fructose
feeding results in the activation of the renin-angiotensin
system [25], and it is well established that angiotensin II is
associated with oxidative stress [26]. This oxidative stress is
characterized by overproduction of ROS and is dependent
on the activation of NAD(P)H oxidase. We found that
fructose-rich diet increased NAD(P)H oxidase activity in
ApoE-KO mice, and this enhancement is diminished by
Tempol, a superoxide dismutase mimetic, and by losartan,
an Angiotensin-II receptor 1 (AT1) inhibitor, corroborating
the role of superoxide generation in fructose-induced insulin
resistance and suggesting the involvement of the renin-
angiotensin system in the enhanced oxidative stress in our
model.

Our results show that insulin resistance associated with
MS promotes the initial stages of a proinflammatory and
a prooxidant state. These changes potentially contribute
to enhancing vascular remodeling and atheroma plaque
development and placing the insulin resistance as a potent
atherogenic risk factor.

Abbreviations

ApoE-KO: ApoE-deficient mice
NAD(P)H: Nicotinamide adenine dinucleotide
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ROS: Reactive oxygen species
VCAM-1: Vascular cell adhesion molecule-1
MMPs: Matrix metalloproteases.
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The present study was undertaken to determine oxidative/nitrosative stress in aqueous humor of alloxan-induced hyperglycemic
rabbits and to investigate the effects of two oral antidiabetic drugs, pioglitazone from peroxisome proliferator-activated receptor
gamma (PPARγ) agonists and repaglinide from nonsulfonylurea KATP channel blockers. Ascorbic acid (AA), glutathione (GSH),
total antioxidant status (TAS), lipid peroxidation products (LPO), total nitrites (NO2), advanced oxidized protein products
(AOPP), and protein carbonyl groups (PCG) were determined using respective colorimetric and ELISA methods. In our
hyperglycemic animals, AA decreased by 77%, GSH by 45%, and TAS by 66% as compared to control animals. Simultaneously,
LPO increased by 78%, PCG by 60%, AOPP by 84%, and NO2 by 70%. In pioglitazone-treated animals, AA and TAS increased
above control values while GSH and PCG were normalized. In turn, LPO was reduced by 54%, AOPP by 84%, and NO2

by 24%, in relation to hyperglycemic rabbits. With repaglinide, AA and TAS were normalized, GSH increased by 20%, while
LPO decreased by 45%. Our results show that pioglitazone and repaglinide differ significantly in their ability to ameliorate
the parameters like NO2, PCG, and AOPP. In this area, the multimodal action of pioglitazone as PPARγ agonist is probably
essential.

1. Introduction

The eye is a unique organ since it is constantly exposed
to radiation, atmospheric oxygen, environmental chemicals,
and physical abrasion. In consequence, the eye provides a
unique situation for generation of reactive oxygen species
(ROS). In particular, oxidative stress is implicated in the
etiology of many ocular diseases such as glaucoma, retinal
degeneration, ocular inflammation, cataracts, and diabetic
complications [1–3]. Also nitrogen reactive species (RNS)
play an important role in different oxidative alterations [4, 5].
Nitric oxide (NO) is an important messenger in vascular and
nervous systems or in immunological reactions including
these in the eye. On the other hand, NO formed in excess
by inducible NO synthase (iNOS) may cause serious ocular
injuries [6].

Ocular tissues and fluids contain antioxidants that play
a key role in protecting them against these oxidative/nitro-
sative damages. Aqueous and vitreous humors as well as lens
contain high amounts of ascorbic acid (AA). It is generally
accepted that it offers significant protection for the eye by
suppressing generation of free radicals [7]. Also ocular glu-
tathione (GSH) participates in neutralization of reactive
species and maintains other antioxidants in their active
forms. Unfortunately, these antioxidants are not able to elim-
inate free radicals completely and if oxidative stress is severe,
it may cause cell damage or death [3].

Protein carbonyls groups (PCG), markers of early protein
oxidation, and advanced oxidized protein products (AOPP)
have been recently described as closely related to different
pathological situations [8–10]. Some findings also suggest
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that the changes in proteins may be important in develop-
ment of ocular diabetic complications [11].

Therefore, the present study was undertaken to deter-
mine several markers of oxidative/nitrosative stress in aque-
ous humor of alloxan-induced hyperglycemic rabbits where
such experiments have not been performed previously.
We wanted to explore potent relationship between some
commonly studied parameters of oxidative alterations: AA,
GSH, total antioxidant status (TAS), lipid peroxidation
products (LPO), total nitrites (NO2), and two markers of
oxidative protein modification, PCG and AOPP, and search
for this which showed more expressive correlations.

It is known that structures through which aqueous
humor leaves the anterior chamber may be a target of phar-
macological manipulations. Thus, reducing ROS/RNS over-
production and its consequences may be an effective strat-
egy for protection against severe ocular injuries [11, 12].
Therefore, the second goal of the present study was to in-
vestigate which of two oral antidiabetic drugs, a peroxi-
some proliferator-activated receptor gamma (PPARγ) ago-
nist pioglitazone or a nonsulfonylurea KATP channel blocker
repaglinide could be more effective in ameliorating these
oxidative/nitrosative changes. Pioglitazone belonging chemi-
cally to 2,4-thiazolidinediones family (TZDs) acts in diabetes
mainly by decreasing insulin resistance at the level of the
muscle and liver. It has been shown to be potent antioxidant
in different pathological situations connected with oxidative/
nitrosative stress including diabetes [13, 14]. Repaglinide,
from nonsulfonylurea KATP channel blockers, is a carbamoyl
methyl benzoic acid derivative with the effect on early insulin
secretion and reducing postprandial glucose directly [15].
Additionally, some results from the literature have previously
demonstrated that it may have positive effects on parameters
of oxidative/nitrosative stress [16, 17].

2. Material and Methods

2.1. Animals and Chemicals. White male New Zealand
rabbits (the mean weight 3.1 kg) were housed in a controlled
environment with 12 h light and dark cycles. They were
provided with standard diet and water ad libitum. Animal
care was in accordance with the “Principles of Laboratory
Animal Care” (NIH publication No. 86-23, revised 1985) and
with the Guidelines of Medical University of Lublin Animal
Ethics Committee. The rabbits were divided into six groups
of 5 animals: normal control (Group C), control treated with
pioglitazone (Group CP), control treated with repaglinide
(Group CR), hyperglycemic (Group H), hyperglycemic
treated with pioglitazone (Group HP), and hyperglycemic
treated with repaglinide (Group HR). Hyperglycemia was
induced by a single intravenous injection of 80 mg/kg of
alloxan. Two weeks after the injection when hyperglycemia
was verified by blood glucose concentration higher than
11 mmol/L, administration of pioglitazone at a dose of
1 mg/kg and repaglinide at a dose of 0.3 mg/kg was started
and continued for 4 weeks (the start of experiment). The
drugs were given directly to oral cavity using a syringe
without a needle, every day before the morning feeding.

During experiment, glucose concentration was monitored
once a week. At the end of experiment, the animals were
sacrificed with pentobarbital sodium at a dose of 60 mg/kg.
The aqueous humor was collected by a 26-G needle attached
to a tuberculin syringe with special care to avoid blood
contamination. The needle was introduced into anterior
chamber and ca. 100 μL aqueous humor was withdrawn. The
samples were stored at −70◦C until analysis.

TAS was assessed using a commercially available test from
Randox Laboratories Ltd. (UK) while AA estimation was per-
formed according to Kyaw [18]. GSH and LPO were deter-
mined using Bioxytech GSH-400 and LPO-586 kits from
Oxis Research (USA). The stable metabolites of NO were esti-
mated using a Nitrate/Nitrite Assay Kit from Fluka Chemi-
cals (UK). Nitrates were reduced to nitrites by incubation of
each sample for 120 min in the presence of nitrate reductase
and NADPH. Then, total nitrites were assayed by adding
of Griess reagent and measuring the absorbance at 540 nm.
PCG and AOPP levels were determined using respective
ELISA or colorimetric kits from Immundiagnostik AG
(Germany). Protein content was determined by the method
of Lowry et al. [19] using bovine serum albumin as standard.

Two spectrophotometers, UV-Vis CE-6000 from CECIL
Instruments (UK) and a Microplate Reader PowerWave XS
from Bio-Tek Instruments Inc. (USA), were used.

2.2. Statistical Analysis. All numerical data are presented as
the mean with respective standard error (SEM). The sig-
nificance of differences was determined with Kruskal-Wallis
and Mann-Whitney’s U tests. Multiple regression and Spear-
man’s rank coefficients were used to investigate the possible
correlations between AOPP or PCG level and other parame-
ters. Probability P less than 0.05 were considered significant.
For all statistical evaluation, statistica software was used.

3. Results

In hyperglycemic animals, there were decreases of AA by
77%, GSH by 45%, and TAS by 66% as compared to control
animals. Simultaneously, there were increases of LPO by
78%, PCG by 60%, AOPP by 84%, and NO2 by 70%.
Pioglitazone increased AA and TAS above control values
and normalized GSH and PCG. In turn, LPO was reduced
by 54%, AOPP by 84% and NO2 by 24% in relation to
hyperglycemic rabbits. With repaglinide treatment, AA and
TAS were normalized while GSH increased by 20% and
LPO decreased by 45% in relation to hyperglycemic rabbits.
However, repaglinide did not affect the levels of PCG, AOPP,
and NO2 (Table 1).

Multiple regression analysis did not show significant cor-
relations. However, some correlations were observed when
respective pairs of parameters were taken into account. In
hyperglycemic group, we observed a negative correlation
between AOPP and GSH, and positive correlations in pairs
AOPP-LPO and AOPP-NO2 (Figures 1(a)–1(c)). In hyper-
glycemic pioglitazone-treated group, similar correlations
were observed between AOPP and LPO, and AOPP and NO2.
In the case of PCG, correlations for both hyperglycemic
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Table 1: Effects of pioglitazone and repaglinide on oxidative/nitrosative stress parameters in the aqueous humor of control and hyperglyce-
mic rabbits.

Group C Group CP Group CR Group H Group HP Group HR

TAS (mmol/mL) 1.99± 0.10 1.96± 0.15 1.90± 0.15 0.67 ± 0.09a 2.37 ± 0.14a,b 1.56 ± 0.15b

AA (μg/mL) 12.90± 1.05 13.94± 0.93 10.03± 1.05 3.02 ± 0.38a 21.87 ± 1.18a,b 12.62 ± 1.36b

GSH (nmol/mL) 138.7± 4.49 144.2± 12.84 117.7 ± 3.32a 76.14 ± 6.56a 131.4 ± 5.86b 91.06 ± 8.17a,b

NO2 (nmol/mL) 39.04± 2.84 43.67± 4.09 37.44± 2.5 113.4 ± 7.63a 102.0 ± 8.78a 142.5 ± 2.54a

LPO (nmol/mL) 0.57± 0.27 0.89± 0.25 0.68± 0.023 2.64 ± 0.14a 1.21 ± 0.11a,b 1.45 ± 0.17a,b

PCG (nmol/mg protein) 17.86± 1.36 16.98± 1.30 24.13 ± 1.63a 44.49 ± 2.15a 20.46 ± 2.96b 40.46 ± 3.57a

AOPP (nmol/mg protein) 2.53± 0.26 2.44± 0.26 2.76± 0.32 16.15 ± 2.24a 4.31 ± 0.18a,b 19.29 ± 0.88a,b

Values are mean ± SEM (n = 5). TAS: total antioxidant status, AA: ascorbic acid, GSH: glutathione, NO2: total nitrites, PCG: protein carbonyls, AOPP:
advanced oxidized protein products. C: control rabbits, CP: control rabbits treated with pioglitazone, CR: control rabbits treated with repaglinide, H:
hyperglycemic rabbits, HP: hyperglycemic rabbits treated with pioglitazone, HR: hyperglycemic rabbits treated with repaglinide. aSignificant at P < 0.05
versus Group C. bSignificant at P < 0.05 versus Group H.

and hyperglycemic pioglitazone-treated animals were also
significant, although respective r values were lower than
these for AOPP (Figures 1(d) and 1(e)). Because repaglinide
did not affect the altered protein oxidation, in this case
respective correlations were not calculated.

4. Discussion

In the eye of diabetic subjects, the occurrence of oxidative
stress was demonstrated as depletion of GSH, an important
aqueous antioxidant [20]. Between others, GSH maintains
the second major antioxidant AA in its active form [21].
Relation between these two antioxidants was confirmed in
the present study where diminished levels of GSH and AA
were stated in aqueous humor of our hyperglycemic animals.
Some reports suggest that intracellular GSH level may be
decreased by RNS derived from NO produced in excess by
iNOS. As a consequence, production of nitrosoglutathione
and formation of protein-mixed disulfides with glutathione
have been reported [22]. Previously, excessive levels of NO
were stated in vitreous fluid of patients with proliferative
diabetic retinopathy [6]. It was also observed in the present
study together with a decreased level of GSH. The altered
antioxidant balance in aqueous humor of our hyperglycemic
rabbits was additionally confirmed by a significant increase
in lipid peroxidation. Previously, elevated concentrations of
LPO were stated in vitreous fluid of diabetic db/db mice [23]
and in aqueous fluid of glaucoma patients [20].

Under situation of oxidative stress, many attention is
devoted to oxidative damages in proteins [24]. They may
result, between others, from formation of different protein
adducts. Early modifications often bring carbonyl groups to
proteins and may be estimated as 2,4-dinitrophenylhydrazine
derivatives or PCG [25]. Recently, a large interest lies on latter
products of protein oxidation (AOPP) which are defined as
dityrosine-containing cross-linked protein products [10, 26].
In aqueous humor of our hyperglycemic animals, the both
markers, PCG and AOPP, were elevated in comparison with
respective controls. Previously, similar changes were found
in plasma of type 2 diabetic patients where higher increase
in the level of AOPP compared with PCG was found. It
was explained by lower susceptibility of AOPP cross-linked

proteins to proteolysis and their subsequent accumulation in
plasma [10]. In the present study, we additionally concluded
that AOPP correlated better than PCG to other examined
parameters (Figure 1).

In our study AA, TAS, GSH, and LPO were ameliorated
by the two drugs, pioglitazone and repaglinide. However,
only after pioglitazone, significant changes in NO2, PCG, and
AOPP were observed. It is known that AOPP are formed
by action of chloraminated oxidants, mainly hypochlorous
acid and chloramines, produced by myeloperoxidase (MPO)
[26, 27]. On the other hand, it has been showed that piogli-
tazone inhibits proinflammatory factors including MPO.
Therefore, its present effect on AOPP in aqueous humor of
hyperglycemic animals may be, at least in part, a consequence
of the above ability.

It is known that expression of many genes including
proinflammatory cytokines, adhesion molecules, and others
such as iNOS was regulated by a nuclear factor NF-κB.
It is also supposed that beneficial effects of antioxidants
against oxidative complications may involve effective inhi-
bition of NF-κB [6]. Such mechanism for antioxidative and
anti-inflammatory properties of PPARγ agonists, including
pioglitazone, has been proposed [28–30]. Previous data
about decreased levels of NO2 and MPO after pioglitazone
in lung and testis of our hyperglycemic animals confirm this
[31, 32]. However, the exact mechanism whereby the drug
exerts its antioxidant effect is still unclear. In this area, the
multimodal action of PPARγ agonists is probably essential
[33].

As far as concerning KATP channel blockers, it cannot
be excluded that they may affect oxidative/nitrosative stress.
After repaglinide, total serum antioxidant capacity [17] and
lipid peroxidation were ameliorated [15, 16]. After another
drug mitiglinide, significant decreases of lipid peroxidation
and nitrotyrosine were also observed [34]. However, all these
effects occurred in type 2 diabetes where they could be
probable by better controlling postprandial hyperglycemia
and thus by the cluster of oxidative stress. Additionally,
it has been stated that insulin per se reduces the level of
NF-κB. Because NF-κB regulates the expression of enzymes
involved in ROS/RNS generation, in this way, insulin can
modulate the mechanisms involved in oxidative/nitrosative
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Figure 1: Correlations between GSH, LPO, and NO2 and respective protein oxidation marker, AOPP ((a)–(c)) or PCG ((d)–(f)), in
hyperglycemic (Group H) and hyperglycemic pioglitazone-treated (Group HP) animals.
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Table 2: Blood glucose and plasma insulin concentrations in control and hyperglycemic rabbits at the start and the end of experiment.

Group
Glucose (mmol/L) Insulin (mU/L)

Start End Start End

Control (C) 6.2± 0.1 5.7± 0.3 13.16± 1.26 13.30± 1.12

Control-pioglitazone (CP) 6.5± 0.3 5.9 ± 0.3b 11.74± 0.72 14.12 ± 0.98b

Control-repaglinide (CR) 6.3± 0.2 4.0 ± 0.3a,b,∗ 12.83± 1.01 20.0 ± 1.42a,b,∗

Hyperglycemic (H) 26.3 ± 2.3a 24.9 ± 2.8a 3.21 ± 0.63a 2.79 ± 0.79a

Hyperglycemic-pioglitazone (HP) 27.2 ± 0.3a 23.9 ± 1.8a 2.31± 0.15 2.01 ± 0.34a

Hyperglycemic-repaglinide (HR) 26.4 ± 1.2a 24.0 ± 2.3a 2.32 ± 0.15a 2.02 ± 0.04a

Values are mean ± SEM (n = 5). aSignificant at P < 0.05 versus Group C. bSignificant at P < 0.05 versus Group H. ∗Significant at P < 0.05 versus start.

stress [35]. In our previous studies concerning heart, lung,
and testis, repaglinide significantly affected nitrotyrosine and
LPO levels but did not affect NO2 and PCG levels [31, 32]. It
was confirmed in the present study by the lack of any effect
on PCG, AOPP, and NO2.

What is important in the present study is that piogli-
tazone and repaglinide did not significantly affect glucose
concentration in our hyperglycemic animals. After alloxan
injection, these animals preserved insulin secretion but its
amount was very low because of destruction of many B cells
by alloxan. Therefore, repaglinide could not stimulate its
secretion in sufficient way and pioglitazone failed to affect its
sensitivity (Table 2). This lack of antihyperglycemic activity
was expected and used by us to differentiate, at least in part,
some direct antioxidative/antinitrosative effects of the drugs
from effects mediated via increased insulin action. When
animals with type 2 diabetes were used, these two kinds of
effects could not be separated.

5. Conclusions

In aqueous humor of our hyperglycemic animals, the
decreased AA, GSH, and TAS as well as increased LPO, NO2,
PCG, and AOPP were observed confirming the exposition
of ocular structures on oxidative/nitrosative stress. It was
observed that correlations between AOPP and other factors
were more expressive than the same correlations for PCG.
We concluded that AOPP which was easy to obtain, corre-
sponded better than PCG to other examined parameters. In
addition, antioxidative/antinitrosative properties of pioglita-
zone and repaglinide were compared. The results obtained in
the present study confirm that pioglitazone and repaglinide
differ significantly in their ability to ameliorate the examined
markers of oxidative/nitrosative stress in aqueous humor,
especially in respect to protein modifications. It cannot be
excluded that KATP channel blockers like repaglinide may
affect oxidative/nitrosative stress but PPARγ agonists like
pioglitazone seem to act more comprehensively which was
confirmed independently on their action oh hyperglycemia.

References

[1] P. Geraldine, B. B. Sneha, R. Elanchezhian et al., “Prevention
of selenite-induced cataractogenesis by acetyl-L-carnitine: an

experimental study,” Experimental Eye Research, vol. 83, no. 6,
pp. 1340–1349, 2006.

[2] I. Grattagliano, G. Vendemiale, F. Boscia, T. Micelli-Ferrari,
L. Cardia, and E. Altomare, “Oxidative retinal products and
ocular damages in diabetic patients,” Free Radical Biology and
Medicine, vol. 25, no. 3, pp. 369–372, 1998.

[3] S. E. Ohia, C. A. Opere, and A. M. LeDay, “Pharmacological
consequences of oxidative stress in ocular tissues,” Mutation
Research, vol. 579, no. 1-2, pp. 22–36, 2005.

[4] N. Ahmed, R. Babaei-Jadidi, and S. K. Howell, “Degradation
products of proteins damaged by glycation, oxidation and
nitration in clinical type 1 diabetes,” Diabetologia, vol. 48, no.
8, pp. 1590–1603, 2005.

[5] R. A. Kowluru, “Diabetes-induced elevations in retinal oxida-
tive stress, protein kinase C and nitric oxide are interrelated,”
Acta Diabetologica, vol. 38, no. 4, pp. 179–185, 2001.

[6] N. Toda and M. Nakanishi-Toda, “Nitric oxide: ocular blood
flow, glaucoma, and diabetic retinopathy,” Progress in Retinal
and Eye Research, vol. 26, no. 3, pp. 205–238, 2007.

[7] X. M. Zhang, K. Ohishi, and T. Hiramitsu, “Microdialysis
measurement of ascorbic acid in rabbit vitreous after photo-
dynamic reaction,” Experimental Eye Research, vol. 73, no. 3,
pp. 303–309, 2001.

[8] B. Anderstam, A. C. Bragfors-Helin, A. Valli, P. Stenvinkel, B.
Lindholm, and M. E. Suliman, “Modification of the oxidative
stress biomarker AOPP assay: application in uremic samples,”
Clinica Chimica Acta, vol. 393, no. 2, pp. 114–118, 2008.

[9] H. Kaneda, J. Taguchi, K. Ogasawara, T. Aizawa, and M. Ohno,
“Increased level of advanced oxidation protein products in
patients with coronary artery disease,” Atherosclerosis, vol. 162,
no. 1, pp. 221–225, 2002.

[10] A. Piwowar, M. Knapik-Kordecka, and M. Warwas, “AOPP
and its relations with selected markers of oxidative/antioxida-
tive system in type 2 diabetes mellitus,” Diabetes Research and
Clinical Practice, vol. 77, no. 2, pp. 188–192, 2007.

[11] M. Stefek, Z. Kyselova, L. Rackova, and L. Krizanova, “Oxida-
tive modification of rat eye lens proteins by peroxyl radicals in
vitro: protection by the chain-breaking antioxidants stobadine
and trolox,” Biochimica et Biophysica Acta, vol. 1741, no. 1-2,
pp. 183–190, 2005.

[12] S. A. Madsen-Bouterse and R. A. Kowluru, “Oxidative stress
and diabetic retinopathy: pathophysiological mechanisms and
treatment perspectives,” Reviews in Endocrine and Metabolic
Disorders, vol. 9, no. 4, pp. 315–327, 2008.

[13] I. Inoue, S. Goto, T. Matsunaga et al., “The ligands/activators
for peroxisome proliferator-activated receptor α (PPARα) and
PPARγ increase Cu+2,Zn+2-superoxide dismutase and decrease



6 Experimental Diabetes Research

p22phox message expression in primary endothelial cells,” Me-
tabolism, vol. 50, no. 1, pp. 3–11, 2001.

[14] J. B. Majithiya, A. N. Paramar, and R. Balaraman, “Pioglita-
zone, a PPARγ agonist, restores endothelial function in aorta
of streptozotocin-induced diabetic rats,” Cardiovascular Re-
search, vol. 66, no. 1, pp. 150–161, 2005.

[15] Y. Li, L. Xu, J. Shen et al., “Effects of short-term therapy with
different insulin secretagogues on glucose metabolism, lipid
parameters and oxidative stress in newly diagnosed type 2
diabetes mellitus,” Diabetes Research and Clinical Practice, vol.
88, no. 1, pp. 42–47, 2010.

[16] D. Manzella, A. M. Abbatecola, R. Grella, and G. Paolisso,
“Repaglinide administration improves brachial reactivity in
type 2 diabetic patients,” Diabetes Care, vol. 28, no. 2, pp. 366–
371, 2005.

[17] T. Tankova, D. Koev, L. Dakovska, and G. Kirilov, “The effect
of repaglinide on insulin secretion and oxidative stress in type
2 diabetic patients,” Diabetes Research and Clinical Practice,
vol. 59, no. 1, pp. 43–49, 2003.

[18] A. Kyaw, “A simple colorimetric method for ascorbic acid
determination in blood plasma,” Clinica Chimica Acta, vol. 86,
no. 2, pp. 153–157, 1978.

[19] O. H. Lowry, N. J. Rosenbrough, A. L. Farr, and R. J. Randall,
“Protein measurement with the Folin phenol reagent,” The
Journal of Biological Chemistry, vol. 193, no. 1, pp. 265–275,
1951.

[20] S. M. Ferreira, S. F. Lerner, R. Brunzini, P. A. Evelson, and
S. F. Llesuy, “Oxidative stress markers in aqueous humor of
glaucoma patients,” American Journal of Ophthalmology, vol.
137, no. 1, pp. 62–69, 2004.

[21] C. Livingstone and J. Davis, “Targeting therapeutics against
glutathione depletion in diabetes and its complications,” The
British Journal of Diabetes and Vascular Disease, vol. 7, no. 6,
pp. 258–265, 2007.

[22] T. Fujii, R. Hamaoka, J. Fujii, and N. Taniguchi, “Redox
capacity of cells affects inactivation of glutathione reductase
by nitrosative stress,” Archives of Biochemistry and Biophysics,
vol. 378, no. 1, pp. 123–130, 2000.

[23] M. P. Cohen, E. Hud, E. Shea, and C. W. Shearman, “Vitreous
fluid of db/db mice exhibits alterations in angiogenic and
metabolic factors consistent with early diabetic retinopathy,”
Ophthalmic Research, vol. 40, no. 1, pp. 5–9, 2008.

[24] M. Aslan, A. Cort, and I. Yucel, “Oxidative and nitrative stress
markers in glaucoma,” Free Radical Biology and Medicine, vol.
45, no. 4, pp. 367–376, 2008.

[25] R. L. Levine, D. Garland, C. N. Oliver et al., “Determination of
carbonyl content in oxidatively modified proteins,” Methods in
Enzymology, vol. 186, pp. 464–478, 1990.

[26] T. Nguyen-Khoa, Z. A. Massy, J. P. de Bandt et al., “Oxidative
stress and haemodialysis: role of inflammation and duration of
dialysis treatment,” Nephrology Dialysis Transplantation, vol.
16, no. 2, pp. 335–340, 2001.

[27] M. Kalousova, J. Skrha, and T. Zima, “Advanced glycation end-
products and advanced oxidation protein products in patients
with diabetes mellitus,” Physiological Research, vol. 51, no. 6,
pp. 597–604, 2002.

[28] T. Shiojiri, K. Wada, A. Nakajima et al., “PPARγ ligands
inhibit nitrotyrosine formation and inflammatory mediator
expressions in adjuvant-induced rheumatoid arthritis mice,”
European Journal of Pharmacology, vol. 448, no. 2-3, pp. 231–
238, 2002.

[29] B. Sung, S. Park, B. P. Yu, and H. Y. Chung, “Amelioration
of age-related inflammation and oxidative stress by PPARγ

activator: Suppression of NF-κB by 2,4-thiazolidinedione,”
Experimental Gerontology, vol. 41, no. 6, pp. 590–599, 2006.

[30] L. Tao, H. Liu, E. Gao et al., “Antioxidative, antinitrative,
and vasculoprotective effects of a peroxisome proliferator-
activated receptor-γ agonist in hypercholesterolemia,” Circu-
lation, vol. 108, no. 22, pp. 2805–2811, 2003.

[31] A. Gumieniczek, Ł. Komsta, and M. R. Chehab, “Effects of two
oral antidiabetics, pioglitazone and repaglinide, on aconitase
inactivation, inflammation and oxidative/nitrosative stress in
tissues under alloxan-induced hyperglycemia,” European Jour-
nal of Pharmacology, vol. 659, no. 1, pp. 89–93, 2011.

[32] A. Gumieniczek, M. Krzywdzińska, and M. Nowak, “Modula-
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Altered expression of oxidative metabolism genes has been described in the skeletal muscle of individuals with type 2 diabetes.
Pancreatic beta cells contain low levels of antioxidant enzymes and are particularly susceptible to oxidative stress. In this study,
we explored the effect of hyperglycemia-induced oxidative stress on a panel of oxidative metabolism genes in a rodent beta cell
line. We exposed INS-1 rodent beta cells to low (5.6 mmol/L), ambient (11 mmol/L), and high (28 mmol/L) glucose conditions for
48 hours. Increases in oxidative stress were measured using the fluorescent probe dihydrorhodamine 123. We then measured the
expression levels of a panel of 90 oxidative metabolism genes by real-time PCR. Elevated reactive oxygen species (ROS) production
was evident in INS-1 cells after 48 hours (P < 0.05). TLDA analysis revealed a significant (P < 0.05) upregulation of 16 of the 90
genes under hyperglycemic conditions, although these expression differences did not reflect differences in ROS. We conclude that
although altered glycemia may influence the expression of some oxidative metabolism genes, this effect is probably not mediated by
increased ROS production. The alterations to the expression of oxidative metabolism genes previously observed in human diabetic
skeletal muscle do not appear to be mirrored in rodent pancreatic beta cells.

1. Introduction

Type 2 diabetes (T2D) occurs when the pancreatic beta cells
can no longer compensate for peripheral insulin resistance
by increasing insulin production and is associated with
hyperglycemia and an altered lipid profile (dyslipidemia)
[1]. The T2D “microenvironment” is detrimental to cells
and tissues and is thought to contribute to further beta cell
dysfunction and reduced beta cell mass, as well as micro-
vascular and macrovascular complications. Increased levels
of reactive oxygen species (ROS) are hypothesized to have a
role in causing beta cell dysfunction due to altered glucose
levels and lipid profiles, leading to T2D [2]. ROS have a phys-
iological role in normal intracellular signal transduction.
However, excessive ROS production causes damage to cel-
lular components, of which RNA is especially vulnerable,
potentially leading to gene expression changes [3].

Mitochondrial dysfunction is thought to contribute to
beta cell dysfunction and has been observed in beta cells and
in other tissues of individuals with T2D [4, 5]. Moreover,

several groups have found that components of the electron
transport chain and other genes involved in oxidative meta-
bolism were altered in tissues from individuals with T2D
[6–8]. For example, decreases in the expression of oxidative
phosphorylation genes regulated by the transcriptional coac-
tivator PGC1 (PPARGC1A), which is involved in regulation
of energy metabolism, have been observed in T2D skeletal
muscle [6, 7]. Increases in the expression of these genes were
observed in liver from patients with T2D and were correlated
with blood glucose levels [8].

The beta cells of the pancreas are particularly vulnerable
to the effects of ROS as they contain lower levels of anti-
oxidant enzymes (catalase, superoxide dismutase, glu-
tathione peroxidase) compared with other tissues, including
skeletal muscle and liver [9]. ROS-mediated mitochondrial
dysfunction, as observed in T2D islets, has been shown to
disrupt glucose-induced insulin secretion from beta cells
[10]. Therefore, the beta cells, as well as being the central
tissue in T2D pathogenesis, might be expected to be particu-
larly susceptible to ROS-mediated gene expression changes.
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The vulnerable state of the beta cell and the importance
of oxidative metabolism in relation to insulin secretion and
ROS production led us to investigate whether the expression
of genes involved in oxidative metabolism is altered in
response to hyperglycemia-induced oxidative stress in a
rodent pancreatic beta cell line INS-1. We hypothesized that
hyperglycemia-induced oxidative stress in the pancreatic beta
cell may contribute to beta cell dysfunction and impaired
insulin secretion because of deregulation in the expression
of oxidative metabolism genes.

2. Materials and Methods

2.1. Cell Culture and Experimental Procedure. The rat pan-
creatic beta cell line INS-1 was cultured in RPMI 1640
medium (Invitrogen) supplemented with 11 mmol/L glu-
cose, 10% fetal calf serum and 1% penicillin/streptomycin
at 37◦C in a humidified atmosphere. After 72 hours, the
cells were seeded in 25 cm2 flasks at a density of 3.5 × 105

cells/flask (for gene expression analysis) or in 96-well plates
at a density of 2 × 104 cells/well (for cell viability and ROS
production measurements). Cells were then incubated under
the conditions already described but with low (5.6 mmol/L),
ambient (11 mmol/L) or high (28 mmol/L) glucose for a fur-
ther 48 hours (conditions previously used to model hyper-
glycemia in T2D) [11].

2.2. Cell Viability. Cell viability was measured using (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay [12]. Briefly, MTT was added to cells at a final
concentration of 0.5 mg/mL. Cells were incubated for 1 hour
at 37◦C. The medium was then aspirated and 100 μL DMSO
added to each well to solubilize the blue formazan product.
Absorbance was measured using an OPTIMA reader (BMG
LABTECH) at an excitation wavelength of 540 nm. Three
biological replicates were carried out, each with five technical
replicates.

2.3. ROS Production. Intracellular ROS production was
measured using the fluorescent probe dihydrorhodamine 123
(DHR123) (Invitrogen), which, when oxidized, localizes in
the mitochondria and fluoresces green, indicating the pre-
sence of ROS. In brief, DHR was added to cells in 100 μL
fresh RPMI medium to a final concentration of 1 μM. Cells
were incubated for 30 minutes at 37◦C. Fluorescence was
measured using a PHERAstar reader (BMG LABTECH) at an
excitation wavelength of 485 nm and an emission wavelength
of 520 nm. Three biological replicates were carried out, each
with five technical replicates.

2.4. Gene Expression Analysis. The genes selected for this
study are given in Table 1. Choice of targets was made on the
basis that these 90 genes have shown evidence in the litera-
ture that they may be effected by some of the physiological
changes that occur with T2D. The first set of targets (indi-
cated in Table 1 by bold type) were taken from a study where
microarray analysis of skeletal muscle samples from matched
diabetic and nondiabetic subjects was undertaken [7]. Using
a pathways analysis approach, they identified a set of genes

involved in oxidative phosphorylation whose expression was
decreased in diabetic muscle. The majority of these targets
were genes responsive to the transcriptional coactivator
PGC1. We therefore chose to study these, together with other
PPAR genes (Ppara, Ppard, and Pparg) and their targets. This
is relevant because the Pro12Ala variant of PPARG has been
associated with T2D [13]. A very similar pattern of gene
expression was also noted by a second group, who carried
out an analogous experiment, also in skeletal muscle [6]. In
concordance with the Mootha study, this study demonstrated
deregulation of a group of genes involved in oxidative
phosphorylation regulated by nuclear respiratory factor-1
(NRF1) and PGC1 (indicated in Table 1 by underlined type).
Genes that appear in both studies are marked in Table 1 by
bold and underlined type. Other targets have been selected
on the basis of involvement in response to oxidative stress
and with roles in oxidative metabolism. Most of these genes
can be subdivided into activation of the antioxidant defense
system, cell cycle arrest, DNA repair, damaged protein repair,
or activation of the NFκB pathway. The final category of
genes were selected on the basis that they are key players
in pathways involved in T2D. These include genes involved
in cell cycle and apoptosis, immune and inflammatory pro-
cesses, energy metabolism and homeostasis, including glu-
cose metabolism, and insulin signaling and homeostasis. Ex-
pression of the 90 target genes were analyzed with the Micro
Fluidic Card system (Taqman low density array (TLDA)
custom array, Applied Biosystems).

2.5. Statistical Analysis. Comparisons of ROS production
and gene expression between the three glucose culture condi-
tions were determined using the Kruskal-Wallis H test.

3. Results and Discussion

We found that although ROS were increased at both high
and low glucose compared with ambient glucose (P <
0.05) (Figure 1), this was not accompanied by concomitant
alterations in the expression levels of the 90 test genes. TLDA
analysis revealed deregulation of 16 out of 90 (18%) of
genes analyzed (P < 0.05) (Figure 2), but the patterns of
deregulation did not mirror changes in ROS production. If
increased ROS production was responsible for the changes in
gene expression, then we would expect the pattern of ROS
production to mirror the pattern of gene expression. This,
however, was not the case, which leads us to conclude that the
expression changes are probably due to effects of glycemia,
rather than a specific effect of ROS. The lack of response in
the remaining 82% of genes tested may indicate that these
genes are not responsive to ROS or glucose in beta cells. A
decrease in cell viability was observed at low glucose after 48
hours, whereas high glucose increased cell viability compared
with ambient glucose (results not shown). The effects on cell
viability could explain some of the gene expression changes
observed.

This study provides evidence that increasing glycemia
affects expression of a proportion of genes involved in
oxidative metabolism in the pancreatic beta cell line INS-1.
A number of genes were upregulated in response to
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Table 1: Panel of 90 target genes for analysis by TLDA expression profiling. Candidate genes have been shown by pathway-based
microanalysis to be deregulated in T2D skeletal muscle, are reported in the literature to be involved in oxidative metabolism or the oxidative
stress response, or are reported in the literature to be key players in diabetes pathways/deregulated in T2D.

Panel of 90 target genes for analysis by TLDA expression profiling

Deregulated in T2D skeletal
muscle

Alas1 Atp5c1 Atp5g1 Atp5g2 Atp5g3 Ckmt1 Cox4i1

Cox6a1 Cox6c Nrf1 Pdx1 Pkm2 Por Sdhc

Slc25a4 Ucp2 Uros Eif2ak3 Sdhb Uqcrc1 Cox5b

Atp5o Cox7b Cyc1 Atp5j Ndufa5 Ndufa8 Ndufb5

Ndufb6 Ndufs2 Ndufs3 Ppara Ppard Pparg Ppargc1a

Sdha

Involved in oxidative
metabolism and the oxidative
stress response

Aco1 Ccng1 Cdkn1a Cxcl10 Ddit3 Dnaja1 Fmo1

Gck Gsr Hspa4 Hspa5 Igfbp2 Il18 Ins1

Ireb2 Nfkb1 Nfkbia Pck1 Rad23a Sod1 Tnf

Tp53 Txn2 Txnip Ung Xbp1 Ercc1 Mtor

Nampt Ndufaf1 Nfe2l2 Prkcd Prkcz Shc1

Key players in T2D pathways

Cell cycle and apoptosis Crls1 Hdac4 Hdac5 Hgf Igf1 Suv39h1

Cellular and energy
metabolism and homeostasis,
including glucose homeostasis

Foxo1 Gckr Hagh Hk1 Prkaa2 Sirt1

Immune and inflammatory
processes

Crp Il1b Il1rn Il6 Rage

Insulin signaling and
homeostasis

Gcg Insr Kcnj11
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Figure 1: The production of ROS in INS-1 cells cultured in
low, ambient, and high glucose concentrations for 48 hours.
Intracellular ROS production was measured using the fluorogenic
probe dihydrorhodamine 123. Differences in ROS production were
statistically analyzed by the Kruskal-Wallis H test. Significant results
(P < 0.05) relative to control are indicated by∗.

increasing glycemia, including several components of the
electron transport chain (Atp5g3, Atp5g2, Cox4i1, Cox6a1,
Ndufs2, Sdhb) (Figures 2(a)–2(f)) and genes involved in
oxidative metabolism or cellular antioxidant defense (Gsr,
Nfkb1, Sod1). Also upregulated with high glucose were
genes involved in energy homeostasis or metabolism (Pkm2,
Prkaa2) (Figures 2(g)–2(k)). Deregulation of these genes in

beta cells could potentially contribute to impaired mitochon-
drial metabolism and insulin secretion. Prkaa2 is a catalytic
subunit of the AMP-activated protein kinase (AMPK), a key
regulator of energy homeostasis, which has been shown to
decrease glucose-stimulated insulin secretion, insulin con-
tent, and mitochondrial metabolism [14].

Also up-regulated in response to increasing glycemia are
Cdkn1a which is involved in p53-mediated cell cycle arrest in
response to cellular stress and has already been shown to be
induced by H2O2 [15], Crls1 which is important in main-
taining the integrity of the mitochondrial membrane, and
is thought to be involved in apoptosis, Gcg which encodes
four distinct proteins including glucagon, and the in-
flammatory marker Crp (Figures 2(l)–2(o)). Interestingly,
the only gene that is significantly downregulated in response
to high glucose, compared with ambient glucose, is the pro-
moter of beta cell function and survival, Pdx1 (Figure 2(p)).
It has been shown previously that Pdx1 deficiency causes beta
cell dysfunction and beta cell death and that both hyper-
glycemia and hyperlipidemia lead to decreased Pdx1 expres-
sion and consequent beta cell dysfunction [16]. The glycoly-
sis gene Pkm2 is worth mentioning in more detail, as it was
the only gene which was significantly deregulated between
low and ambient glucose, ambient and high glucose, and
low and high glucose (Figure 2(j)). Pkm2 has previously been
shown to be glucose-responsive so acts here as a positive con-
trol [17].

Although we saw evidence of deregulated gene expression
in response to altered glycemia, we found little evidence
to suggest that ROS were involved in mediating these gene
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Figure 2: Gene expression in INS-1 cells cultured in low (5.6 mmol/L), ambient (11 mmol/L), and high (28 mmol/L) glucose concentrations
for 48 hours (gene name above each graph). Gene expression changes were analyzed using TLDA expression profiling on a panel of 90 target
genes. Gene expression differences were statistically analyzed by the Kruskal-Wallis H test and were normalized to the mean expression of
the endogenous controls B2m and Tbp, as they were found to be most stable using the GeNorm algorithm (Statminer, Integromics). Note
that the scales of the graphs differ between genes as the expression is shown relative to mean expression across all genes. Significant results
(P < 0.05) are indicated by∗.

expression changes. This is interesting because ROS produc-
tion and oxidative stress have been strongly associated with
mitochondrial dysfunction, and H2O2-induced oxidative
stress has previously been shown to alter expression of some
of these genes in beta cells [15, 18]. For instance, H2O2-
induced oxidative stress in rat pancreatic islet cells has been
demonstrated to induce Cdkn1a mRNA expression [15]. Ele-
vated Cdkn1a expression may result in a suppression of
beta cell proliferation and insulin biosynthesis, which pro-
vides an important link between oxidative stress and beta
cell dysfunction in T2D [15]. A transient exposure of the
rat insulinoma cell line INS-1E to H2O2 significantly in-
creased mitochondrial ROS production and impaired glu-
cose-stimulated insulin secretion, which persisted for several
days after the exposure [18]. This occurred alongside a
concomitant decrease in expression of genes involved in

mitochondrial biogenesis and a compensatory increase in
expression of respiratory chain subunit mRNAs [18].

Moreover, there are examples of ROS altering signaling
pathways in other tissues which are relevant to diabetes, such
as adipose tissue and liver. For instance, in vivo exposure to
high glucose in rats increased the mRNA levels of several in-
flammatory genes in the adipose, and this effect was partially
prevented by the free radical scavenger N-acetyl-cysteine
[19]. The authors suggest that exposure to ROS-induced
damage over the lifetime of an adipocyte could contribute
to the pathological state seen in metabolic disorders such as
T2D [19]. ROS levels have been shown to be elevated in the
liver of db/db mice and in a human hepatic cell line treated
with the fatty acid palmitate. The NADPH oxidase NOX3 was
found to be the predominant source of ROS production, and
the increase in ROS was found to induce p38MAPK and JNK
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pathways, which was shown to contribute to hepatic insulin
resistance [20].

Our panel of 90 genes were selected on the basis that they
have already been shown to be deregulated in T2D tissues
or are involved in the oxidative stress response, therefore,
were strong candidates for this study. Although ROS appear
to have little role in mediating the expression of these genes
under the conditions described, it should be highlighted that
ROS may influence the expression of other genes involved in
beta cell function. It would be interesting to further inves-
tigate the effect of hyperglycemia-induced ROS production
on expression of other genes with important roles in beta
cell function, such as maintenance of beta cell mass and
regulation of apoptosis, as both hyperglycemia and oxidative
stress are thought to be crucial in mediating beta cell
apoptosis and subsequent loss of beta cell mass in T2D [21].

In conclusion, our study provides further evidence that
hyperglycemia induces ROS production in the pancreatic
beta cell. Although 18% of the oxidative metabolism genes
tested were shown to be deregulated in response to increasing
glycemia, there was little evidence that ROS or oxidative
stress was involved in mediating these gene expression
changes, indicating that gene expression changes noted in
diabetic tissues may be more attributable to differences in
glucose or lipid concentration than to increases in oxidative
stress.
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There have not been yet enough studies about effects of beta glucan and gliclazide on oxidative stress created by streptozotocin in
the brain and sciatic nerve of diabetic rats. The aim of this paper was to investigate the antioxidant effects of gliclazide and beta
glucan on oxidative stress and lipid peroxidation created by streptozotosin in brain and sciatic nerve. Total of 42 rats were divided
into 6 groups including control, diabetic untreated (DM) (only STZ, diabetic), STZ (DM) + beta glucan, STZ (DM) + gliclazide,
only beta glucan treated (no diabetic), and only gliclazide treated (no diabetic). The brain and sciatic nerve tissue samples were
analyzed for malondialdehyde (MDA), total oxidant status (TOS), total antioxidant status (TAS), oxidative stress index (OSI), and
paraoxonase (PON-1) levels. We found a significant increase in MDA, TOS, and OSI along with a reduction in TAS level, catalase,
and PON-1 activities in brain and sciatic nerve of streptozotocin-induced diabetic rats. Also, this study shows that in terms of
these parameters both gliclazide and beta glucan have a neuroprotective effect on the brain and sciatic nerve of the streptozotocin-
induced diabetic rat. Our conclusion was that gliclazide and beta glucan have antioxidant effects on the brain and sciatic nerve of
the streptozotocin-induced diabetic rat.

1. Introduction

Diabetes mellitus (DM) is one of the most common chronic
metabolic disorders leading to complications in a number of
organ and systems. DM characterised by disturbed glucose
metabolism due to an absolute or relative insulin deficiency
affects the central and peripheral nervous systems [1]. It is
reported that encephalopathy is the long-term neurological
complication of diabetes and is associated with cognitive
decline and increased risk of dementia [2]. Brain and nerve
tissues are two sites of diabetic organ damage [3]. Also,
it is reported that oxidative stress and apoptosis play an
important role in diabetes-induced tissue damage [4, 5].
DM, in hyperglicemia uncontrolled, initiates degenerative

processes that causes damage of brain and nerve tissues
because of excess oxidative stress. In diabetic complications,
oxidative stress results from an overproduction of reactive
oxygen/nitrogen species generated by glucose autoxida-
tion, mitochondria dysfunction, protein glycation and from
decreased antioxidant defenses [6].

One of the important goals of DM treatment is to
prevent its complications. To this end, there is accumulat-
ing evidence that supplementation antioxidant compounds
may offer some protection against diabetic complications
[7]. Therefore, beta-glucan and gliclazide were selected as
possible protective materials of this study. Beta-glucans are
glucose polymers that are found in the cell walls of yeast,
fungi, and cereal plants. They are known to have beneficial
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effects on the immune system and are claimed to have no
toxic or adverse effects. Natural products containing beta-
glucans have been used for thousands of years for the benefits
of human health, but beta-glucans were only identified
as active components recently [8]. Beta-glucans have been
investigated extensively for immune stimulation effects and
developed for the treatment of several diseases including can-
cer, decubitus ulcer, and infectious diseases. Recent studies
have reported that beta-glucans could reduce hyperglicemia,
hyperlipidemia, and hypertension [9]. Several mechanisms
were suggested for the protective effect of beta-glucan; one
of these mechanisms is related to antioxidant capacity of this
molecule. It was found that β-glucan is an antioxidant with
the scavenging ability lying between that of α-tocopherol,
which is known to be incorporated in the lipid bilayer,
and the water-soluble antioxidant, mannitol [10]. Therefore,
beta-glucans have great potential for the treatment of dia-
betes and associated neurological diseases including diabetic
neuropathy and encephalopathy. Thus, beta glucan can lead
new approaches for the prevention of diabetic neurologic
complications and vascular risk factors by reducing oxidative
damage of this molecule. However, there have not been
yet enough studies for its antioxidant actions on diabetic
brain and sciatic norve tissues. The aim of this study was to
investigate the antioxidant protective effects of beta glucan
on brain and sciatic nerve tissues of streptozotocin-induced
diabetic rats.

Gliclazide which is another possible protective material
of this study, is a second-generation sulfonylurea hypo-
glycemic agent. It may show effect as reduction in free
radical generation or an increase in free radical scavenging.
Also, gliclazide may contribute to the control of the phys-
iopathological mechanisms underlying both the process of
aging and type 2 diabetes by reducing oxidant stress and
DNA damage, improving antioxidant status [11]. In diabetic
experimental models, it has been reported that gliclazide
potentially protects the vasculature through improvements
in plasma lipids and platelet function [12]. However, there
have not been yet enough studies about its antioxidant
actions on diabetic brain and sciatic nerve tissues. Therefore,
in the present study, the protective effects of gliclazide
against oxidative stress and lipid peroxidation created by
streptozotocin on brain and sciatic nerve in diabetic rats were
investtigated.

2. Materials and Methods

2.1. Animals, Care, and Nutrition. This study was approved
by Dicle University Animal Ethical Committee and was car-
ried out in accordance with the “Animal Welfare Act and the
Guide for the Care and Use of Laboratory animals prepared
by the Dicle University, Animal Ethical Committee.” Female
Wistar Albino rats (250 ± 50 g) were obtained from the
Animal labaratuary of Dicle University. The rats were housed
in clean polypropylene cages having six rats per cage and
maintained under temperature controlled room (23 ± 2◦C)
with a photoperiod of 12 h light and 12 h dark cycle. The
rats were given standard pellets diet and water ad libitum
throughout the experimental period. All efforts were made

to minimize animal suffering and to use only the number of
animals necessary to produce reliable scientific data.

2.2. Animals and Treatment. The rats were fasted overnight,
and diabetes was induced by a single dose via intraperitoneal
injection of streptozotocin solution (STZ). The experiment
was designed as a total of 28 days. A week after STZ
administration, their blood glucose values were measured
and were defined as diabetic rats, that is, their blood glucose
values were above 250 mg/dL. STZ caused the death of some
rats. At the end, 42 rats were divided into 6 groups including
control, diabetic untreated (only STZ, diabetic), diabetics
treated with beta glucan (STZ + beta glucan), diabetics
treated with gliclazide (STZ + gliclazide), only beta glucan
treated (beta glucan control, no diabetic), and only gliclazide
treated (gliclazide control, no diabetic). The beta-glucan
(Mustafa Nevzat Company, Turkey) used in this study is
1,3-1,6 beta-D-glucan in the microparticulate form, which
was prepared from the S. cerevisiae yeast. Beta glucan was
administered orally (50 mg/kg body weight) with a gavage for
21 days in the STZ + beta glucan and beta glucan groups. The
gliclazide (DIAMICRON, Mustafa Nevzat Company, Turkey)
used in the tablet form was administered orally (10 mg/kg
body weight) with a gavage for 21 days in the STZ + gliclazide
and only gliclazide groups. STZ solution was prepared as
follows: 24 mg of STZ was dissolved in 1 mL of 5 mM
citrate buffer (pH 4.5) before the injection, and a volume
of 2.5 mL/kg was administrated into each rat. The animals
were fasted overnight and diabetes was induced by a single
i.p. injection of a freshly prepared solution of STZ (CAS
number: 133 18883-66-4, 85882, Sigma-Aldrich) (50 mg/kg
body weight) in 0.1 M cold citrate buffer (pH 4.5). One week
after STZ administration, blood was taken from the lateral
veins of the tail, their blood glucose levels were measured
by a glucometer (ACCU-CHEK, Roche Diagnostics) using
a glucose oxidase method and the rats whose blood glucose
values were above 250 mg/dL were accepted as diabetic [13].
After completion of 21 days for drug treatments, the animals
were sacrificed by cervical dislocation, and the brain and
sciatic nerve tissues were excised at 4◦C. The tissues were
washed with ice-cold saline and immediately stored at−50◦C
for biochemical analyses.

2.3. Biochemical Analyses. The excised cerebrum and sciatic
nerve tissue samples for biochemical analyses were weighed,
immediately stored at −50◦C. The cerebrum tissues cleaned
with 1.15% ice-cold KCl, minced, then homogenized in five
volumes (w/v) of the same solution. Assays were performed
on the supernatant of the homogenate that is prepared at
14.000 rpm for 30 min at +4◦C. The protein concentration of
the tissue was measured by the method of Lowry [14]. Lipid
peroxidation level in the cerebrum was expressed as malondi-
aldehyde (MDA). It was measured according to procedure of
Ohkawa et al. [15]. Catalase activity was measured according
to the method of Aebi [16]. Serum paraoxonase (PON-1)
activity was measured spectrophotometrically by modified
Eckerson method [17]. The TAS of supernatant fractions
was evaluated by using a novel automated and colorimetric
measurement method developed by Erel [18]. Hydroxyl
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radicals, the most potent biological radicals, are produced in
this method. In the assay, the ferrous ion solution present in
reagent 1 is mixed with hydrogen peroxide, which is present
in reagent 2. The subsequently produced radicals, such as
brown-colored dianisidine radical cations produced by the
hydroxyl radicals, are also potent radicals. Using this method,
the antioxidative effect of the sample is measured against
the potent-free radical reactions initiated by the produced
hydroxyl radicals. The assay has excellent precision values
lower than 3%. The total antioxidant status (TAS) results are
expressed as nmol Trolox equivalent/mg protein. The total
oxidant status (TOS) of supernatant fractions was evaluated
by using a novel automated and colorimetric measurement
method developed by Erel [19]. Oxidants present in the
sample oxidize the ferrous ion-o-dianisidine complex to
ferric ion. The oxidation reaction is increased by glycerol
molecules, which are abundantly present in the reaction
medium. The ferric ion makes a colored complex with
xylenol orange in an acidic medium. The color intensity,
which can be measured spectrophotometrically, is related to
the total amount of oxidant molecules present in the sample.
The assay is calibrated with hydrogen peroxide, and the
results are expressed in terms of nmol H2O2 equivalent/mg
protein [20]. The TOS level to TAS level ratio was regarded
as the oxidative stress index (OSI). The unit of cerebrum
tissue TOS and TAS was μmole H2O2 Equiv./gram protein
and mmole H2O2 Equiv./gram protein, respectively. The
cerebrum tissue OSI value was calculated as follows: OSI
= ((TOS, μmole H2O2 Equiv./gram protein)/(TAS, μmole
H2O2 Equiv./gram protein) × 100) [21].

2.4. Statistical Analyses. The data was analyzed by using
Statistical Package for the Social Sciences version 11.5 (SPSS
11.5 for Windows, Chicago, IL, USA). The variables between
the groups were tested by Mann Whitney U test. A value of
P < 0.05 indicates a significant difference. Data are expressed
as mean ± S.D.

3. Results

In the rat brain, the MDA, TOS, TAS, and OSI level, catalase
and PON-1 enzyme activities are presented in Table 1. There
was a significant depletion in the PON-1, catalase, and TAS
levels in the brain of the diabetic rat compared to the
control groups (for both parameters P < 0.05). However,
beta glucan-treated diabetic rats significantly reversed the
catalase, PON-1 and TAS back to normal levels compared
to untreated diabetic rats (for both parameters P < 0.05).
PON-1 activity was significantly higher in gliclazide-treated
diabetic group than untreated diabetic group in the brain
(P < 0.05), but catalase activity and TAS level were not
significant (for both parameters P > 0.05). As can be seen
from Table 1, the level of MDA, TOS, and OSI in the brain
tissue was increased in untreated diabetic rats compared
with the rats of control group (for both parameters P <
0.05). However, MDA, TOS, and OSI levels were significantly
reduced to gliclazide-treated diabetic group compared with
the untreated-diabetic group in brain tissue (for both
parameters P < 0.05). Likewise, MDA, TOS, and OSI levels

were significantly reduced to beta-glucan-treated diabetic
group compared with the untreated-diabetic group in brain
tissue (for both parameters P < 0.05).

It was observed that medication similarly affected both
tissue in the rat sciatic nerve compared with brain tissue. In
the rat sciatic nerve, the MDA, TOS, TAS, and OSI levels as
well as catalase and PON-1 enzyme activities are presented in
Table 2. There were no significant differences in brain tissue
MDA, TOS, TAS, OSI, catalase, and PON-1 in both beta
glucan-treated group and gliclazide-treated group compared
to control group rats (P > 0.05). There was a significant
depletion in the PON-1, catalase, and TAS levels in the sciatic
nerve of the diabetic rat compared to the control groups (for
both parameters P < 0.05). However, beta-glucan-treated
diabetic rats significantly reversed catalase, PON-1, and
TAS back to normal levels compared to untreated diabetic
rats (for both parameters P < 0.05). PON-1 activity was
significantly higher in gliclazide-treated diabetic group than
untreated diabetic group in the brain (P < 0.05), but
catalase activity and TAS level were not significant (for both
parameters P > 0.05). As can be seen from Table 2, the
levels of MDA, TOS, and OSI in the sciatic nerve tissue
were increased in untreated diabetic rats compared with
the rats of control group (for both parameters P < 0.05).
However, MDA, TOS, and OSI levels were significantly
reduced to gliclazide-treated diabetic group compared with
the untreated-diabetic group in sciatic nerve tissue (for both
parameters P < 0.05). Likewise, MDA, TOS, and OSI levels
were significantly reduced to beta-glucan-treated diabetic
group compared with the untreated-diabetic group in sciatic
nerve tissue (for both parameters P < 0.05).

4. Discussion

DM is a metabolic disorder with a globally rising prevalence
which can affect the peripheral and central nervous system
[2, 22]. It is well known that oxidative stress is a contributor
to the development of complications in DM. There are
several lines of evidence indicating that oxidative stress
is increased in diabetic neuropathy and encephalopathy
[23, 24]. Streptozotocin-induced diabetes is a well-described
model of experimental diabetes that provides a relevant
example of endogenous chronic oxidative stress as a result
of hyperglycemia in diabetic brain [4].

Previous experimental studies in STZ-induced diabetic
rats have been suggested that the increased oxidative stress is
an important factor in the pathogenesis of the complications
[4]. For example, increased lipid peroxidation impairs
membrane function by decreasing membrane fluidity and
causes free-radical-induced membrane lipid peroxidation
including increased membrane rigidity, decreased cellular
deformability, leading to various diseases [25]. Lipid peroxi-
dation is initiated by free radicals attack to membrane lipids,
generating large amounts of reactive products, which have
been implicated in diabetes and its complications. MDA is a
decomposition product of peroxidized polyunsaturated fatty
acids, end product of lipid peroxidation. Thus, MDA is a
marker of lipid peroxidation. In this study, the level of MDA
significantly increased in the untreated diabetic rat sciatic
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Table 1: Biochemical parameters in all groups in the brain of rats.

Groups
MDA

(nmol/gr protein)
TOS

(mmol H2O2 Eq./g protein)
TAS

(mmol Trolox Eq./g protein)
OSI

Catalase
(U/g protein)

PON-1 activity
(U/mg protein)

Control (I) 259.9± 60.5 22.0± 8.2 0.44± 0.1 53.6± 25.5 1.19± 0.14 0.72± 0.29

Diabetic (II) 454.7± 62.8 39.7± 3.5 0.22± 0.08 204.9±96.3 0.65± 0.15 0.30± 0.05

Diabetic +
gliclazide (III)

367.4± 47.6 32.2± 2.8 0.29± 0.04 113.7±17.1 0.73± 0.12 0.40± 0.10

Diabetic + Beta
glucan (IV)

329.2± 45.3 27.0± 5.9 0.38± 0.08 75.0± 26.9 1.02± 0.09 0.59± 0.26

Gliclazide (V) 242.0± 36.7 20.5± 6.3 0.44± 0.1 51.01±28.7 1.34± 0.23 0.80± 0.18

Beta glucan (VI) 257.0± 55.0 21.8± 6.8 0.46± 0.11 52.7± 33.4 1.30± 0.26 0.71± 0.20

P values

I-II 0.002 0.004 0.003 0.002 0.002 0.004

II-III 0.009 0.009 N.S. 0.009 N.S. 0.046

II–IV 0.002 0.004 0.012 0.002 0.002 0.016

I–VI N.S. N.S. N.S. N.S. N.S. N.S.

I–V N.S. N.S. N.S. N.S. N.S. N.S.

N.S: not significant, MDA: malondialdehyde, TOS: total oxidant status, TAS: total antioxidant status, OSI: oxidative stress index, PON-1: paraoxonase.

Table 2: Biochemical parameters in all groups in the sciatic nerve of rats.

Groups
MDA

(nmol/gr protein)
TOS

(mmol H2O2 Eq./g protein)
TAS

(mmol Trolox Eq./g protein)
OSI

Catalase
(U/g protein)

PON-1 activity
(U/mg protein)

Control (I) 17.6± 3.1 11.4± 3.5 0.16± 0.01 70.7± 23.0 0.36± 0.07 0.11± 0.02

Diabetic (II) 30.2± 4.2 20.6± 1.9 0.08± 0.03 299.4±161.9 0.19± 0.05 0.04± 0.01

Diabetic +
gliclazide (III)

25.0± 2.9 17.7± 2.5 0.11± 0.02 162.3± 37.2 0.21± 0.03 0.06± 0.01

Diabetic + Beta
glucan (IV)

23.0± 1.3 14.1± 2.7 0.14± 0.03 108.4± 41.5 0.29± 0.03 0.09± 0.03

Gliclazide (V) 16.1± 2.4 10.7± 3.2 0.16± 0.04 71.5± 40.8 0.39± 0.07 0.12± 0.03

Beta glucan
(VI)

17.1± 3.6 11.3± 3.5 0.17± 0.04 73.6± 45.2 0.38± 0.08 0.10± 0.03

P values

I-II 0.002 0.004 0.002 0.002 0.002 0.002

II-III 0.017 0.025 N.S. 0.018 N.S. 0.021

II–IV 0.002 0.004 0.012 0.002 0.002 0.006

I–V N.S. N.S. N.S. N.S. N.S. N.S.

I–VI N.S. N.S. N.S. N.S. N.S. N.S.

N.S: not significant, MDA: malondialdehyde, TOS: total oxidant status, TAS: total antioxidant status, OSI: oxidative stress index, PON-1: paraoxonase.

and brain tissues. And it was concluded that the increase
in lipid peroxidation might be a reflection of the decrease
in enzymatic and nonenzymatic antioxidants of defense sys-
tems in diabetic rats. Similarly, in previous studies, increased
MDA levels have been found in brain and sciatic nerve of
diabetic rats [4, 26]. Also, in our study, the reduced MDA
levels by both gliclazide and beta glucan likely demonstrate
that beta glucan and gliclazide might be agents to protect the
brain and nerve tissues against diabetic oxidative stress. In
one study, it has been reported that treatment with gliclazide
prevented the increase level of lipid peroxidation marker in
plasma and pancreas of diabetic rats. In another a study, it
has been found that MDA level decreased following gliclazide
treatment in patients with diabetes [25, 27]. Also, it has been
reported that gliclazide may be beneficial by inhibition of

lipid and protein denaturation [28]. Similar to our study,
Delibas et al. reported that gliclazide treatment prevented
the elevation of MDA levels in hippocampus of diabetic
rats [29]. In addition to MDA level, measurement of TOS,
TAS, and OSI provides novel and reliable index of oxidative
stress. The levels of oxidants can already be measured sep-
arately in the laboratory, but these measurements are time-
consuming and costly. The number of different oxidants
in all biological samples makes it difficult to measure each
oxidant separately. Assessment of TOS may be indicating the
level of all free oxidant radicals caused by diabetes-related
oxidative stress [30]. Likewise, the number of different
antioxidants in all biological samples makes it difficult to
measure each antioxidant separately. Thereby, TAS may be
an important factor providing protection from neurological



Experimental Diabetes Research 5

damage caused by diabetes-related oxidative stress [31].
Therefore, we investigated both TAS and TOS by using new
measurement methods developed by Erel (2004, 2005) to
more accurately assess oxidative stress in this study [18, 19].
Also we evaluated oxidative stress with OSI, detected by using
both TOS and TAS parameters. We found increased TOS and
OSI levels and decreased TAS level and catalase activity in the
diabetic rats compared to control rats in the brain and sciatic
nerve tissues. At the same time, this study confirms that
brain and sciatic nerve of diabetic rats show increased MDA,
TOS, and OSI levels along with reduced TAS and catalase.
These increases may be due to overproduction or decreased
excretion of oxidant substances. Because of the increase
in these oxidants and the decrease in total antioxidants,
the oxidative/antioxidative balance demonstrated to shift
towards the oxidative status in brain and sciatic nerve
tissues of diabetic rats in this study. Treatment with beta
glucan of diabetic rats was significantly reduced to TOS and
OSI along with increased TAS level and catalase activity
compared to untreated diabetic rats in brain and sciatic
tissues. Because of the decrease in these oxidants and the
increase in these antioxidants, the oxidative/antioxidative
balance demonstrated to shift towards the antioxidative
status with beta glucan treatment in brain and sciatic nerve
tissues of diabetic rats. Additionally, there was no difference
in beta glucan group between control group regarding sciatic
and brain oxidant/antioxidant parameters. These findings
show no toxic effect treatment with beta glucan in brain and
sciatic nerve tissues of diabetic rats. Thus, it may be preferred
to use natural products in treating and preventing various
diseases.

Owing to their useful effects on the immune system,
antioxidant, and anti-inflammatory properties, and because
they lack any toxic effects, beta glucans have been used in
previous many studies [32, 33]. It has been suggested that
beta-glucans lowered postprandial glycemia, hyperlipidemia,
and hypertension [34, 35]. Also, it is reported that beta
glucan improves wound healing in diabetic mice [36]. In
addition, it has been suggested that beta-glucans may be
used to prevent or treat excessive microglial activation during
chronic inflammatory conditions [37]. The present study is
the first experimental research demonstrating the protective
effectiveness of beta glucan to protect diabetes-induced
oxidative stress in brain and sciatic nerve of rats.

Gliclazide which is a another marker of drug of the
present study, second-generation sulfonylurea, might exert
antioxidant effect. It has been demonstrated that gli-
clazide prevents, through its antioxidant properties, oxidized
low-density lipoprotein-associated endothelial dysfunction,
apoptosis, and plaque rupture [38]. It has been found that
gliclazide was able to significantly reduce high glucose-
induced apoptosis, mitochondrial alterations, and nitrotyro-
sine concentration increase [39]. It has been suggested that it
decreases hyperglycemia and hyperinsulinemia and inhibits
oxidative stress. It is also a promising therapeutic candidate
for the prevention of vascular complications of diabetes, by
decreasing the level of DNA damage induced by reactive
oxygen species [13, 40]. Also it has been found that gliclazide
reduced oxidative stress in liver and kidney tissues of diabetic

rats [11, 41]. But the protective effect of gliclazide on diabetic
brain and sciatic nerve tissues has not been reported so
far, it is interested in whether antioxidative properties of
gliclazide may occur to reduction in oxidative damage, in
the context of prevention of diabetes-associated neuropathy
and encephalopathy. In the present study, treatment with
gliclazide of diabetic rats significantly reduced TOS and OSI
levels compared to untreated diabetic rats in brain and sciatic
tissues but insignificant increased TAS level and catalase
activity. Because of the decrease in these oxidants and the
increase in these antioxidants, the oxidative/antioxidative
balance demonstrated to shift towards the antioxidative
status with gliclazide treatment in brain and sciatic nerve
tissues of diabetic rats. This study is the first experimental
research demonstrating the effectiveness of gliclazide to
protect diabetes-induced oxidative stress in brain and sciatic
nerve of rats. As a result, we may explain these results due to
the antioxidant and antidiabetic effects of gliclazide.

Paraoxonase is one of the important antioxidant en-
zymes. PON-1 hydrolyses lipid peroxides in oxidized lipo-
proteins. A close relationship between PON-1 deficiency and
accelerated progression of arteriosclerosis has been found
in experimental and human studies [42, 43]. Although
microangiopathy plays a role in the pathogenesis of diabetic
neuropathy, there has been little research on PON-1 activity
in patients with DM. Therefore, PON-1 was selected as
a marker agent of antioxidant defences system in present
study. In a previous study, it has been found that serum
PON-1 decreased in diabetic rats and spermine reversed the
decline of PON-1 spermine-treated diabetic rats [44]. Also,
it has been indicated that cerebrospinal fluid (CSF) levels
of β-glucan and gliclazide correlated in a dose-dependent
pattern with therapeutic response, and they penetrated to
blood-brain barrier [45, 46]. To our knowledge, brain and
sciatic nerve injury relationship between PON-1 activities
has not been studied in diabetic rats. In this study, we found
decreased PON-1 activity in the brain and sciatic tissues of
diabetic rats compared to control rats. Both beta glucan and
gliclazide treatments were reversed to decrement activity of
PON-1 in diabetic rats.

5. Conclusions

Hyperglicemia in STZ-induced diabetic rats can cause oxida-
tive damage in brain and sciatic nerve tissues, which may
play vital roles in the pathogenesis of diabetic neuropathy
and encephalopathy. Also treatment of beta glucan and/or
gliclazide inhibits lipid peroxidation and regulates total
oxidant/antioxidant status in diabetic rat brain and sciatic
nerve tissues. This study results suggested that beta glucan
and gliclazide may be considered to reduce oxidative stress
in diabetic brain and sciatic nerve and may be used as a
protective agent against diabetic damage of brain and sciatic
nerve.
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