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ABSTRACT
Jenks, Mónica
HORMONE AND FLAVONOL REGULATION OF MAMMALIAN METABOLIC
SIGNALING PATHWAYS
Dissertation under the direction of Gloria K. Muday, Ph.D., Professor of Biology

The incidence of obesity is increasing around the world. Obesity is often
associated with debilitating diseases including Type 2 Diabetes Mellitus (T2DM). Both
obesity and T2DM are linked to altered peptide hormone signaling, including
insensitivity to insulin and leptin. Research in this dissertation investigated how gender,
weight loss, and diet components affected signaling pathways that are dysregulated in
obesity and T2DM. Chapter II examined the effects of weight loss on secretion of
adipokines in an older, obese human population. We asked whether the 2- to 3-fold
higher serum leptin levels previously reported in younger women, compared to younger
men, were maintained in this older population. The sexual dimorphism of leptin was
found to be maintained in this older population. The men and women in this study also
responded favorably by lowering their body and fat mass and leptin levels in response to
caloric-restriction and increased physical activity.
To investigate the molecular mechanisms of leptin’s sexual dimorphism, the
effects of sex steroid hormones on leptin synthesis and secretion in 3T3-L1 adipocytes
were examined. The effects of estradiol and dihydrotestosterone (DHT), and inhibitors
that block their receptors, on transcript abundance of the Lep gene and the cytosolic and
secreted levels of leptin protein were quantified. DHT, the predominant male sex
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hormone, reduced the level of leptin transcript abundance and both cytosolic and secreted
leptin protein. Estradiol significantly increased leptin transcript abundance and secreted
protein levels. These results suggest that the mechanism for sexual dimorphism in leptin
levels includes an inhibitory effect of DHT and a stimulatory role of estrogens on
synthesis and secretion of this important adipokine.
Chapter IV examined the effects of dietary flavonols on insulin signaling and
insulin responsiveness in cultured myotubes in the absence and presence of a saturated
fatty acid palmitate. Insulin is released upon an increase in blood glucose and causes the
glucose transporter 4 (GLUT4) to be translocated to the plasma membrane for glucose
uptake into fat and muscle cells. Insulin resistance in T2DM limits glucose uptake into
these normally insulin-responsive cells. Palmitate was used to induce a state of insulininsensitivity in cultured muscle cells since it is commonly found in the blood following
ingestion of high-fat foods. Palmitate significantly decreased glucose uptake and
phosphorylation of insulin signaling proteins while also increasing an inhibitory kinase
activity and reactive oxygen species (ROS) within the muscle cells. The flavonols
quercetin and kaempferol were able to act as antioxidants in muscle cells and
significantly reduced both normal levels of ROS and elevated levels of ROS in response
to palmitate treatment. In the presence of palmitate, flavonols restored glucose uptake
and insulin signaling to control levels, and reduced the activation of the stress kinase cJun N-terminal kinase (JNK). Because the effects on ROS levels and kinase activity
were mimicked by treatment with the antioxidant, ascorbic acid, these data support the
model that flavonol effects are mediated by reducing ROS levels in cells. This study
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showed dietary flavonols were able to combat detrimental effects of saturated fats on
insulin signaling.
Together, these studies provide insight into regulation of hormones that control
metabolism. The first two studies showed that in both humans and cultured cells the
levels of leptin are sexually dimorphic, and sex steroid hormones control leptin synthesis
and secretion. In this population of older, obese adults, caloric restrictions and increased
physical activity resulted in decreases in body weight, fat mass, and the adipokine leptin.
The third study showed that common components of plant-rich diets, the flavonols
quercetin and kaempferol, restored insulin signaling in myotubes cultured under
conditions that led to insulin insensitivity. Combined, these studies provide information
on the role of diet, weight loss, and hormones in controlling metabolic changes linked to
obesity and T2DM.
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CHAPTER I

INTRODUCTION
The incidence of obesity is on the rise with more than a third of adults in the
United States being obese [1, 2] and more than 600 million obese individuals in the world
[3]. Obesity, caused by the accumulation of an excessive amount of body fat, is
associated with many diseases including Type 2 Diabetes Mellitus (T2DM),
cardiovascular disease, cancer, atherosclerosis, dyslipidemia, and osteoarthritis [4-10].
Insight into the hormonal and metabolic changes that accompany obesity is needed to
explain the linkage to these disease states. Obesity is a complex syndrome affected by
many variables such as age, gender, genetic makeup, socioeconomic status, culture, diet,
and physical activity level [2, 6, 11]. This dissertation research investigated how steroid
sex hormones, diet, and exercise affect obesity and T2DM.
Obesity and Diabetes
Fat mass increases in obese individuals due to enlargement of existing adipocytes
and synthesis of new adipocytes [12, 13]. Adipose tissue is not only a storage depot for
energy, but it is also an active endocrine organ that secretes peptide hormones termed
adipokines [14-16]. In older adults, more fat is associated with more physical
impairment [17], and fat in skeletal muscle is a predictor of lower mobility in the elderly
[18]. Obesity is considered a risk factor for developing osteoarthritis of the knee [19, 20].
One reason to explain this incidence of comorbidity is the increase in proinflammatory
cytokines and the adipokine leptin during obesity [16, 21]. More than 50 adipokines have
been studied to determine their roles in obesity and associated comorbidities [22, 23].
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Increases in fat mass alter a number of physiological processes, including energy
metabolism, inflammation, and insulin sensitivity [24-26].
Dysfunction of the insulin signaling pathway can lead to insulin resistance, which
is the hallmark of T2DM. Insulin sensitivity has been shown to decrease during obesity
due to an increase in inflammatory cytokines such as tumor necrosis factor-alpha (TNFα) and interleukin 6 (IL-6) and the adipokine leptin [22, 27-29]. Increases in reactive
oxygen species (ROS), especially in fat, muscle, liver, and pancreas, are correlated with
obesity and insulin resistance in humans and rodents [30-32]. The presence of lipids in
non-adipose tissue, such as muscle, liver, and the pancreas, has also been shown to both
increase ROS and decrease insulin sensitivity during obesity [33-35]. The imbalance of
energy and metabolism and circulating mediators such as hormones and cytokines
contribute to the progression of obesity and its comorbidities [4, 15]. One important
protein observed to be elevated during obesity is the adipokine leptin.
Leptin
Leptin is an adipokine which has a role in diverse signaling pathways [36, 37].
This adipokine was originally discovered in obese mice with a genetic mutation in the
gene encoding leptin (first named obese) now annotated as Lep [38]. These mice ate
excessively and expended less energy than non-mutant mice resulting in obesity and
insulin insensitivity [39, 40]. Leptin was first shown to be important in regulating food
intake and energy usage through signaling of receptors located in the hypothalamus that
controlled synthesis of peptide hormones that reduced food consumption [41-44]. Leptin
has since been shown to also be involved in the regulation of reproduction, immune
function, renal function, growth, development, hematopoiesis, and angiogenesis [37, 45-
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50]. Leptin levels are known to fluctuate with normal physiological processes such as
meal consumption, pregnancy, menstrual cycle, puberty, and menopause, but these
changes tend to be small and gradual occurring over time [45, 51-54].
Normally, leptin levels are proportional to body mass index (BMI) and total body
fat, so when energy stores are plentiful leptin production is increased to signal satiety
[55]. Leptin levels rise dramatically with an increase in body fat as obese individuals
have elevated circulating leptin levels in their blood compared to non-obese individuals
[56, 57]. Likewise, when individuals reduce their fat stores through increased physical
activity and/or dietary modifications, leptin levels decrease and signals to repress food
consumption are reduced [58, 59]. In humans, a mutation in Lep leads to obesity [60], as
observed in the previously mentioned mutant mice, but far more frequently, obese
humans have chronically high levels of circulating leptin [34, 60]. While leptin levels
remain elevated during obesity, leptin signaling to restore energy homeostasis no longer
functions properly, and this increased leptin level can lead to both leptin and insulin
insensitivity [35]. The constant, high level of leptin during obesity is also thought to
contribute to a state of constant inflammation and is associated with many diseases such
as T2DM, cardiovascular disease, atherosclerosis, and osteoarthritis [4, 7-9].
Sexual Dimorphism of Leptin Levels
An interesting characteristic of circulating leptin levels is that they vary between
genders in primates and rodents [61]. Mature females tend to have higher leptin levels
than males, and this difference first becomes significant during puberty in humans [62].
The timing of estrogen and androgen level increases in females and males, respectively,
during puberty coincides with sexual dimorphisms in fat mass and leptin levels with both
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at higher levels in females [62]. Additionally, healthy adults undergoing gender
reassignment with hormone treatments and hormone receptor blockers show the same
association between leptin and hormones [63]. Females treated with androgens and an
estrogen receptor inhibitor decreased both fat mass and leptin levels. Males treated with
estrogen and androgen blockers showed the reverse relationship with an increase in fat
mass and leptin levels. Since adipocytes are the main source of leptin, it could be the
increase in fat mass that is important for this sexual dimorphism. When leptin levels are
adjusted for fat mass, however, leptin is still higher in females compared to males [62].
This strongly suggests that steroid hormones are involved in the sexual dimorphism of
circulating leptin levels. The hypotheses that estradiol increases leptin in females while
the androgen dihydrotestosterone (DHT) decreases leptin in males were tested in this
dissertation (Fig I-1).

Figure I-1: Sex steroid hormone effects on leptin gene transcript and protein
synthesis and secretion.
Steroid hormone signaling depicted as it might affect transcript abundance of the Lep
gene and synthesis and secretion of leptin protein. If estradiol and dihydrotestosterone
(DHT) affect leptin transcript accumulation through their respective receptors, estrogen
and androgen receptor inhibitors should block the effects of the hormones.
4

Insulin Signaling
The insulin signaling pathway is affected during obesity. Insulin is synthesized in
the beta-cells of the islets of Langerhans in the pancreas and released in response to an
increase in blood sugar following consumption of carbohydrate-rich food [64]. This
polypeptide hormone is important in regulating energy metabolism. Insulin signaling is
activated through the binding of insulin to its tyrosine kinase receptor that induces
autophosphorylation of the receptor and recruitment and activation of the insulin receptor
substrate 1 (IRS-1) that initiates transduction of the signal to activate several signaling
cascades [64, 65]. One of these cascades results in translocation of the glucose
transporter 4 (GLUT4) to the plasma membrane of muscle and fat cells [64]. This
signaling cascade involves many proteins including the activating kinases
phosphoinositide 3-kinase (PI3-K), phosphoinositide-dependent kinases 1 and 2 (PDK1,
PDK2), and protein kinase B (PKB/AKT2) (Fig I-2) [66]. In addition, regulatory
phosphatases and inhibitory kinases turn off the signal. Phosphatases, such protein
tyrosine phosphatase 1B (PTP1B), dephosphorylate tyrosine residues of the insulin
receptor (IR) to down-regulate the insulin signal [67], and inhibitory kinases, such as cJun N-terminal kinase (JNK) and protein kinase c theta (PKC-Θ), phosphorylate serine
residues on the IRS-1 to block phosphorylation of activation residues [67, 68].
In addition to the kinase signaling cascade, reactive oxygen species (ROS) may
also modulate insulin signaling (Figure I-2 in dashed lines). Low levels of the ROS
hydrogen peroxide (H2O2) have been shown to increase basal glucose uptake, insulin
receptor phosphorylation, and activation of signaling kinases in muscle [69]. This
stimulatory effect by H2O2 may be the result of a transient inhibition, by cysteine
5

oxidation, of regulatory phosphatases, such as PTP1B or phosphatase and tensin homolog
(PTEN), or other proteins in the insulin signaling pathway [70, 71]. Conversely, high
levels of ROS have been shown to be detrimental to insulin signaling [31]. For example,
a key insulin signaling kinase, AKT2, has been shown to be a target of inhibitory
oxidation in response to a growth factor, and this oxidation resulted in decreased AKT2
activity in NIH 3T3 adipocytes [72].
A central target of insulin signaling is the GLUT4 glucose transporter that moves
to the surface of muscle and fat cells to enhance glucose uptake. Skeletal muscle and
adipose cells take up ~75% and ~25%, respectively, of glucose after carbohydrate-rich
meals in response to activation of this insulin signaling pathway [5, 73, 74]. Inhibition of
either adipocyte or muscle glucose uptake is sufficient to induce insulin resistance in
mice [65, 75, 76]. Since insulin signaling is negatively affected during obesity, often
resulting in T2DM, it is an important pathway to study in relation to obesity. While there
are effective drugs to treat insulin insensitivity and resistance [77], changes in diet from
high-fat to plant-rich diets have been shown to be beneficial to obese and diabetic
individuals [78]. Consuming plant-based foods has been shown to improve health, and
this is in part thought to be due to various phytochemicals including flavonoids [78, 79].
Within the grouping of flavonoids are the flavonols, such as kaempferol (K) and
quercetin (Q), and these plant metabolites have been shown to be potent antioxidants and
kinase inhibitors within plants and animals who consume them [80-84]. This study
investigated how the flavonols K and Q affect insulin signaling in murine myotubes that
were treated to impair insulin signaling. Palmitate is a saturated fatty acid that was used

6

to
o induce a state of insulin
n-insensitiviity in the myyotubes simuulating insuliin-insensitivve
sk
keletal musccle.

Figure
F
I-2: Insulin signa
aling model.
In
nsulin signalling tyrosinee/threonine phosphorylat
p
tion cascade leads to trannslocation of
GLUT4
G
to alllow glucose uptake into insulin-senssitive cells. PM: plasmaa membrane; I:
in
nsulin; IR: insulin recep
ptor; IRS-1: insulin recepptor substratte 1; PI3-K:
ph
hosphatidyliinositol 3-kin
nase; PIP: ph
hosphoinosiitide (bis/tri))-phosphate; Akt2: proteein
kinase B; GL
LUT4: glucosse transporteer 4; G: glucose; ROS: reeactive oxyggen species

Flavonoids
F
Flavon
noids are seccondary plan
nt metabolitees that servee as signalingg molecules for
nd pathogen pprotectants, and antioxiddants [80, 844].
grrowth and development,, anti-UV an
These
T
molecu
ules are mad
de in a well-ccharacterizedd biosynthettic pathway aand a subsett of
fllavonoids, th
he flavonols,, have signalling activity in both plannts and anim
mals who connsume

7

them. Flavonols have beneficial effects in rodents and humans through antiinflammatory, anti-aging, anti-carcinogenic, pro-cardiovascular and pro-circulatory
activities [85-87]. Two flavonols that are synthesized early in the biosynthetic pathway
and are thus found in all plants are K and Q [80, 88]. Their antioxidant activity has been
shown to occur through free radical electron transfer, activation of metal chelators and
antioxidant enzymes such as catalase and glutathione, and the inhibition of oxidases [79,
80]. In addition, flavonols have been shown to inhibit kinases such as PI3-K and PKC by
binding to their ATP-binding sites [81-83].
Flavonols and insulin signaling
As ROS are modulators of insulin signaling [69-71], flavonols might affect
insulin signaling through antioxidant activity. In one study, naringenin inhibited insulindependent glucose uptake in 3T3-L1 adipocytes [89]. However, in studies involving
diabetic models, flavonoids have shown beneficial effects, suggesting that during states
of abnormal insulin signaling, antioxidant activity and protein interactions of flavonoids
may be beneficial for insulin sensitivity. For example, 100 µM naringenin restored
normal insulin sensitivity in adipocytes, liver, and muscle of diet-induced insulinresistant rats [90]. Similarly, another study used high fructose diet-induced insulinresistant rats and showed that quercetin improved insulin sensitivity [91]. In addition, a
study with streptozotocin-induced diabetic rats also found that quercetin administration
improved overall insulin sensitivity and decreased inflammation in the liver [92].
To test how the flavonols K and Q affect insulin signaling in a diabetic state,
murine C2C12 myotubes were treated with palmitate to induce insulin-insensitivity.
Palmitate is a saturated fatty acid found in many high-fat foods commonly consumed in
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the western diet [93]. This fatty acid has been shown to increase levels of the lipid
messengers diacylglycerol (DAG) and ceramide, and ROS leading to a decrease in
insulin signaling by increasing serine phosphorylation of the insulin receptor substrate
through activation of stress kinases such as JNK and PKC-Θ [68, 94-96].
This dissertation first examines how gender, diet and exercise affect an older
population of obese adults in their adipokine profiles and body composition measures.
The effects of weight-loss through dietary restriction and moderate exercise on plasma
adipokines and body compositions were measured at baseline and at the end of the 6
month study. Second, the adipokine leptin was investigated to determine how sex steroid
hormones regulate its gene transcript abundance and protein synthesis and secretion. The
hormones 17β-estradiol and DHT were used to represent the dominant hormones found in
each gender. Finally, how flavonols affect insulin sensitivity in a model of skeletal
muscle was examined. Murine myotubes were challenged with the fatty acid palmitate to
induce insulin insensitivity, and the effects of the flavonols K and Q on insulin signaling
and glucose uptake were measured. Overall, this dissertation investigated how signaling
pathways central to obesity and T2DM are regulated. The results of these studies provide
insight into how metabolic pathways are affected by hormones and dietary components to
better understand the disease states of obesity and T2DM.
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Abstract
Objective. To investigate effects of weight loss on adipokines and health measures
in obese older adults with symptomatic knee osteoarthritis. Methods. Participants were
randomly assigned to either weight loss (WL) (men: 12, women: 14) or weight stable
(WS) group (men: 12, women: 13). WL intervention included meal replacements and
structured exercise training. Measurements of leptin, adiponectin, soluble leptin receptor,
lifestyle behaviors, and body composition were collected at baseline and 6 months.
Univariate analysis of covariance was performed on 6 month variables, and Spearman
and partial correlations were made between variables. Results. Weight loss was 13.0%
and 6.7% in WL for men and women, respectively. Women in WL had lower whole body
and trunk fat than WS. The leptin: adiponectin ratio was lower for women in WL than
WS at 6 months, with no group differences in adipokines for men. Leptin and free leptin
index correlated with body fat in both genders at baseline. Interestingly, only women
showed reductions in leptin (P < 0.100) and correlations between the percentage change
leptin and trunk fat and the percentage changes in free leptin index with total fat and
trunk fat. Partial correlations between 6 month adipokines after adjustments for
covariates and group/time period show potential multivariate influences. Conclusions. In
the presence of an effective weight loss intervention in older obese adults, there are
significant relationships between weight and fat loss and leptin in women, but not men,
suggesting gender-specific features of adipokine metabolism in this age group.
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Introduction
Obesity is increasing rapidly in the American population; currently 69.2% of all
American adults are overweight (Body Mass Index (BMI) ≥25kg/m2) or obese (BMI
≥30kg/m2) [1]. Concurrent with this rise in obesity, there is an increase in our aging
American population. According to the 2010 US census, more than 50 million people are
currently ≥62 years in age, and approximately 70% of the aged population are overweight
or obese [1], with continuing annual increases. This rise in overweight and obesity among
older adults is especially troublesome because numerous diseases are associated with
excess body fat and aging, including type 2 diabetes, hypertension, dyslipidemia,
coronary heart disease, and osteoarthritis [2].
Recent research has led to the recognition that adipose tissue not only stores
energy but also is an active endocrine organ that secretes peptide hormones termed
adipokines [3, 4]. Increases in adiposity alter a number of physiological processes,
including energy metabolism, inflammation, and insulin sensitivity [5, 6]. More than 50
adipokines, including leptin and adiponectin, have been studied to determine their
functions and roles in obesity and related comorbidities [7]. Leptin is a peptide hormone
produced by adipocytes that suppresses appetite and stimulates energy usage, but leptin
also has immune-modulating activity [5]. Leptin signaling occurs through a membrane
receptor, with several splice variants identified, as well as a soluble form. The long
receptor in the hypothalamus is considered the main sensor for satiety signaling [5].
Additionally, the soluble leptin receptor (sLR), which binds leptin as it circulates in the
blood, may be important for regulating leptin’s actions by protecting leptin from
degradation or by blocking its activity [5, 8-10]. Adiponectin is also secreted by
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adipocytes and is considered protective against type 2 diabetes and cardiovascular
disease, due to its anti-inflammatory effects [3, 5]. Elevated leptin levels have been
observed during disease states, such as obesity, metabolic syndrome, atherosclerosis, and
diabetes. In contrast, lower levels of adiponectin have been associated with these diseases
[3]. By delineating the conditions that regulate the accumulation of these adipokines and
their soluble receptors, behavioral and pharmacological interventions may be targeted to
alter their levels to improve clinical conditions.
It is well recognized that levels of leptin and adiponectin are linked to the amount
of body fat, with leptin having a direct relationship [5, 7, 10-17] and adiponectin an
inverse relationship [5, 7, 10, 15]. A number of studies have shown increases in
adiponectin and/or reductions in leptin with weight loss interventions, mostly in younger
adults [11-14], but there are few studies in older adults. However, even when corrected
for body fat, there is still considerable variation among individuals in the plasma levels of
these adipokines. This variance is likely attributed to factors other than body
composition, which may include gender, acute body energy imbalance, dietary intake,
body fat distribution, physical activity levels, race/ethnicity, and cardiovascular fitness [3,
15-23]. Additionally, levels of soluble leptin receptor and the free leptin index, a measure
of the ratio of leptin: soluble leptin receptor [24], may add to the variability. Furthermore,
body fat content is correlated with plasma leptin in young men and women, but not in
elderly subjects [25], which may contribute to the increased prevalence of obesity
occurring with age.
There is also evidence to indicate that adipokines may be a critical mediator of
obesity-related osteoarthritis, which is significant in that the current cohort being studied
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was recruited based on having symptomatic knee osteoarthritis. Leptin’s relationship with
osteoarthritis is likely multifactorial, including its synergistic action with inflammatory
cytokines and growth factors such as transgenic growth factor b, a known stimulator of
osteophyte formation; cell proliferation; repair processes of osteoarthritis; stimulation of
nitric oxide production in chondrocytes; and limiting blood supply to the joint and
impairing cartilage health [26-30]. In a cross-sectional study, adipokines, including leptin
and adiponectin, were all higher in individuals with osteoarthritis compared to controls,
but none of the adipokines were related to markers of cartilage damage [31].
There are scant data that investigate associations between adipokines and
demographic, lifestyle, and metabolic factors in a randomized controlled trial in older
adults. The few studies that have examined this area were limited in that they lacked
control groups, were cross-sectional in design, failed to examine these key adipokines
collectively, examined only healthy individuals, or did not look at the variety of factors
together [33]. Therefore, our primary aim was to determine the adiponectin, leptin, and
sLR responses to a weight loss intervention encompassing dietary restriction and exercise
training compared to a weight stable control group in a randomized clinical trial in older
obese men and women. Secondarily, we aimed to test the relationships between pre- and
post-weight loss adipokine values with a number of lifestyle and body composition
measures in men and women, separately.
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Methods
Study Population. Data for this investigation and analysis were obtained from the
physical activity, inflammation, and body composition Trial (PACT), which recruited
obese (BMI ≥30.0kg/m2) men and women. Details of this trial are described elsewhere
[32, 34] but did not include the data reported here assessing 3 adipokine measurements
and the effect of weight loss and gender on these values. Recruitment was performed
through advertisements in newspapers, placement of brochures in clinics and physician
offices, and contacting older adults who had participated in previous research in our
clinical research center facility. Participants were randomly assigned to one of two
groups: intensive weight loss (WL) group and weight stable (WS) control group. The WL
group had a 10% weight loss goal and consisted of a 6 month dietary restriction and
supervised exercise training program. The WS group received bimonthly healthy lifestyle
information sessions. Eligibility criteria included a sedentary lifestyle, age of ≥60 years,
symptomatic knee osteoarthritis (OA), and self-reported difficulty attributed to knee pain
in performing at least one of the following activities: lifting and carrying groceries,
walking one-quarter mile, getting in and out of a chair, or going up and down stairs.
Exclusion criteria included any unstable medical conditions or conditions where rapid
weight loss or exercise is contraindicated (e.g., unstable angina, frailty, and advanced
osteoporosis). In addition they were excluded from the study if they (1) were unwilling to
modify diet or physical activity patterns or would not be able to comply with the
intervention because of food allergies or reactions to the meal replacements; (2) if they
lived >50 miles from the treatment center; or (3) if they had a history of alcohol abuse.
All eligible participants understood the expectations from the study and gave written

23

informed consent to participate in the study according to the guidelines of the Wake
Forest University Institutional Review Board, which reviewed and approved the initial
study and these continuing analyses.
Interventions
Intensive Weight Loss (WL). The primary goal for this intervention included a 10%
weight loss from initial body weight in a six month period. The weight loss intervention
included partial meal replacements, nutrition education, and lifestyle behavior
modifications, such as exercise. Initial diet plans were set at an energy deficit of
1000kcals/day via dietary intake restrictions and meal replacements (SlimFast shakes and
bars). The third meal was tailored to allow for individual preferences for various food
items, while meeting the caloric restrictions.
Behavioral and educational sessions were held once a week, and sessions lasted
for 60 minutes/group (n = 6-12 per group). Sessions included advice on food selection,
meal portion, dietary fat control, relapse prevention, and self-monitoring techniques.
Participants also engaged in exercise training sessions 3 days a week for 60
minutes per session. Exercise programs consisted of a warm-up phase (5 minutes), an
aerobic phase (15 minutes), a strength phase (20 minutes), a second aerobic phase (15
minutes), and a cool-down phase (5 minutes). The exercise intensity for the aerobic
portion was 50-85% of the age-predicted heart rate reserve. Strength training included
four stations: leg extension, leg curl, heel raise, and step-ups using ankle cuff weights,
weight vest, and resistance training equipment. Two sets of 12 repetitions were
performed at each station with progression of resistance as strength improved.
Pedometers were distributed to the participants, and counts (steps) were recorded daily on
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self-monitoring logs provided. Participants were instructed to accumulate 10,000 steps
per day as a goal.
Weight Stable (WS). Participants randomized to this group served as the control group
and met twice a month in a group setting with presentations on general health, including
meetings and encouraged to maintain their weight through the 6 month period. In
addition, participants received bimonthly newsletters, addressing such topics as nutrition,
disease, and aging. Upon the study’s close, participants were provided with the weight
loss information on diet and exercise and a supply of meal replacements and snack foods,
as well as a personalized exercise consultation and access to the facility-based
exercise program as an incentive and reward for participation in the study.
Procedures. Individuals reported to the General Clinical Research Center (GCRC)
on their assigned testing days at baseline and again upon completion of the 6 month
intervention. During each visit, body weight and height were obtained by a member of
the GCRC nursing staff. Participants also underwent a dual energy X-ray absorptiometry
(DXA; Hologic Delphi QDR) scan, where percentage, absolute total body fat, and trunk
fat measures were obtained. At baseline only, a graded exercise treadmill test using a
symptom-limited modified Naughton protocol was administered to achieve peak
workload. Estimated peak metabolic equivalents (METS) were determined based on
stage achieved on the treadmill test. Physical activity was assessed by pedometers. Each
participant was given a pedometer to wear around his/her waist for a 7 day period. This
collected the number of step counts per day. An average daily step count for the week
was calculated and used in the analysis. Dietary intake was obtained from a 3 day food
record taken at both testing periods. Nutrient analysis from the food records was
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performed using the Minnesota Nutrition Data System (NDS). Three-day averages of
macronutrients and total energy intake were determined at baseline and 6 month followup.
Whole blood samples were collected in EDTA-treated vacutainers via
venipuncture from an antecubital vein in the early morning (between 7-9 AM) after a
12hr fast. Samples were put immediately on ice and separated by centrifugation 20
minutes at 4◦C within 30 minutes of collection. After separation, specimens were stored
in 1mL aliquots at −20◦C until analyses for adipokines were performed. Plasma
concentrations of leptin and adiponectin were determined using enzyme-linked
immunosorbent assays using ELISA kits from Millipore Corporation (Billerica, MA).
Soluble leptin receptor plasma concentrations were determined using Quantikine ELISA
kits from R&D Systems (Minneapolis, MN). All samples were measured in duplicate,
and the average of the two values was used for data analyses. Duplicate samples that did
not provide a coefficient of variation (CV) of less than 6% were reanalyzed. The intraassay and interassay CVs for all adipokines were ≤6%. Leptin samples were diluted 1:4,
adiponectin samples were diluted 1:500, and soluble leptin receptor samples were diluted
1:5.
Free leptin index was calculated from the ratio of leptin: soluble leptin receptor ×
100 according to Kratzsch et al. [24] The leptin to adiponectin ratio was calculated. The
ratio of leptin to fat mass was also determined, and all ratios were used in data analysis.
Data Analysis. Eighty-seven participants were randomized to either the weight
stable (WS) (n = 43) or weight loss (WL) (n= 44) group with 8 participants dropping out
of the study due to lack of time, transportation issues, undisclosed reasons, or not being
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randomized to desired intervention group. Seventy-nine (n = 38 for WS and n = 41 for
WL) individuals yielded data for at least part of the follow-up measures at 6 months with
a total of 51 participants (n = 25 for WS and n = 26 for WL) having data for leptin,
adiponectin, and soluble leptin receptor at both time points. The primary reason for the
(79-51) difference was insufficient plasma to perform assays at both time points.
Due to substantial differences between genders, data were separated by gender for
all intervention analyses. Data were checked for normality using histograms to show
frequencies, and skewness was examined by multiplying the standard error of skewness
by two and determining if the level of skewness was either ±1 of this value. The hormone
and receptor concentrations were not normally distributed; therefore they were
transformed using log conversions. Means and standard error of the mean were
determined at both baseline and 6 months for body weight (kg), body weight loss (%),
body mass index (BMI, kg/m2), total body fat (kg), trunk fat (kg), total body fat %,
GXT peak METS level (baseline only), step counts, macronutrient and energy intake, and
hormonal and receptor plasma concentrations at each time period.
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Table II-I: Baseline demographics and medical history for participants categorized as total completers, dropouts, or
incomplete data, and completers by randomized group.
Variable

N =51

N =36

N =25

N =26

Age, years

69.3 (0.9)

69.8 (0.8)

69.3 (1.3)

69.3 (1.3)

Weight, kg

101.2 (2.4)

92.9 (2.5)∗

101.8 (3.0)

102.6 (4.8)

Body mass index, kg/m2

35.0 (0.6)

34.0 (0.7)

34.9 (0.8)

35.7 (1.3)

Maximal work capacity, estimated METS

5.8 (0.2)

5.6 (0.2)

5.9 (0.2)

6.0 (0.2)

Gender, women (%)

52.9 (7.0)

77.8 (7.0)∗

52.0 (10.2)

53.9 (10.0)

88.0 (5.6)

80.6 (6.7)

96.0 (4.0)

80.0 (8.2)

20.4 (5.8)

29.4 (8.0)

16.7 (7.8)

24.0 (8.7)

10.0 (4.3)

17.7 (6.6)

8.0 (5.5)

12.0 (6.6)

Angina

10.4 (4.4)

8.6 (4.8)

4.3 (4.3)

16.0 (7.5)

Congestive heart failure

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

22.5 (6.0)

14.7 (6.1)

20.0 (8.2)

25.0 (9.0)

Race, white (%)
Experience chest pain, shortness of breath,
other breathing difficulties, yes (%)
Experience injuries or falls, yes (%)
Has a doctor ever told you that you had any of the
following? yes (%)

Palpitations, irregular heartbeat, or heart surgery
Heart attack

6.0 (3.4)

5.7 (4.0)

4.0 (4.0)

8.0 (5.5)

High blood pressure

65.3 (6.9)

52.9 (8.7)

64.0 (9.8)

66.7 (9.8)

Cancer

22.0 (5.9)

17.7 (6.6)

24.0 (8.7)

20.0 (8.1)

Diabetes
Emphysema, bronchitis, asthma, breathing difficulties,
or lung problems

20.0 (5.7)

18.2 (6.8)

16.0 (7.5)

24.0 (8.7)

19.2 (5.8)

23.5 (7.4)

24.0 (8.7)

13.6 (7.5)

2.0 (2.0)

Kidney disease
Poor circulation of your legs or leg cramping when
walking
Stroke or TIA

8.6 (4.8)

0.0 (0.0)

4.0 (4.0)

12.0 (4.6)

21.9 (7.4)

8.0 (5.5)

16.0 (7.5)

4.0 (2.8)

2.9 (2.9)

4.0 (4.0)

4.0 (4.0)

Values are presented as means (standard error of mean).
∗Indicates P < 0.050 for comparison between total completers column and dropouts or incomplete data column.

Analysis for the effect of the intervention on the variables listed above was
conducted using univariate analysis of covariance. These analyses were performed on 6
month outcomes of body composition, dietary intake, step counts, and the log values for
the adipokines; the nontransformed values for the adipokines are also shown for ease of
understanding (Table II-III). The covariates include age, race, and baseline values for the
specific variables. Results are shown as estimated marginal means ± standard error of the
mean, confidence intervals, P value difference levels, and power of detection cutoffs.
Partial correlations between 6 month adipokines after adjustments for covariates and
groups/time periods are used to examine potential multivariate influences between the
adipokines. The power of a t-test on a mean is 0.50 (i.e., 50%) when the absolute value of
the true population mean value equals the half-width of the 95% confidence interval.
Powers will be larger than 50% for more extreme means and less than 50% for less
extreme true means. Spearman rank order correlations were performed between the
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adipokines and body composition, step counts, macronutrient and total energy intake, and
initial METS from GXT for measures at baseline and 6 months. Frequencies were also
obtained for gender, race, and medical history. Independent two-sample t-tests were used
to compare demographic and medical history measures between the group of 51
participants included in all analyses and the group of 36 individuals that dropped out or
had incomplete data. Additionally, comparisons for these measures were made between
the WS and WL groups. All statistical analyses were performed using SPSS 19.0
(Chicago, IL), and statistical significance was set at P<0.050.
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Results
We examined 51 participants who were randomized to either weight stable (WS)
(n = 25; men: 12; women: 13) or weight loss (WL) (n = 26; men: 12; women: 14) groups.
There were no significant differences in demographics, initial body weight, BMI, and
medical history between the WS and WL groups (Table II-I). In our initial population,
body weight was matched between groups, but because more women than men dropped
out of the study or had insufficient plasma samples, the initial body weights were no
longer matched between WL and WS groups. For the 51 randomized participants
included in the adipokine analysis, their medical history showed that nearly two-thirds
had high blood pressure, while 22% had palpitations, arrhythmia, or heart surgery, 22%
had cancer, and 20% had diabetes. Most of the participants were female (53%) and
Caucasian (88%); mean age was 69.3 ± 0.9 years (range 60 to 84 years). Initial weight
and BMI for the active cohort were 101.2 kg and 35.0 kg/m2. Additionally, there were no
differences in physical fitness among the groups at baseline as indicated by maximal
work capacity.
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Table II-II: Measures of body weight and body composition outcomes and diet and physical activity behaviors at baseline
and 6 month followup separated by gender. Statistical analysis was performed on 6 month values.
Weight stable
Variable

Weight loss

Men

Women

Men

Women

(n = 12)

(n = 13)

(n = 12)

(n = 14)

Baseline

110.3 (5.3)

94.6 (3.8)

121.3 (2.8)

90.7 (3.6)

6 months

111.4 (2.7)

92.9 (1.4)

101.3 (3.0)

87.2 (1.3)

95% confidence interval
{cutoff for 50% power}
for mean difference
(WL − WS) at 6 Month
Men

Women

(−18.9, −1.4)∗

(−9.8, −1.6)∗

Weight, kg

Weight change (%)

−1.0 (2.1)

0.6 (1.6)

−13.0 (2.3)

−6.7 (1.6)

Baseline

34.4 (1.7)

35.6 (1.2)

38.5 (1.8)

34.2 (1.2)

6 months

35.0 (0.9)

35.0 (0.6)

32.1 (1.0)

32.8 (0.5)

Baseline

38.8 (2.2)

42.8 (2.4)

38.9 (2.4)

42.6 (2.4)

6 months

38.9 (1.7)

44.3 (1.6)

34.3 (1.9)

37.5 (1.5)

Baseline

34.6 (1.3)

45.7 (1.0)

34.1 (1.5)

45.5 (0.9)

6 months

34.0 (1.0)

45.7 (0.6)

32.1 (1.1)

42.6 (0.6)

Baseline

20.7 (1.3)

20.5 (1.1)

23.4 (1.5)

19.7 (1.0)

6 months

21.3 (1.2)

20.2 (0.6)

18.8 (1.4)

17.8 (0.6)

Baseline

73.0 (2.5)

52.1 (1.7)

70.4 (2.8)

49.5 (1.6)

6 months

74.3 (0.9)

51.1 (0.6)

69.7 (1.1)

50.0 (0.6)

Baseline

4720 (649)

5065 (790)

3339 (723)

3555 (727)

6 months

4719 (715)

4676 (1030)

7698 (801)

7101 (769)

Baseline

2050.4 (168)

1881 (150)

1917 (197)

1561 (139)

6 months

2088 (120)

1641 (125)

1489 (141)

1431 (115)

Baseline

35.7 (2.0)

38.4 (2.2)

33.7 (2.4)

35.4 (2.0)

6 Months

36.9 (2.5)

35.6 (1.3)

34.6 (2.9)

{±8.8}

{±4.1}

(−18.7, −5.3)∗

(−12.1, −2.4)∗

{±6.7}

{±4.9}

(−6.0, 0.2)∧

(−3.8, −0.5)∗

{±3.1}

{±1.7}

(−9.9, 0.7)∧

(−11.4, −2.2)∗

{±5.3}

{±4.6}

(−5.2, 1.4)

(−4.9, −1.2)∗

{±3.3}

{±1.9}

(−6.8, 1.6)

(−4.2, −0.7)∗

{±4.2}

{±1.8}

(−7.7, −1.4)∗

(−2.9, 0.6)

{±3.2}

{±1.8}

Body mass index, kg/m2

Body fat, kg

Body fat (%)

Trunk fat, kg

Fat free mass, kg

Step counts, n
(535,5421)∗

(−555, 5405)

{±2443}

{±2980}

(−1012, −186)∗

(−584, 164)

{±413}

{±374}

27.7 (1.2)

(−20.9, −3.7)∗

(−11.6, −4.2)∗

(2.4,22.0)∗
{±9.8}

(1.7,13.3)∗
{±5.8}

(−0.4, 6.8)∧
{±3.6}

(−1.3, 5.0
{±3.2}

Energy intake, kcals

Fat intake, % kcals

Carbohydrate intake, % kcals
Baseline

48.8 (2.7)

48.0 (2.6)

47.3 (3.2)

50.8 (2.4)

6 months

47.3 (2.9)

50.1 (2.0)

59.5 (3.4)

57.6 (1.8)

Baseline

15.0 (1.1)

15.7 (0.7)

18.1 (1.3)

16.2 (0.7)

6 months

15.4 (1.0)

16.6 (1.1)

18.6 (1.2)

18.4 (1.0)

Protein intake, % kcals

Values are estimated marginal mean (SEM).
∗Indicates P < 0.050 for comparison between (WL versus WS) groups within gender.
∧ Indicates P ≥ 0.050 to <0.100 for comparison between groups within gender.
The power is 50% if the absolute value of the true mean difference equals the half width of the respective 95% confidence interval.
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A major goal of this study was to develop a successful intensive weight loss
intervention in older obese adults that incorporated meal replacements and exercise
training. The aim of this analysis was to explore the effect of the weight loss intervention
on biomarkers. Compliance with the WL intervention for the 26 participants was
measured by attendance to the weekly nutrition classes (mean = 74.0%; ∼20 of 26 classes
attended) and exercise training classes (mean = 76.3%; ∼50 out of 66 sessions attended).
Table II-II shows measures for groups at baseline and 6 months for body weight and
composition outcomes and behaviors associated with the interventions (step counts and
dietary intake). Analyses of covariance between groups on 6 month measures were
adjusted for covariates of age, race, and respective baseline measure. The WL groups
showed weight change of −13.0 ± 2.3% and −6.7 ± 1.6% relative to initial body weight
for men and women, respectively, which is greater than the −1.0 ± 2.1% and 0.6 ± 1.6%
change in the WS men and women, respectively. Additionally, women in the WL had
reduced amounts of three measures of body fat at 6 months compared to the WS group.
Men also had trends for reduction in BMI (P = 0.062; 95% confidence interval for mean
difference is −6.02, 0.17) and body fat (P = 0.087; 95% confidence interval for mean
difference is −9.91, 0.74). Also, men showed reduced levels of fat-free mass at 6 months
for WL versus WS, which was not apparent in women. For the lifestyle behaviors, men in
WL showed an increase in step counts, a reduction in energy intake and fat intake (% of
total kcals), an increase in carbohydrate intake (% of total kcals), and a trend for increase
in protein intake (P = 0.078; 95% confidence interval for mean difference is −0.40 and
6.79). Although women showed similar patterns in diet and physical activity behaviors
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for comparisons between WL versus WS at 6 months, these only reached statistical
significance for a reduction in dietary fat and an increase in dietary carbohydrate.
To present useful additional detail to the above tests, we present all of the
corresponding 95% confidence intervals for the mean group differences. Note that there
is a significant difference (at critical P value of 0.050) when the corresponding 95%
confidence interval does not overlap 0.0. Since the power of a t-test is 0.500 (i.e., 50%)
when the absolute value of the true population mean value equals the half width of the
95% confidence interval, we also derive and present, in braces, the cutoff true mean
differences which would have had 50% power for our study. True mean differences that
are less extreme (smaller in absolute value) would have smaller power, while more
extreme differences would have larger power.
Few studies have examined how adipokines can be altered by a dietary restriction
and exercise training intensive weight loss program in obese older men and women.
Since leptin levels are linked to fat mass and to signaling the brain to reduce food
consumption, understanding how these change during weight loss can provide insight
into metabolic changes associated with weight loss. Plasma levels of leptin and its soluble
receptor, and adiponectin, along with calculations among these to obtain free leptin index
and ratios between leptin and adiponectin, and leptin and body fat mass were quantified
at baseline and follow-up visits as shown in Table II-III. Again, due to expected gender
differences, these are presented for men and women separately. Because these values
were not normally distributed, the log of the baseline and 6 month concentrations of each
adipokine were obtained and used in the analysis. Both the log and nontransformed
values are presented in the table for clarity. Surprisingly, the only significant effect of the
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intervention on these measures and calculations was for a lower leptin:adiponectin ratio
in women for WL versus WS at 6 months (P = 0.021; 95% confidence interval for mean
(WL − WS) difference: −0.54 and −0.05). However, there was a trend for leptin to be
lower for WL versus WS in women (P = 0.081; 95% confidence interval for mean
difference: −0.31 and 0.02). Note that the power is 50% for the above two tests at true
population mean differences of ± (0.49/2) and ± (0.33/2), respectively.
One striking difference in this table is in the levels of leptin between the men and
the women. In younger individuals, the higher levels of leptin in females than males even
when matched for BMI, have been reported, so we asked if these differences are still
present in older and obese individuals. To highlight this difference, the leptin levels in
these groups are shown in Figure II-1. This data set indicates that there are 2- to 3- fold
higher levels of leptin in women than in men, in older obese adults; these gender
differences are statistically significant based on an independent two sample t-test. The

Leptin ng/ml

trend for leptin decreasing in women is also noted on this graph.

∧

Men

Women

Men

Weight stable
Baseline
6 months

Women

Weight loss

Figure II-1: Group comparisons of leptin concentrations at baseline and 6 months for women and men.
∧ Represents significant differences between WS and WL for women at the 6 months at P < 0.100.
Bars present sample means augmented with their standard errors.
All versus women mean differences are statistically significant with group and sample time combinations.
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Table II-III: Plasma concentrations of adipokines at baseline and 6 months. Statistical analysis was performed on 6 months log
values. These means are estimated marginal means (SEM). Nontransformed values are presented for ease of reference.

Weight stable

Weight loss

Men

Women

Men

Women

(n = 12)

(n = 13)

(n = 12)

(n = 14)

Baseline

1.53 (0.08)

1.87 (0.08)

1.37 (0.09)

1.81 (0.08)

6 months

1.37 (0.09)

1.88 (0.06)

1.30 (0.10)

1.74 (0.05)

95% confidence interval
{cutoff for 50% power}
for mean difference
(WL − WS) at 6 months
Men

Women

(−0.37, 0.20)

(−0.31, 0.02)∧

{±0.29}

{±0.17}

(−0.06, 0.25)

(−0.14, 0.05)

{±0.16}

{±0.10}

(−0.10, 0.14)

(−0.03, 0.29)

{±0.12}

{±0.16}

(−0.53, 0.22)

(−0.29, 0.04)

{±0.38}

{±0.17}

(−0.44, 0.17)

(−0.54, −0.05)∗

{±0.31}

{±0.25}

Log leptin, ng/mL

Leptin, ng/mL
Baseline

39.72 (7.33)

86.53 (12.86)

26.54 (3.64)

77.16 (12.17)

6 months

34.86 (7.16)

91.80 (12.71)

19.10 (2.14)

63.90 (12.69)

Baseline

1.35 (0.02)

1.47 (0.04)

1.34 (0.02)

1.43 (0.04)

6 months

1.31 (0.05)

1.53 (0.03)

1.40 (0.06)

1.49 (0.03)

Log soluble leptin receptor, ng/mL

Soluble leptin receptor, ng/mL
Baseline

22.70 (1.02)

30.44 (3.41)

22.10 (0.71)

28.68 (2.27)

6 months

21.99 (1.86)

35.04 (2.68)

24.82 (1.36)

31.01 (2.08)

Baseline

3.99 (0.06)

4.15 (0.06)

4.05 (0.07)

4.17 (0.05)

6 months

4.02 (0.04)

4.12 (0.05)

4.04 (0.04)

4.25 (0.05)

Log adiponectin, mg/mL

Adiponectin, mg/mL
Baseline

11.41 (1.66)

15.08 (2.12)

12.13 (1.61)

16.60 (1.87)

6 months

11.52 (1.51)

14.82 (1.67)

13.13 (1.90)

18.06 (1.70)

Baseline

2.18 (0.09)

2.41 (0.10)

2.02 (0.10)

2.38 (0.10)

6 months

2.06 (0.12)

2.37 (0.06)

1.90 (0.13)

2.24 (0.05)

Log-free leptin index

Free leptin index
Baseline

177.26 (33.67)

349.62 (75.91)

125.74 (18.89)

294.41 (51.15)

6 months

276.27 (150.28)

272.86 (36.60)

76.45 (6.65)

213.85 (42.74)

Baseline

0.54 (0.11)

0.73 (0.10)

0.32 (0.12)

0.65 (0.10)

6 months

0.37 (0.09)

0.78 (0.08)

0.24 (0.10)

0.48 (0.08)

Log leptin:adiponectin ratio

Leptin:adiponectin ratio
Baseline

4.12 (0.74)

7.53 (1.76)

2.82 (0.51)

5.42 (0.96)

6 months

3.38 (0.64)

6.73 (0.91)

1.78 (0.30)

4.23 (1.05)

Baseline

−0.02 (0.07)

0.25 (0.08)

−0.28 (0.08)

0.18 (0.08)

6 months

−0.16 (0.10)

0.24 (0.04)

−0.30 (0.12)

0.21 (0.04)

Baseline

0.97 (0.13)

2.06 (0.30)

0.69 (0.10)

1.77 (0.28)

6 months

0.83 (0.14)

2.12 (0.29)

0.62 (0.07)

1.57 (0.20)

Log leptin/kg body fat
(−0.50, 0.21)
{±0.36}

(−0.16, 0.09)
{±0.13}

Leptin/kg body fat

Free leptin index = (leptin:soluble leptin receptor) × 100.
∗Indicates P < 0.050 for comparison between groups within gender. (Note that P < 0.050 corresponds to the associated difference
confidence interval not overlapping 0.00.)
∧Indicates P ≥ 0.050 to <0.100 for comparison between groups within gender.
The power is 50% if the absolute value of the true mean difference equals the half width of the respective 95% confidence interval.
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Examination of partial correlations between the 6 month adipokines’ levels after
adjustment for background, gender, group, and age suggests some potential causal
influences between the adipokines. For men of the WS group, the partial correlation
between leptin and soluble leptin receptor was r= −0.461 (P=0.251), between leptin and
adiponectin was r = 0.273 (P = 0.512), and between soluble leptin receptor and
adiponectin was r = 0.557 (P = 0.152). For women of the WS group the partial
correlations are for the leptin and soluble leptin receptor (r = 0.587, P = 0.126), for leptin
and adiponectin (r = 0.296, P = 0.476), and for soluble leptin receptor and adiponectin (r
= −0.083, P = 0.845). For men of the WL group, the partial correlations are the
following: leptin and soluble leptin receptor (r = 0.155, P = 0.691), leptin and
adiponectin (r = 0.333, P = 0.381), and soluble leptin receptor and adiponectin (r =
−0.064, P = 0.871). For women of the WL group the partial correlations for the adipokine
pairs are: leptin and soluble leptin receptor (r = 0.316, P = 0.374); leptin and adiponectin
(r = −0.457, P = 0.184) and soluble leptin receptor and adiponectin (r= −0.047, P =
0.898). It is interesting that there were trends of gender and group differences in these
partial correlations.
Spearman correlations were performed to look at associations between measures
of body composition, fitness, physical activity, and dietary intake with the adipokines,
separately by gender (Table II-IV for men and Table II-V for women). For both men and
women, the strongest correlations were seen for leptin with percent body fat at baseline
and 6 months. Furthermore, percent body fat was significantly correlated with free leptin
index; also, percent body fat showed a trend towards significance with adiponectin at
baseline (P = 0.058). The only other significant findings or trends towards significant
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correlations for men were between carbohydrate intake and soluble leptin receptor at
baseline and protein intake for free leptin index (6 months only). For women, in addition
to leptin, percent body fat also showed significance or trends towards significance for
soluble leptin receptor (r = 0.347, P = 0.076 at 6 months), free leptin index (r = 0.369,
P=0.058 at baseline; r = 0.631, P<0.001 at 6 months), and leptin:adiponectin ratio (r =
0.333, P = 0.089 at baseline; r = 0.562, P = 0.002 at 6 months). Additionally, trunk fat, an
index for visceral abdominal fat, was at 6 months correlated with leptin (r = 0.471, P =
0.013), soluble leptin receptor (r = 0.368, P = 0.059), free leptin index (r = 0.335, P =
0.087), and leptin:adiponectin ratio (r = 0.454, P = 0.017). Women also showed a number
of significant (and trends for significant) correlations between adipokines and step counts
and intake of total calories and macronutrients. Step counts were negatively correlated at
6 months with leptin (r = −0.464, P = 0.034) and free leptin index (r = -0.0408, P =
0.067).
Table II-IV: Spearman correlations at baseline and 6 months for men between adipokines and body fat %, trunk fat, step
counts, dietary intake, and peak METS from GXT (baseline only). Data are presented as rho correlation coefficient (P value).
Body fat (%)
Baseline
6 months
Trunk fat
Baseline
6 months
METS
Baseline
6 months
Step counts
Baseline
6 months
Energy intake
Baseline
6 months
Fat intake (%)
Baseline
6 months
Carbohydrate intake (%)
Baseline
6 months
Protein intake (%)
Baseline
6 months
∗Indicates

#Indicates

Leptin

Soluble leptin receptor

Adiponectin

Free leptin Index

0.695 (P < 0.001)∗
0.465 (0.026)∗

0.128 (P = 0.559)
0.007 (0.973)

0.401 (P = 0.058)∧
0.220 (0.312)

0.570 (P = 0.005)∗
0.441 (0.035)∗

0.133 (P = 0.544)
0.233 (0.284)

0.183 (0.404)
0.222 (0.321)

0.367 (P = 0.085)∧
0.091 (0.687)

0.518 (P = 0.011)∗
−0.005 (0.982)

0.056 (P = 0.799)
0.186 (0.408)

−0.150 (P = 0.494)

−0.192 (P = 0.369)

−0.059 (P = 0.784)

−0.095 (P = 0.659)

−0.112 (P = 0.601)

−0.002 (P = 0.994)

#

#

#

#

#

−0.134 (P = 0.553)
−0.168 (0.444)

−0.099 (0.662)

−0.051 (0.820)

0.141 (0.520)

0.005 (0.982)

−0.028 (0.903)
−0.190 (0.386)

−0.006 (0.978)
−0.299 (0.165)

−0.237 (0.276)

0.310 (0.150)
−0.042 (0.847)

0.174 (0.427)
0.351 (0.101)

−0.298 (0.167)

0.230 (0.291)

0.216 (0.321)

−0.006 (0.978)
−0.024 (0.914)

0.158 (0.471)
0.191 (0.383)

−0.135 (0.538)

0.325 (0.130)
0.315 (0.143)

0.154 (0.483)
0.217 (0.319)

−0.113 (0.609)
−0.125 (0.571)

−0.445 (0.034)∗
−0.161 (0.463)

−0.299 (0.165)
−0.243 (0.264)

0.093 (0.673)
−0.085 (0.700)

0.267 (0.218)
0.112 (0.612)

−0.047 (0.830)

−0.263 (0.266)
−0.063 (0.774)

0.042 (0.847)
−0.118 (0.593)
−0.242 (0.266)
−0.351 (0.101)

0.105 (0.634)

0.113 (0.609)

statistical significance at P < 0.05; ∧indicates P value ≥0.050 and <0.100.
that comparisons were only from baseline measures of METS.
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−0.226 (0.299)

0.379 (0.074)∧

Leptin:adiponectin

0.313 (0.156)

−0.119 (0.590)
−0.249 (0.252)

Table5:II-V:
Spearman
correlations
at baseline
and 6for
months
womenadipokines
between adipokines
bodyfat,
fat step
%, trunk
fat,
step
Table
Spearman
correlations
at baseline
and 6 months
womenfor
between
and body fatand
%, trunk
counts,
dietary
intake,from
and GXT
peak (baseline
METS from
GXT
only).
are presented
as rho(Pcorrelation
counts,and
dietary
intake,
peak METS
only).
Data(baseline
are presented
as Data
rho correlation
coefficient
value). coefficient (P value).
Body fat (%)
Baseline
6 months
Trunk fat
Baseline
6 months
METS
Baseline
6 months
Step counts
Baseline
6 months
Energy intake
Baseline
6 months
Fat intake (%)
Baseline
6 months
Carbohydrate intake (%)
Baseline
6 months
Protein intake (%)
Baseline
6 months

Leptin

Soluble leptin receptor

0.440 (0.022)∗
0.757 (P < 0.001)∗

Adiponectin

Free leptin index

Leptin:adiponectin

−0.090 (0.656)

0.015 (0.940)

0.347 (0.076)∧

−0.067 (0.739)

0.369 (0.058)∧
0.631 (P < 0.001)∗

0.333 (0.089)∧
0.562 (0.002)∗

0.099 (0.624)
0.471 (0.013)∗

0.226 (0.256)
0.368 (0.059)∧

−0.167 (0.406)

0.046 (0.821)
0.335 (0.087)∧

0.018 (0.928)
0.454 (0.017)∗

−0.276 (0.172)

−0.091 (0.657)

−0.026 (0.900)

−0.198 (0.333)

−0.193 (0.344)

#

#

#

#

#

−0.054 (0.792)
−0.464 (0.034)∗

0.157 (0.444)
0.022 (0.924)

0.172 (0.401)
0.261 (0.253)

−0.147 (0.475)
−0.408 (0.067)∧

−0.085 (0.679)
−0.349 (0.121)

−0.050 (0.807)
−0.121 (0.555)

0.411 (0.037)∗
0.320 (0.111)

0.213 (0.296)

−0.156 (0.446)
−0.206 (0.312)

−0.161 (0.432)

−0.065 (0.751)

−0.246 (0.225)

0.198 (0.332)
0.449 (0.021)∗

−0.062 (0.764)

−0.209 (0.306)

−0.226 (0.267)

0.105 (0.610)

−0.115 (0.575)

−0.033 (0.872)

−0.221 (0.278)
−0.160 (0.434)

−0.048 (0.815)
−0.136 (0.506)

0.413 (0.036)∗
−0.030 (0.883)

0.428 (0.029)∗
0.069 (0.739)

−0.269 (0.184)

−0.342 (0.088)∧

−0.265 (0.191)

−0.393 (0.047)∗

0.212 (0.298)
0.120 (0.559)

−0.056 (0.787)

0.148 (0.470)

0.246 (0.226)

−0.035 (0.864)

0.032 (0.875)
0.498 (0.010)∗
−0.087 (0.672)

0.136 (0.498)

0.006 (0.978)

∗Indicates

statistical significance at P < 0.05; ∧indicates P value ≥0.050 and <0.100.
# Indicates that comparisons were only from baseline measures of METS.

Energy intake was associated with soluble leptin receptor at baseline (r = 0.411, P =
0.037). Fat intake was associated with soluble leptin receptor at 6 months (r = 0.449, P =
0.021). At baseline, carbohydrate intake was associated with leptin (r = 0.498, P =
0.010), free leptin index (r = 0.413, P = 0.036), and leptin:adiponectin ratio (r = 0.428, P
= 0.029). Finally, soluble leptin receptor was negatively correlated with protein intake at
both baseline (r = −0.342, P = 0.088) and 6 months (r = −0.393, P = 0.047).
Interestingly, the gender differences in adipokines were apparent when the
percentage changes from baseline to 6 months were examined. The relationship between
the percent change in adipokine levels and differences in % body fat, trunk fat, and step
counts is shown in Table 6. In the women, the change in leptin, the free leptin index, and
the leptin:adiponectin ratio were also significantly correlated with the change in percent
body fat (r = 0.590, P = 0.001 for leptin; r = 0.431, P = 0.025 for free leptin index; r =
38

0.430, P = 0.025 for leptin :adiponectin) and trunk fat (r = 0.540, P = 0.004 for leptin, r =
0.386, P = 0.047 for free leptin index; r = 0.422, P = 0.028 for leptin :adiponectin). In
men, the only significant relationships were between changes in the free leptin index and
the leptin:adiponectin ratio with the change in step counts (r = −0.425, P = 0.049 for free
leptin index; r = -0.530, P = 0.011 for leptin:adiponectin).

Table II-VI: Spearman correlations by gender for percent change from baseline to 6 months in adipokines and body fat and step
counts.
Table 6: Spearman correlations by gender for percent change from baseline to 6 months in adipokines and body fat and step counts.
Men
%Δ Leptin
%ΔsLR
%Δ Adiponectin
%Δ Free leptin index
%Δ Leptin:adiponectin

%Δ Body fat
Women

0.064 (0.784)
0.345 (0.107)
0.018 (0.936)
−0.110 (0.618)
−0.120 (0.587)

0.590 (0.001)∗
0.083 (0.681)
−0.229 (0.251)
0.431 (0.025)∗
0.430 (0.025)∗

Men

%Δ Trunk fat
Women

−0.048 (0.836)

0.258 (0.246)
−0.239 (0.284)
−0.139 (0.536)
0.022 (0.923)
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0.540 (0.004)∗
0.148 (0.462)
−0.217 (0.278)
0.386 (0.047)∗
0.422 (0.028)∗

%Δ Step counts
Men
Women
−0.344 (0.137)

−0.216 (0.348)

0.273 (0.219)
0.330 (0.133)
−0.425 (0.049)∗
−0.530 (0.011)∗

0.074 (0.750)
0.281 (0.218)
−0.231 (0.313)
−0.200 (0.385)

Discussion
The goal of this analysis was to assess the effect of the lifestyle behavioral weight
loss intervention on adipokine levels in older obese men and women. We also examined
relationships between the adipokines and obesity indices, physical activity, and dietary
intake at baseline and the end of the 6 month intervention. The weight loss intervention
led to among the largest levels of weight loss published from a randomized behavioral
weight loss intervention trial in older adults [32-34]. Accompanying the change in weight
were significantly lower body fat and trunk fat for women in WL as compared to WS.
Men in WL showed a trend (P ≥ 0.050 and <0.100) for having lower body fat than WS.
Men in WL versus WS showed higher physical activity and lower energy intake with
lower fat intake and higher carbohydrate intake. Women in WL had a lower fat intake
and higher carbohydrate intake, but no differences in total energy intake or step counts
were identified in comparison to WS.
This study is unique in that it is the first study that examined leptin, adiponectin,
and soluble leptin receptor together in older obese adults before and after weight loss.
This allowed an assessment of these adipokines partial correlations (adjusted for other
factors), suggesting potential multivariate relationships. Additionally, these findings add
to the literature by reporting on the relationships between the adipokines and lifestyle
behaviors. While it was hypothesized that the adipokines would show significant effects
from the intervention, it was surprising that while there was a trend for difference in
leptin levels in women, the only statistically significant (P < 0.050) WL versus WS
difference was seen in women for the leptin:adiponectin ratio. This study also highlights
the substantially higher levels (>2 fold elevation) of leptin in females than males, which
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is similar to that reported in younger adults [15, 35-37]. This was suggested to be
attributed to women having higher adiposity levels overall [35, 37, 38], but in our study
population, even when leptin levels were adjusted for body fat, women still had greater
than 2-fold elevated levels than men (Table II-III). Leptin also remained significantly
correlated with percent whole body fat and trunk fat at the end of the intervention for
women, but not for men.
Earlier reports have shown reductions in leptin in older adults following a dietary
restriction based weight loss program [14]. In the earlier work, dietary induced weight
loss (with and without exercise training) of 5-6% over 18 months showed a decrease in
serum leptin as compared to non-dieting groups. The reason for the greater effect in that
study than in this dataset may be from the longer follow-up period (6 versus 18 months),
although others have shown changes in leptin in ≤6 months of weight loss [13, 39]. For
better understanding of the data, we detail all of the 95% confidence intervals for our
mean differences in WL versus WS as well as the cutoff for 50% power (see Table 3).
Larger sample sizes would have yielded larger power. Earlier work by Monzillo and
coworkers showed a statistically significant reduction in leptin during weight loss,
although they only showed a 14% decrease in serum leptin (27.9 ± 3 before and 23.6 ±
3ng/mL after 6% weight loss) [13]. In more intensive weight losses, serum leptin
concentrations decreased by 45% [39] and 22% [40]. Study populations in these earlier
works were much younger than this current sample, and they were all insulin resistant.
Although we do not have a measure of insulin resistance for our cohort, the medical
history indicates that about 1 in 5 (∼20%) had type 2 diabetes, with the distribution of
these individuals being similar between the 2 intervention groups. The other studies
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focused only on brief but more extreme dietary interventions while our study included a
modest modification of dietary and lifestyle behaviors.
Adiponectin levels did not change over the 6 month study for either men or
women, but the leptin:adiponectin ratio was significantly lower in the WL group for
women at the end of the intervention period than in the WS women. The
leptin:adiponectin ratio has been shown to be a possible indicator of the metabolic
syndrome, atherosclerosis, and insulin resistance with higher ratios serving as a marker
for these obesity comorbidities [41-43]. Therefore, the reduced leptin:adiponectin ratio in
WL women suggests a reduced risk for these comorbidities. Consistent with this
hypothesis, the leptin:adiponectin ratio was significantly correlated with percent body fat
and trunk fat in women. The lack of change in adiponectin levels from the intervention
and positive correlation with percent fat and trunk fat (in men) were unexpected as
adiponectin has been shown to be inversely correlated with fat mass [44, 45].
The soluble leptin receptor is thought to bind circulating leptin, and it has been
proposed to control leptin action in two opposing ways. This soluble receptor may alter
the proportion of free leptin, thereby inhibiting leptin binding to membrane leptin
receptors and decreasing leptin activity [24, 46] by protecting leptin from degradation or
by blocking its activity [5, 8-10]. In this study we find significant positive correlations
between body fat and trunk fat with soluble leptin receptor and free leptin index. This
differs from a report that soluble leptin receptor levels were inversely correlated with fat
mass in young, healthy participants [15]. Also, levels of sLR have been reported to be
higher in men than women [47].
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In our current analysis, the free leptin index was correlated with percent body fat
at baseline and at 6 months in both men and women and had an inverse correlation with
step count at 6 months for women. The correlation with percent body fat is consistent
with findings of a previous study on young, healthy individuals [15]. The inverse
correlation with step counts suggests that increased physical activity leads to lower levels
of unbound leptin in the blood or less leptin activity. This finding is of interest due to the
comorbidities seen in obese, hyperleptinemic individuals [47]. More studies on sLR
levels in older individuals with obesity are needed to clarify how this receptor is affected
by diet and exercise in this particular population. Because of the conflicting hypotheses
on the role of soluble receptor in leptin signaling, it is important to have a more thorough
understanding of factors that alter soluble leptin receptors.
Because lifestyle habits are modifiable, their effects on adipokine secretion are a
critical issue, especially in obese older adults. The links between adipokines and disease
conditions are becoming evident, thus understanding factors that modify their levels may
have an impact on disease morbidity and mortality. Furthermore, changes to diet and
physical activity provide safe alternatives to pharmacologic interventions. In this study,
dietary components and physical activity had limited statistically significant correlations
in either men or women with baseline and 6 month measures of adipokines. Others have
shown that sLR was positively associated with carbohydrate intake and negatively
associated with fat intake and that the free leptin index showed opposite associations
(positively from fat and negatively from carbohydrate intake) [15]. These findings would
suggest that, in this cohort, dietary intake and physical activity play a minor role in the
variability seen in adipokine levels. This supports our earlier work which showed that
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exercise training had no effect on plasma leptin following an 18-month weight loss
intervention [14]. Another factor contributing to the variance in adipokines that has
previously been reported is regarding race/ethnicity [21, 23]. The small number of nonCaucasians in our study sample precluded us from looking at this variable, although we
adjusted for it in our univariate analyses models.
The older obese adults in this study had symptomatic knee osteoarthritis,
consistent with obesity being a primary risk factor for knee osteoarthritis. This has been
proposed to be, at least partly, from the hyperleptinemia present in obesity as leptin and
adiponectin are high in individuals with osteoarthritis versus weight-matched controls
[31]. Thus, the potential effect of weight loss in this cohort on leptin is of interest as
adipokines may be a critical mediator of obesity related osteoarthritis [34, 48, 49]. In this
modified cohort, pain and function also improved in both men and women from the
intervention. However, there were no correlations between the different adipokines and
these outcomes.
In summary, there have been relatively few randomized controlled weight loss
trials in older obese adults. This study identifies an effective weight loss regime for this
population and explored adipokines and their interactions with body fat measures, dietary
components, and exercise levels at baseline and after a six month control or intensive
weight-loss intervention period. While a number of studies have looked at younger
populations, it is becoming apparent that those studies’ findings may not be directly
applicable to the older obese population as metabolic alterations with aging may impact
adipokines metabolism. Additionally, the striking differences between men and women in
this age group in adipokine levels and their relationship to weight loss suggest further
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complexities in understanding the linkage between adipokines and metabolism.
Understanding the regulatory factors for these adipokines and their soluble receptors may
have important physiological and therapeutic implications for obesity and related
comorbidities.
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Abstract
Leptin is an important adipokine produced by fat cells that regulates food
consumption and metabolic activity. Sexual dimorphism in the amount of leptin has been
well-documented in humans and rodents with females having more leptin than males,
even when adjusted for fat mass. One potential mechanism leading to this dimorphism is
steroid hormone regulated synthesis of transcripts encoding leptin. This study used
murine 3T3-L1 adipocytes to directly study the effects of 17β-estradiol and
dihydrotestosterone on abundance of the transcript encoding leptin, as well as the levels
of cytosol and secreted leptin protein. We found estradiol significantly increased the
abundance of transcript encoding leptin, while dihydrotestosterone decreased leptin
transcript abundance. Treatment with estrogen and androgen inhibitors, fulvestrant and
flutamide, had opposite effects to treatment with these steroids indicating that these
transcriptional effects are mediated through the canonical steroid hormone signaling
pathways. DHT treatment reduced the levels of leptin protein, both within cells and
secreted protein, to 30% of control values. Estradiol increased secreted leptin protein to
230% of control values. These results indicate that short-term treatments with steroid
hormones are sufficient to enhance both Lep transcript accumulation and leptin protein
secretion, and may play a major role in the sexual dimorphism of this adipokine.
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Introduction
The rates of obesity are increasing worldwide, with recent estimates suggesting
that more than a third of adults in the United States are obese [1,2]. Increases in Diabetes
mellitus, heart disease, and hypertension parallel the obesity trends [3]. Insight into the
hormonal and metabolic changes that accompany obesity is needed to explain the linkage
to these disease states. The identification of adipokines, which are signaling molecules
secreted by adipose tissues, has provided insight into how fat stores signal to coordinate
metabolism [4, 5]. Leptin, an adipokine which represses food consumption, has been
extensively studied in both mice and humans [6-9], where mutations in the Leptin gene
(Lep) result in obesity [6, 10, 11].
Leptin is secreted by fat cells and circulates in the plasma of mammals inducing a
variety of metabolic, neuronal, and inflammatory signals [8]. Plasma leptin levels in
humans are proportional to body mass index (BMI) and total body fat, suggesting the
model that when energy stores are plentiful, leptin production is increased to signal
satiety [12]. Consistent with this prediction, leptin has been shown to bind to receptors in
the brain increasing the synthesis of neuropeptides that reduce the activity of brain
circuits that drive food consumption [13, 14]. When individuals reduce their body weight
and fat stores through increased exercise and/or dietary modifications, leptin levels also
decrease [15, 16].
Leptin levels and body weight maintenance are sexually dimorphic in humans,
nonhuman primates, and rodents [17]. The average mass of fat stores is higher in women
than men [2]. Women also have approximately 40% higher leptin levels than men even
after compensating for BMI, adiposity, and age [18]. The possibility that these leptin
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levels are regulated by sex steroid hormones is suggested by examination of the changes
in leptin across sexual maturity. At puberty, leptin levels increase in females, but
decrease in males [19]. Additionally, serum leptin concentrations are lower in postmenopausal women than in younger women [20]. A human cross-sectional study in
young men and women showed that leptin levels are positively correlated to estrogen and
negatively correlated to testosterone [21].
The sexual dimorphism in circulating leptin levels has been linked to differences
in both the accumulation of Lep transcripts and to secretion of the leptin protein [22].
The mouse Lep gene contains an estrogen-response element within its promoter [23-25].
In primary adipocyte cultures, isolated from rat subcutaneous fat deposits, estrogen
treatments for 24 hours increased Lep mRNA levels by 140%, while treatment with the
androgen, dihydrotestosterone (DHT), led to a 20% decrease in Lep transcripts. Effects
elicited by DHT were ablated with the addition of the anti-androgen cyproterone acetate
[24]. Another study, using human primary adipocytes that were isolated from female
subcutaneous fat tissues, demonstrated a pronounced (180-502%) increase in Lep mRNA
in response to estradiol treatments, but no effect was observed with DHT treatment [22].
In contrast, similar adipocyte primary cultures from males showed a significant decrease
in Lep mRNA expression with DHT treatment. This study also reports that DHT
treatment reduced leptin secretion in tissue isolated from males, but not females, while
estradiol treatment increased leptin secretion in female, but not male tissues [22]. An
additional study showed that the androgens DHT, dehydroepiandrosterone sulfate, and
androstenedione decreased leptin secretion from omental adipose tissue extracted from
human females, but not males [26].
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These observations are consistent with sex steroid hormone regulation of leptin
levels by altered accumulation of Lep transcripts and leptin secretion in primary cell
cultures. Working with tissues and primary cell cultures can be challenging due to
limited access to samples and high variability between individuals. The current study
used a well-characterized murine adipocyte cell line (3T3-L1) [27] to strengthen our
understanding of the relationship between steroid hormones and transcriptional controls
of leptin synthesis. DHT treatments showed a significant decrease in Lep transcript
abundance, and in cellular and secreted leptin protein levels. In contrast, estradiol
treatment resulted in significant increases of Lep transcript abundance and in secreted
leptin protein. Our results suggest the sexual dimorphism observed in humans and
rodents may be due to both an inhibitory effect of DHT in males on Lep transcript
abundance and a stimulatory role of estradiol in females, resulting in reduced levels of
leptin synthesis in men compared to women.
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Materials and Methods
Murine 3T3-L1 preadipocytes were obtained from Howard Green at Harvard
Medical School. MediaTech Dulbecco’s Modified Eagle’s Medium (25mM glucose),
calf serum, Halt Protease Inhibitor Cocktail, Pierce Phosphatase Inhibitor Mini Tablets,
and Pierce Micro BCA Protein Assay kit, Precise Tris-Glycine 8-16% gradient gels,
Thermo Scientific PVDF transfer membrane, and Millipore Immobilon
Chemiluminescent HRP substrate were purchased from Fisher Scientific Company
(Pittsburgh, PA). DNase I was purchased from Promega (Madison, WI). Fetal bovine
serum was purchased from Atlanta Biologicals, Inc (Lawrenceville, GA). Purified
recombinant mouse leptin was purchased from the Harbor-UCLA Research and
Education Institute. Amicon Ultra centrifugal filter units and mouse leptin ELISA kits
(EZML-82K, sensitivity=0.2ng/ml) were purchased from Millipore (Billerica, MA). Oil
Red O, 17β-estradiol, dihydrotestosterone, bovine insulin, dexamethasone, and methylisobutyl-xanthine (MIX), anti-leptin polyclonal antibody produced in rabbit (L3410), and
sodium deoxycholate were purchased from Sigma-Aldrich (St. Louis, MO). The betaactin monoclonal antibody produced in rabbit (8457S) and HRP-linked secondary
antibody (7074P2) were purchased from Cell Signaling Technology (Danvers, MA). The
RNeasy RNA extraction kits were purchased from QIAGEN (Valencia, CA).
SuperScript III First-Strand Synthesis System for RT-PCR was purchased from
Invitrogen (Carlsbad, CA). SYBR Green dye was purchased from Applied Biosystems
(Carlsbad, CA). Leptin primers were designed with Primer3Plus Software. Leptin, 18S
[28], and estrogen receptors alpha and beta [29] primers were synthesized by Integrated
DNA Technologies (Table 1).
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Table III-I. Primer sets used for quantitative real-time PCR
Target
Leptin

Sequence
F: 5’‐ACCCCATTCTGAGTTTGTCC3’
R: 5’‐TCCAGGTCATTGGCTATCTG‐3’

18S

F: 5’‐CCCTGCCCTTTGTACACACC‐3’
R: 5’‐CGATCCGAGGGCCTCACTA‐3’

Estrogen Receptor alpha

F: 5’‐AAGGCGGCATACGGAAAGA‐3’
R: 5’‐TCTGACGCTTGTGCTTCAACA‐3’

Estrogen Receptor beta

F: 5’‐CATCAGTAACAAGGGCATGGAA ‐3’
R: 5’‐GTCGTACACCGGGACCACAT ‐3’

Cell Culture
3T3-L1 cells were cultured as described previously [27]. Briefly, cells were
incubated at 37°C with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% calf serum. At two days post-confluence, cells were treated with
a differentiation cocktail (MDI) containing 0.5mM methyl isobutyl-xanthine, 1µM
dexamethasone, 1.7µM insulin in media supplemented with 10% fetal bovine serum
(FBS). Complete differentiation (>90% of cells) 8 days after MDI treatment was verified
either through visualization of lipid droplets in the cytoplasm by light microscopy or
staining with Oil Red O, as described previously [30]. For Oil Red O staining, cells were
incubated in 10% formalin (in PBS) for 5 minutes. Cells were incubated in fresh
formalin for 1 hour. Formalin was removed and cells were washed with 60%
isopropanol. Once the plate was completely dry, 5 ml of Oil Red O was added and
allowed to incubate for 10 minutes. The dye was removed and cells were washed with
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water 4 times. Images were acquired with the inverted Zeiss Axioplan microscope,
Hamamatsu Orca-ER camera, and Volocity software. A representative image shows the
appearance of lipid droplets in differentiated cells (Supplemental Fig III-1).
Steroids and receptor antagonist treatment
Steroid hormone treatments were performed at eight days after differentiation in
cells that were serum starved for 6 hours prior to treatment. As phenol red has been
reported to possibly mimic estrogens, experiments were performed in cells that were
transitioned to phenol red-free DMEM at day 6. On day 8, cells were serum deprived for
6 hours and then treated for 24 hours with doses of 17β-estradiol and DHT ranging from
0.1-100 nM in serum-free media. Inhibitors (1 µM fulvestrant, which blocks both α and
β estrogen receptors, and 200 nM flutamide, which blocks androgen receptor signaling)
were added to cells for 2 hours prior to hormone treatments.
RNA extraction, cDNA synthesis and quantitative real time PCR (qRT-PCR)
Cells were detached from 100 mm tissue culture plates with 650 µl RLT buffer.
RNA was harvested from cells using the RNeasy RNA extraction kit using the
manufacturer’s recommendations (QIAGEN). RNA was eluted from the column with
water and quantified with a Nanodrop spectrophotometer (Thermo-Fisher) and treated
with DNase I.
cDNA synthesis was performed using a first strand synthesis kit with SuperScript
II reverse transcriptase (Life Technologies) with at least 2 µg of RNA, followed by
treatment with RNase H to remove the RNA precursors. The cDNA was then used for
quantitative real-time PCR with SYBR Green (Applied Biosystems). Reactions were run
in 96-well plates on the 7500 Fast Real-Time PCR System (Applied Biosystems) at 50ºC
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for 2 minutes, 95ºC for 10 minutes, and then for 40 cycles of 95º for 15 seconds, 60ºC for
1 minute, 95ºC for 30 seconds, and 60ºC for 15 seconds. Three technical replicates were
run for each reaction. Abundance of each transcript was normalized to an 18S rRNA
transcript control. Because the efficiency of each primer set varies, graphs of Ct over a
range of DNA concentrations were constructed for each primer set and the equation of
these lines were used to calculate the levels of each transcript. The fold change values
are reported relative to untreated samples and represent at least 3 biological replicates.
Western Blots
Cells were harvested with a protein extraction buffer containing 150 mM sodium
chloride, 50 mM Tris (pH 7.4), 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1X
Halt protease inhibitor cocktail, and Pierce Phosphatase Inhibitor Mini Tablets.
Supernatants were also collected and proteins were concentrated using Amicon Ultra 10k
centrifugal filter units. All samples were spun at 14,000 x g for 15 minutes and protein
concentrations were determined using a Micro BCA assay. Equal amounts of protein
from each sample were run on 8-16% gradient SDS-PAGE gels and transferred to PVDF
membranes. Actin blots were run as an additional loading control for both cell extracts
and supernatants [31]. Blots were blocked in Tris-buffered saline solution containing 5%
non-fat milk and 0.05% Tween 20 for at least 2 hours and then were incubated with
primary antibodies overnight at 4°C. The leptin antibody was diluted 1:500, and the βactin antibody was diluted 1:100. The HRP-conjugated secondary antibody was used at a
1:10,000 dilution. Bands were visualized with a chemiluminescent HRP substrate and an
Amersham Imager 600 and quantified with the ImageQuant TL software (GE). Purified
mouse leptin was run on blots to verify the specificity of antibody recognition.
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Statistical Analyses
Two-sample, independent Student’s t-tests were performed for hormone dose
response treatments on Lep transcript abundance and leptin protein accumulation. Pvalues ≤ 0.05 were considered statistically significant. Two-way ANOVA tests and posthoc Fisher’s (for Flutamide) or Two-stage linear step-up procedure of Benjamini, Krieger
and Yekutieli (for Fulvestrant) tests were performed for receptor inhibitor treatments. Pvalues ≤ 0.1 for these tests were considered statistically significant. All values were
reported as mean ± standard error (SE).
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Results
Dihydrotestosterone treatment significantly decreased abundance of transcripts
encoding leptin
We tested the hypothesis that leptin levels are lower in males than females due to
an inhibitory effect of DHT on transcription of the gene encoding leptin. RNA was
isolated from 3T3-L1 cells treated with DHT for 24 hours at concentrations ranging from
0.1 to 20 nM. The levels of Lep transcripts relative to an 18S ribosomal subunit control
were determined by qRT-PCR and values were reported relative to an untreated control.
A statistically significant DHT-dependent decrease in Lep transcripts was detected at
doses of 1 nM and higher (Fig III-1). This DHT dose is consistent with physiological
concentrations observed in young adult men (approximately 1nM) [32]. The maximum
response observed in our study was a 0.25-fold reduction at 20 nM DHT.

Figure III-1: Lep transcript abundance decreased at elevated DHT levels.
3T3-L1 cells were treated with the indicated dose of DHT for 24 hours. Leptin
transcripts were measured by qRT-PCR and normalized to an 18S rRNA control. The
transcript abundance relative to untreated controls is reported as mean ± S.E.M with n≥8
biological replicates; * denotes p-value ≤ 0.05 when compared to control with 2-sample,
independent Student’s t-tests.
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Androgen receptor antagonists prevent the DHT effect on Lep transcripts
To demonstrate that the observed decrease in Lep transcript levels after DHT
treatment was mediated by androgen receptor signaling, flutamide was used to block
androgen receptors in the adipocytes. Cells were pretreated with 200 nM flutamide for
two hours before addition of 20 nM DHT (or mock treatment) for an incubation of 24
hours. Lep transcript abundance was measured after treatments with qRT-PCR. An
increase in leptin transcript abundance was observed with flutamide alone, consistent
with androgen-mediated repression of synthesis (Fig III-2). A significant effect of DHT
(p=0.06) on Lep transcript abundance was detected by a 2-way ANOVA (and 2-sample,
independent Student’s t-test), but a Fisher’s post-hoc test comparing DHT treatment to
the control did not reach statistical significance. Although there was a small, but
significant, decrease by DHT on Lep transcript abundance in the presence of flutamide,
this combined flutamide and DHT treatment restored Lep transcript abundance to levels
equivalent to untreated controls (Fig III-2).
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Figure III-2: Lep transcript abundance decreased with 20 nM DHT and increased
with 200 nM flutamide treatment.
Leptin transcripts were measured by qRT-PCR and normalized to an 18S rRNA control.
The transcript abundance relative to untreated controls is reported as mean ± S.E.M with
n ≥ 6 biological replicates. Samples pretreated with flutamide showed no significant
decrease in Lep transcript abundance upon DHT treatment. a Denotes p-value ≤ 0.1 when
compared to control with no flutamide; b Denotes p-value ≤ 0.1 when compared to the
flutamide control. Mean fold changes were analyzed with 2-way ANOVA and Fisher’s
post-hoc tests.
17β-Estradiol treatment increased Lep transcript accumulation
We also tested the secondary hypothesis that Lep transcripts are positively
regulated by estradiol levels. Lep transcript abundance was measured after 24 hour
treatments with 17β-estradiol at doses between 0.3 and 5 nM (Fig III-3). Statistically
significant 1.2-fold and 1.4-fold increases in leptin transcript abundance were observed at
0.3 and 1 nM doses of 17β-estradiol, respectively, compared to the control. These doses
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are close to physiological levels (0.1-0.3 nM) observed in premenopausal women during
the early follicular phase of the menstrual cycle [33, 34], but extreme levels as high as 5.5
nM have been reported during the mid luteal phase [35]. The estradiol dose response
curve was roughly bell shaped with doses higher than 1nM leading to a decrease in
transcript abundance (Fig III-3), consistent with other estradiol response curves using
estradiol concentrations that are at the upper end of or that exceed physiological levels
[36, 37]. The elevated Lep transcripts at physiological doses suggest transcriptional
controls that may lead to elevated leptin protein in females.

Figure III-3: Lep transcript abundance increased at estradiol doses of 0.3 and 1 nM.
3T3-L1 adipocytes were treated for 24 hrs with estradiol doses ranging from 0.3-5 nM.
Leptin transcripts were measured by qRT-PCR and normalized to an 18S rRNA control.
The transcript abundance relative to untreated controls is reported as mean ± S.E.M of n
≥ 7 biological replicates; * denotes p-value ≤ 0.05 when compared to the control with 2sample, independent Student’s t-tests.
Estrogen receptors are expressed in these cells and inhibitors block estradiol effects
on Lep transcript accumulation
Since the increases in Lep transcripts in response to estradiol were smaller than
reported with primary cell culture [22], we explored technical and biological reasons that
might limit an estrogen response. We explored the possibility that residual estradiol in
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the serum used to make the media could be elevating the level of Lep transcripts in the
untreated controls, thereby minimizing the effects of treatment with exogenous estradiol.
The effect of estradiol on Lep transcript abundance was compared in media prepared with
regular serum or charcoal-stripped serum. In the absence and presence of added
estradiol, the Lep transcript abundance was not significantly different between the two
types of sera (Supplemental Fig III-2).
We also verified that estrogen receptors were expressed in this cell type and that
their transcript levels were modulated by estradiol treatment. Levels of the ERα and ERβ
transcripts were quantified by qRT-PCR. The adipocytes expressed both receptors, with
greater levels of the α than β isoform (Fig III-4A). Upon treatment with 1 nM estradiol,
the abundance of transcripts for both the α and β receptors showed significant increases
(1.7-fold change for both) (Fig III-4B), indicating that 3T3-L1 cells are estrogenresponsive.
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Figure III-4: Transcripts encoding estrogen receptor (ER)-α and ER-β are
estrogen-responsive in 3T3-L1 cells.
Transcript abundance was determined by qRT-PCR and normalized to 18S controls. (A)
ER-α transcript abundance is greater than ER-β. * denotes p-value≤0.05 where levels of
the receptor transcripts are compared. (B) When treated with 1 nM estradiol, the
abundance of transcript of both receptors were increased. The values are normalized to
untreated controls for each transcript to illustrate that both receptors have similar
induction by estradiol. Mean ± S.E.M; n ≥ 3; * denotes p-value ≤ 0.05 when compared to
control with 2-sample, independent Student’s t-test.
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To provide additional insight into the regulation of leptin transcripts by estrogen
receptor signaling, we used a well characterized inhibitor of both α and β estrogen
receptors, fulvestrant [38]. Treatment with 1 µM fulvestrant led to a statistically
significant decrease in Lep transcripts, down to 0.67-fold relative to the control value (Fig
III- 5). Although treatment with 1 µM estradiol increased Lep transcripts in both the
presence and absence of fulvestrant, the treatment with both inhibitor and estradiol
returned Lep transcript abundance to levels not significantly different from untreated
controls (Fig III-5).

Figure III-5: Lep transcript abundance decreased with fulvestrant treatment in the
presence and absence of 1 nM estradiol.
3T3-L1 cells were treated for 24 hrs with estradiol, and cells were pretreated for 2 hrs
with fulvestrant before incubation with estradiol. Lep transcript abundance was measured
with qRT-PCR and normalized to an 18S rRNA control. Values are the mean ± S.E.M of
n ≥ 5 biological replicates; a Denotes p-value ≤ 0.1 compared to the untreated control;
b
Denotes p-value ≤ 0.1 compared to estradiol treatment without inhibitor. Two-stage
linear step-up procedure of Benjamini, Krieger and Yekutieli was used as the post-hoc
test for the 2-way ANOVA.
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Leptin protein accumulation and secretion is affected by hormone treatments
To determine if the changes in Lep transcripts were associated with changing
levels of leptin protein upon steroid hormone treatment, we examined leptin protein
levels by immunoblot. Samples of protein that were retained within cells (and
accumulated in cell extracts) and secreted proteins in the media, were both examined by
immunoblot. The immunoblot in Fig III-6A illustrates that when cells were treated with
1-100 nM DHT, significant decreases in leptin protein levels were evident in both
cytoplasmic and secreted samples. The chemiluminescent signal was significantly
decreased in response to DHT treatment, both in secreted samples (0.3-fold) and in leptin
accumulating within cells (0.3-0.6-fold) (Fig III-6). These results suggest that changes in
Lep transcript were paralleled by changes in leptin protein synthesis and secretion.
Treatment with 1 nM estradiol led to a significant 2.3-fold increase in leptin
protein detected by immunoblot of secreted protein samples compared to the control (Fig
III-7). There was also a trend for increased leptin antibody signal with extracts from cells
treated with estradiol, consistent with the blot in Fig III-7A, although the difference was
not statistically significant.
These effects of steroid hormones on leptin protein accumulation and secretion
were more prominent in response to androgen treatment compared to estrogen treatments.
As the animal studies that demonstrated sexual dimorphism in leptin levels in the
bloodstream of males and females measure the summation of transcription, translation,
and secretion of the leptin gene products, these studies demonstrate that estradiol and
DHT affect the level of secreted leptin in 3T3-L1 adipocytes.
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Figure III-6: Leptin levels significantly decreased in both cell extracts and
supernatants from cells treated with 1-100 nM DHT.
Cells were treated with DHT for 24 hours after a 6 hour serum deprivation. (A).
Cytosolic proteins were quantified in a cell extract and supernatants were collected for
analysis with Western blots with a leptin-specific antibody. (B). Protein levels were
normalized to actin and are reported relative to the untreated control with n≥5 biological
replicates; * denotes p-value≤0.05 when compared to control with 2-sample, independent
Student’s t-tests.
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Figure III-7: Secreted leptin significantly increased in cells treated with 1 nM
estradiol. Cells were treated for 24 hours with estradiol after a 6 hour serum deprivation.
(A). Cytosolic proteins were quantified in a cell extract and supernatants were collected
for analysis with Western blots with a leptin-specific antibody. (B). Protein levels were
normalized to actin and are reported relative to the untreated control with n≥5 biological
replicates; * denotes p-value≤0.05 when compared to control with 2-sample, independent
Student’s t-tests.
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Discussion
The sexual dimorphism in circulating levels of leptin, with higher levels in
females, has been documented in different populations and species [24, 39, 40]. This
study tested the possibility that levels of sex steroid hormones may control the synthesis
and/or secretion of this important adipokine. We used 3T3-L1 cells, a well-established
preadipocyte cell line [27], to ask whether the level of Lep transcripts and leptin protein
are modulated by treatments that elevate the levels of steroid hormones or antagonists
that block the action of the steroids. We found significant changes in response to these
treatments that indicate a positive role of estradiol and a negative role of
dihydrotestosterone in controlling levels of both Lep transcripts and leptin protein.
This study used cultured murine adipocytes treated with 17β-estradiol and DHT to
determine if Lep transcript abundance, leptin protein synthesis, and leptin protein
secretion were affected by sex steroid hormones. We observed an increase in Lep
transcript abundance with estradiol treatment and a decrease in abundance with DHT
treatment. These changes were decreased or eliminated with estrogen and androgen
receptor inhibitors, fulvestrant and flutamide, respectively.
Changes in leptin protein levels were examined in both cellular extracts and
secreted proteins after estradiol treatment or DHT treatment. Both cytosolic and secreted
leptin protein levels were decreased with DHT treatment. The amount of secreted protein
was significantly increased with estrogen treatment, as well, but the estrogen-dependent
increases in leptin protein were not significant. It is possible that we were not able to
detect small increases in leptin protein levels with estradiol treatments by immunoblots
due to stable accumulation of leptin protein in these cells or because of greater variability
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in the estrogen response. These results are consistent with DHT being a more potent
regulator of leptin transcription and synthesis since relatively low levels are enough to
induce significant decreases in Lep transcript and protein accumulation and secretion.
Our results parallel and extend previous findings from primary cultures of
adipocytes showing a stimulatory effect of estradiol and inhibitory effect of DHT on Lep
mRNA [22, 24]. Those studies also showed inhibition of steroid effects by using the
receptor antagonists, fulvestrant (ER inhibitor) and cyproterone acetate (AR inhibitor).
Another study using 3T3-L1 adipocytes detected increases in Lep mRNA levels in
response to treatment with an ERα agonist, although estradiol treatments did not have a
significant effect [41]. However, the ERα antagonist, 1,3-Bis(4-hydroxyphenyl)-4methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride, did reduce Lep
transcript abundance in an estradiol reversible fashion. An important consideration is
whether there is estrogen receptor subtype specificity in the estradiol regulated Lep
transcript levels. The results of Yi et al. [41] suggested this both in the greater effects of
ERα agonists, but also in the stimulatory effect of an ERβ antagonist, (DPN (2,3-bis(4Hydroxyphenyl)-propionitrile), on Lep transcript abundance. They examined the levels
of transcripts encoding ERα and ERβ and the levels of these receptor proteins and found
that in their assays ERβ was at greater abundance. Through agonist and antagonist
treatments their results suggest that a higher ERα/ERβ ratio was positively correlated
with higher Lep mRNA. Our ability to induce increases in Lep transcripts using a similar
dose of estradiol may result from a difference in relative abundance of the ER receptor
subtypes. Our 3T3-L1 cells, which were obtained from a different source and had limited
passage number, accumulated a 2-fold greater abundance of ERα to ERβ, and our
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estradiol effects were abolished with the addition of the estrogen receptor inhibitor
fulvestrant, which targets both ERα and ERβ. A previous study found higher levels of
ERα than ERβ in female subcutaneous fat compared to males [42]. Additionally, another
study found slightly higher levels of ERα mRNA compared to ERβ in 3T3-L1 cells [29].
The sexual dimorphism of estrogen receptors in addition to the sex steroid hormone
levels likely contribute to the sexual dimorphism of leptin and suggest that specific fat
stores may have greater estrogen-responsive leptin synthesis and secretion.
Another possible mechanism for elevated plasma leptin in females could be due to
the sexual dimorphism of adipose tissue amounts and deposition, since leptin has been
shown to be positively correlated with fat mass [39]. Because women tend to have more
subcutaneous fat than men, this could partially explain the differing amounts of leptin
observed in men and women. However, studies that have corrected for fat mass between
individuals have shown that females still have higher levels of serum leptin than males
[43]. Our own study observed an increase in Lep transcript abundance with a 24 hr
treatment of estradiol without an increase in lipid size or abundance qualitatively
measured by Oil Red O staining (Supplemental Fig III-1). In addition, there have been
studies showing a difference in leptin levels when sex steroid hormone levels have
changed either with the onset of puberty, menopause, or the transition from one gender to
another [43-47]. For example, during menopause leptin levels slightly drop concurrent
with a decrease in estradiol levels while fat mass usually increases [46]. These studies
strongly suggest the varying ratios of sex steroid hormones present in each gender are
important in maintaining the sexual dimorphism of leptin.
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Understanding the sexual dimorphism in leptin levels is important as it relates to
the clinical implications of obesity. How obesity affects an individual’s health seems to
be dependent on many factors including the levels of sex steroid hormones and leptin.
While leptin is an important signaling molecule involved in the regulation of appetite and
metabolism under normal conditions, it has been documented that chronically elevated
levels of leptin contribute to the systemic inflammation associated with obesity [48-50].
Chronically high levels of serum leptin have been implicated in the insulin-resistant state
also associated with obesity and the metabolic syndrome [48, 51, 52]. Since fat is an
additional source of estrogen synthesis, it is possible that the higher levels of leptin
during obesity are also due to an increase in fat-localized estrogens in addition to the
larger fat mass [37, 53, 54]. Although the potential inflammatory effects of elevated
leptin in females suggest a potential for concern, the majority of studies suggest that
estrogens are protective.
Estrogen can be protective in rodents and women with high fat mass against
visceral fat accumulation and cardiovascular disease [55, 56]. In older women,
moderately high levels of leptin can be protective from cardiovascular disease risk [50].
Women with moderately high leptin levels fared better than women with the lowest and
highest amounts of plasma leptin, suggesting that at moderate fat levels leptin is
protective [50]. A study in mice also showed that estrogen improved leptin sensitivity in
obese female mice [56]. In addition, there is evidence that androgens can contribute to
the risk for cardiovascular disease. It has been shown that androgens are associated with
the accumulation of visceral fat leading to increased risk for obesity comorbidities such
as cardiovascular disease and type 2 diabetes [57]. The increased levels of estrogen and
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leptin in women may be why women tend to be protected from the metabolic syndrome
and cardiovascular disease compared to men [55].
In conclusion, these results indicate that sex steroid hormones are involved in the
regulation of leptin transcription and protein secretion in 3T3-L1 adipocytes. Elevated
DHT decreased leptin transcript abundance, and levels of cytosolic and secreted leptin
protein. Additionally, estradiol treatment resulted in increased levels of Lep transcipts
and secreted protein levels suggesting a role for this steroid in sexual dimorphism. These
results suggest the higher ratio of estrogen/androgen is in part responsible for higher
leptin levels observed in females compared to males. Although the relationships among
adipokines, obesity, and disease states is complex, these results provide evidence that sex
steroid hormones are involved in the regulation of leptin transcription and protein
synthesis and its sexual dimorphism and that 3T3-L1 cells are an excellent cell line to
study steroid hormone responses of adipocyte function.
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Supplemental Figures

Supplemental Figure III-1: Adipocytes were stained with Oil Red O dye 8 days after
MDI treatment and imaged with an inverted light microscope and color camera. (A).
Untreated control, (B). 24 hr treatment with 1 nM estradiol, (C). 24 hr treatment with 20
nM DHT. Scale bar represents 50 µm.

Supplemental Figure III-2: 3T3-L1 cells were cultured in media with regular FBS until
5 days after differentiation when they were either kept in regular media or switched to
media with charcoal-stripped FBS. Data are reported as mean ± S.E.M relative to the
untreated control of n ≥ 3 biological replicates. *denotes p≤0.05 when compared to the
control with no estradiol within each media type. There was no significant difference in
transcripts between serum types at each estradiol dose determined with 2-way ANOVA.
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CHAPTER IV
Flavonols restore insulin signaling in insulin-insensitive murine muscle cells
Abstract
Type 2 diabetes mellitus (T2DM) results from the body’s inability to respond to
or synthesize enough insulin which leads to impaired glucose uptake and elevated blood
glucose levels. Skeletal muscle is a major storage depot for glucose mediated by insulindependent targeting of glucose transporter 4 (GLUT4) to the membrane surface.
Disruption of insulin signaling in muscle is sufficient to decrease overall insulin
sensitivity within an organism. High fat diet in animals or treatment with the fatty acid
palmitate can induce insulin insensitivity in cultured C2C12 myotubes. In this study,
palmitate treatment reduced insulin-dependent glucose uptake and phosphorylation of
AKT2, a kinase that positively regulates insulin signaling. Palmitate also increased levels
of reactive oxygen species (ROS) and phosphorylation of the c-Jun N-terminal kinase
(JNK), a stress kinase that reduces insulin signaling. Flavonols are an important class of
plant antioxidants, which include quercetin (Q) and kaempferol (K). Q and K reversed
the inhibitory effects of palmitate on glucose uptake, AKT2 phosphorylation, and JNK
phosphorylation. The flavonols also reduced ROS levels consistent with their in vitro
activity as ROS scavengers. The ability of another antioxidant, ascorbic acid, to mimic
flavonol effects on kinase activity and ROS levels, suggests that the flavonols restore
insulin signaling through their antioxidant activity.
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Introduction
The hormone insulin is released when blood sugar is elevated to initiate signaling
pathways that increase glucose uptake leading to enhanced sugar metabolism and storage
[1]. The two main storage depots for glucose in the body are adipose tissue and muscle.
Both of these tissues express the insulin-dependent glucose transporter 4 (GLUT4), and
both tissue types are considered equally important for overall insulin sensitivity and
health [2, 3]. Type 2 diabetes mellitus (T2DM) results from the body’s inability to
respond to or synthesize enough insulin which leads to impaired glucose uptake and
elevated blood glucose levels [4]. Rates of T2DM in the United States have increased in
the last ten years with more than 9% of the American population being diagnosed with
T2DM [5, 6]. While there are drug treatments available such as synthetic insulin and
metformin [7, 8], studies have also found lifestyle changes such as increased physical
activity and consumption of a healthy diet can also help alleviate symptoms and comorbidities associated with diabetes [7, 9, 10]. Diets rich in protein and nutrients
(vitamins, minerals, fiber), which are also low in fat and sugars and include fruits and
vegetables, are considered central to a healthy diet [11-14]. It is important to understand
how insulin signaling is affected by specific components of the human diet, especially
phytochemicals that modulate animal signaling pathways, to help prevent and treat
T2DM.
Plant-based foods contain many components that are considered beneficial to
overall health including vitamins, minerals, fiber, and phytochemicals. One class of
phytochemicals is the flavonoids. Flavonoids are molecules that serve as pigments and
signaling molecules in planta [15-18]. Consumption of foods rich in flavonoids, such as
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berries, has been shown to reduce the risk of T2DM in humans [19]. In cancer cells or
tumors, flavonoids reduce growth and induce apoptosis [16, 17, 20, 21]. Some studies in
neuronal cells have shown flavonoids are neuroprotective through anti-inflammatory and
antioxidant activities [22]. In insulin-sensitive cell lines, including skeletal muscle,
adipocytes, and hepatocytes, flavonoids have also shown opposing effects with some
reporting that flavonoid treatments led to greater insulin sensitivity [10, 23-26] while
other results showed a decrease in insulin sensitivity after flavonoid treatment [27]. One
reason for these varying effects may be because they used different flavonoids which
affect cells in a dose-dependent, and cell-type specific fashion.
Flavonols are an important class of flavonoids and include quercetin (Q) and
kaempferol (K), which are found in all plants. Flavonols function as antioxidants in
plants [28, 29] and in animals that consume them [30, 31]. Q and K treatments also
decrease activity of kinases such as phosphatidylinositol 3-kinase (PI3-K) and protein
kinase C (PKC) [13, 31-34]. Q and K have very similar structures, but the additional
hydroxyl group that Q carries has been suggested to enhance its antioxidant capacity
relative to K [33]. Interestingly, Q is also a more potent inhibitor of PI3-K activity than
K. In contrast, K, but not Q, inhibited the epidermal growth factor receptor. Both Q and
K decreased bovine brain PKC activity [33]. These antioxidant and kinase inhibitory
effects of flavonols suggest that they may affect insulin signaling and induce their effects
through the alteration of redox signaling and/or kinase inhibition [32, 35].
The insulin signaling pathway is a complex signaling cascade which is initiated
when insulin binds to its transmembrane receptor resulting in autophosphorylation of the
receptor [36-39]. The insulin receptor substrate 1 (IRS1) binds to the phosphorylated
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insulin receptor (IR) and is phosphorylated leading to the recruitment and activation of
more signaling proteins, including PI3-K. PI3-k then phosphorylates a
phosphatidylinositol (4,5) bisphosphate (PIP2) head group on a membrane lipid leading
to the formation of membrane-bound PIP3 [38]. 3-phosphoinositide dependent protein
kinase-1 (PDK1) and PDK2 are activated after binding PIP3 in the membrane. This
binding and activation of PDK1 and PDK2 allows recruitment and phosphorylation of
protein kinase B (AKT2) for activation [37, 38, 40]. Activation of AKT2 eventually
leads to translocation of the GLUT4 to the plasma membrane for glucose uptake into
muscles and adipocytes [41] (Fig I-1). These insulin-dependent kinase cascades have
been shown to be affected by reactive oxygen species (ROS). For example, low doses of
H2O2 were shown to increase glucose uptake and increase phosphorylation of the IR and
the downstream kinase AKT in isolated rat muscle [42]. It is hypothesized that targeted,
small bursts of ROS are required to allow the insulin signal to be transmitted by
temporarily inhibiting regulatory phosphatases [37, 43, 44]. In contrast, high levels of
ROS have been shown to increase insulin resistance [45]. For example, in response to
proinflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α), and saturated
fatty acids, such as palmitate, high levels of ROS are observed [43, 46]. These levels of
ROS are inhibitory to insulin signaling due to oxidation and alteration of kinases and
chronic activation of stress pathways, such as c-Jun N-terminal kinase (JNK), leading to
increased serine phosphorylation of the IRS which impairs tyrosine phosphorylation
necessary for activation of AKT2, a central insulin signaling kinase [43, 44, 47-49]
whose activity is impaired by direct cysteine oxidation [50].
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The goal of this study was to examine the effects of flavonols on insulindependent glucose uptake, and secondarily, to explore the molecular mechanisms by
which these molecules alter insulin signaling. Murine C2C12 myocytes, a model for
skeletal muscle, were used in this study as skeletal muscle is estimated to take up 75-90%
of blood glucose and is an important tissue involved in overall insulin sensitivity [1, 51,
52]. In addition, muscle has been shown to be susceptible to insulin insensitivity when
infiltrated with fats such as during obesity (a common comorbidity of T2DM) [53-56].
As an individual becomes obese, fat tends to accumulate in tissues other than adipose
tissue leading to disruption of different signaling cascades, including the insulin pathway
[57-59]. Palmitate is a saturated fatty acid found in many foods commonly consumed in
the western diet, and it also circulates in the blood and accumulates in muscle when a
high-fat diet is consumed [46, 60]. Palmitate has been shown to increase levels of
diacylglycerol (DAG) and ceramide, which are lipids that can cause disruption of insulin
signaling by increasing ROS levels, activating stress kinases that phosphorylate
inhibitory serine residues of signaling kinases, and increasing inflammatory cytokines
[61, 62]. In this study, we found that palmitate decreased insulin signaling and glucose
uptake in myotubes, and the addition of flavonols was able to restore both to control
levels. We found that palmitate increased reactive oxygen species (ROS) levels and
increased phosphorylation of the stress kinase JNK while reducing phosphorylation of
AKT2. Increased activity of JNK has been shown to lead to decreased insulin signaling
and glucose uptake [63-65]. The addition of Q and K reversed the effects of palmitate by
reducing ROS and JNK phosphorylation while increasing AKT2 phosphorylation. These
effects resulted in an increase in insulin-stimulated glucose uptake. Overall, Q and K
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reversed the inhibitory effects of palmitate on insulin signaling providing support for the
beneficial effects of dietary components on T2DM.
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Materials and Methods
Reagents
MediaTech Dulbecco’s Modified Eagle’s Medium, Halt Protease Inhibitor
Cocktail, PhosStop phosphatase inhibitor, Pierce Micro BCA Protein Assay kit, Precise
Tris-Glycine 8-16% gradient gels, Thermo Scientific PVDF transfer membrane, and
Millipore Immobilon Chemiluminescent HRP substrate were purchased from Fisher
Scientific Company (Pittsburgh, PA). Fetal bovine serum was purchased from Atlanta
Biologicals, Inc (Lawrenceville, GA). Oil Red O, insulin, fatty acid-free BSA, palmitate,
DPBA, and type I collagen solution were purchased from Sigma-Aldrich (St. Louis,
MO). The primary antibodies: beta-actin (#8457S), phospho-IRS1 serine 1101 (#2385),
phospho-IRS1 serine 307 (#2381), phospho-IRS1 serine 302 (#2384), IRS1(#3407),
JNK(#9258) and phospho-JNK tyrosine 185(#9251), PKC-theta(#13643) and phosphoPKC-theta threonine 538(#9377) , phospho-Akt2, Akt, and the HRP-linked secondary
antibody (7074P2) were purchased from Cell Signaling Technology (Danvers, MA).
Glass-bottom plates were purchased from MatTek Corporation (Ashland, MA). H2DCFDA was purchased from Invitrogen (Carlsbad, CA).
Cell Culture
C2C12 myocytes were a generous gift from Dr. Cristina Furdui (Wake Forest
Baptist Medical School, Winston-Salem, NC). Cells were maintained in 10% FBSsupplemented DMEM media until confluent for differentiation. For differentiation,
media was switched to DMEM with 1% FBS and 2µM insulin for 3 days. Assays were
performed on day 6 post-differentiation.
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Confocal Microscopy
Flavonol and ROS accumulation were visualized with a Zeis 710 Laser scanning
confocal microscope (LSCM). Myotubes were treated with doses ranging from 1-50 µM
of kaempferol or quercetin for 4 hrs prior to imaging. Diphenylboric acid 2-aminoethyl
ester (DPBA) was used to monitor flavonol accumulation in mature myotubes cultured on
10mm glass-bottom plates. DPBA (252 mg/ml-1 in a 0.01% (v/v) Triton X-100 solution)
was added to cells for 7 minutes. Cells were washed 3x and imaged in 1 ml KRP buffer,
pH 7.4. The LSCM laser was used at 5% laser power to excite the cells at 458 nm.
DPBA emission fluorescence was captured at 460-619 nm. Gain settings were optimized
to maximize flavonol fluorescence without oversaturation.
2',7' dihydrodichlorofluorescein diacetate (H2DCF-DA) was used to detect ROS
within cells. Myotubes were cultured on 10 mm glass-bottom plates and treated 4 hrs
prior to imaging with 10 µM quercetin, 20 µM kaempferol, 400 µM palimate, 100 µM
ascorbic acid, vehicle control (DMSO), or a combination of palmitate with a flavonol or
ascorbic acid. Due to technical difficulties in maintaining cell adherence on glass, the
quercetin dose was decreased to 10 µM and incubation time of all reagents was limited to
4 hours. Cells were stained for 7 minutes with 2.5 µM H2DCF-DA (in KRP buffer, pH
7.4) in an incubator with 5% CO2 at 37°C. Cells were washed 3x and incubated in KRP
buffer for imaging. The LSCM was used at 3 % laser power to excite cells at 488 nm.
The emission wavelength of DCF was collected between 501-602 nm. Gain settings
were optimized to maximize DCF fluorescence without oversaturation. Quantification of
DCF fluorescence was performed by placing an ROI on two parts of a cell that did not
include the nucleus. 10 cells were quantified per field of view, and 3 fields of view were
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measured per plate. Values were normalized to a respective untreated control before
being averaged.
Glucose Uptake Assays
Mature myotubes were pretreated with vehicle control, doses ranging from 1-20
µM kaempferol or quercetin, 100 µM ascorbic acid, 400 µM palmitate, or palmitateflavonoid or ascorbic acid combination 18 hours. Glucose uptake assays were performed
in 6-well tissue culture plates as previously described [27]. Briefly, cells were washed
and incubated in KRP buffer, pH 7.4 (128 mM NaCl, 4.7 mM KCl, 1.65 mM CaCl2, 2.5
mM MgSO4, 5 mM Na2HPO4) in a shaking water bath at 37°C. 100 nM insulin and
tritiated glucose (0.5 µCi/well deoxy-D-glucose, 2-[1-3H] + 5 mM glucose solution) were
added at 1 minute intervals for a total treatment time of 10 minutes per reagent. At 10
minutes after the addition of glucose, cells were washed in cold 1x PBS and then
solubilized in cold lysis buffer (0.5 M NaOH, 0.1% SDS). Lysates were added to
scintillation fluid, and the amount of tritiated glucose was measured with a scintillation
counter. Values were normalized to basal controls and compared to insulin-only treated
samples to calculate fold change.
Western Blots
Myotubes were treated with vehicle control, 20 µM kaempferol or quercetin, 100
µM ascorbic acid, 400 µM palmitate, or palmitate-flavonoid or ascorbic acid combination
for 18 hrs prior to insulin treatment. For insulin treatment, cells were washed 2x in KRP
buffer, pH 7.4 before incubation with 100 µM insulin for 20 minutes. At 20 minutes,
cells were washed and proteins were harvested with a protein extraction buffer containing
150 mM sodium chloride, 50 mM Tris (pH 7.4), 1% NP-40, 0.5% sodium deoxycholate,
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0.1% SDS, 1X Halt protease inhibitor cocktail, and Pierce Phosphatase Inhibitor Mini
Tablets. Protein concentrations were determined using a Micro BCA assay, and equal
amounts of protein from each sample were run on 8-16% gradient SDS-PAGE gels and
transferred to PVDF membranes. Blots were blocked in Tris-buffered saline solution
containing 5% non-fat milk and 0.05% Tween 20 for at least 2 hours and then were
incubated with primary antibodies overnight at 4°C. Actin blots were run as an
additional loading control. The pAKT2, β-actin, JNK antibodies were diluted 1:100, the
AKT and IRS-1 antibodies were diluted 1:1000, and the pJNK, pPKC-Θ, IRS-1 s1101
and s302 phospho-antibodies were diluted 1:50. The HRP-conjugated secondary
antibody was used at a 1:10,000 dilution. Bands were visualized with the SignalFire Plus
ECL chemiluminescent HRP substrate (Cell Signaling Technologies, Danvers, MA) and
an Amersham Imager 600 and quantified with the ImageQuant TL software (GE). Bands
from phospho-antibodies were normalized to bands of unphosphorylated antibodies. Due
to poor signal of the PKC-Θ antibody, bands were normalized to actin to calculate
relative abundance.
Statistical Analyses
Two-way ANOVA tests and two-stage linear step-up procedure of Benjamini,
Krieger and Yekutieli post-hoc tests were run for each flavonol dose response on glucose
uptake in the presence and absence of palmitate and for pAKT2/AKT Western blot
densitometry analyses. Two-way ANOVA and Tukey’s post-hoc tests were performed
for DCF fluorescence analysis. Two-way ANOVA and Fisher’s post-hoc tests were
performed for pJNK/JNK Western blot densitometry data analyses. Values were reported
as mean ± standard error (SE), and P ≤ 0.1 was considered statistically significant.
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Results
Flavonols accumulate in myotubes
The uptake of flavonols by myotubes was examined using a flavonol-specific dye,
DPBA. Myotubes were incubated with increasing doses of kaempferol or quercetin for 4
hours. DPBA enters the cell and binds these flavonols and becomes fluorescent [66].
DPBA fluorescence intensity increases with increasing doses of flavonols, and no
fluorescence is visible in the absence of DPBA (Fig IV-1). The fluorescence is
concentrated in the cytosol consistent with a role in changing activity of cytosolic insulin
signaling proteins.

Figure IV-1: DPBA fluorescence increases with higher doses of flavonols.
Myotubes were cultured on collagen-coated glass-bottom plates. Cells were incubated
with Q or K (or vehicle control) for 4 hours and stained with DPBA for 7 minutes. Scale
bar represents 50 µm.
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Insulin-stimulated glucose uptake is improved by flavonols in palmitate-treated
myotubes
As flavonols have been reported to reverse insulin insensitivity [10, 26], the effect
of these molecules on glucose uptake in cells without and with palmitate treatment, to
render these myotubes less insulin responsive, was examined. Palmitate treatment has
been shown to induce an insulin-insensitive state in muscle cell cultures [67]. Insulinstimulated, tritiated glucose uptake was measured in cells treated with and without
palmitate and flavonols for 18 hrs. Values reported for glucose uptake were first
normalized to basal controls (no addition of insulin) before comparing to the insulin-only
control. Insulin treatment increased glucose uptake into myotubes by approximately
126% of the basal control (Supplemental Fig IV-1). In the presence of palmitate, glucose
uptake was significantly decreased to 70% of the control value (Fig IV-2). When cells
were treated with both palmitate and Q (1 and 20 µM) or K (10 and 20 µM), insulinstimulated glucose uptake was restored to levels observed in the absence of palmitate
(Fig IV-2).
In the absence of palmitate, K had no effect on glucose uptake while Q had a
dose-dependent inhibitory effect (Fig IV-2). As ROS have both positive and negative
roles in insulin signaling at low and high concentrations [44, 50], a possible explanation
for the opposing effects of Q is that it blocks stimulatory effects of low ROS and blocks
inhibitory effects of high ROS. Q and K have different antioxidant and kinase inhibitory
activity potential based on their structures [33, 68] with Q being a more potent
antioxidant. The stronger antioxidant activity of Q may explain why it decreased glucose
uptake, while K did not at similar doses. We therefore examined the effect of palmitate
and flavonol treatments on ROS levels in these cells.
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Figure IV-2: Glucose uptake dose response curve of flavonol treatment in presence
and absence of palmitate.
Myotubes were incubated with increasing doses of (A) quercetin or (B) kaempferol in the
presence or absence of palmitate for 18 hours. Uptake of tritium-labeled glucose was
measured after 10 minute insulin stimulation. n≥3; a Denotes p-value ≤ 0.05 when
compared to the untreated control; b Denotes p-value ≤ 0.1 when compared to palmitate
treatment with no flavonols. 2-way ANOVA and two-stage linear step-up procedure of
Benjamin, Krieger and Yekutieli post-hoc tests were used to determine effects of
flavonols and palmitate.
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Palmitate increases reactive oxygen species in myotubes
The ROS sensor H2DCF-DA (DCF) was used to examine the effects of palmitate
on ROS levels in myotubes. H2DCF-DA is a cell-permeable dye that becomes
fluorescent upon oxidation [69]. DCF fluorescence of cells was imaged by laser scanning
confocal microscopy using excitation at 488 nm. Fluorescence was quantified in 2
regions of interest (ROI) per cell in 30 cells per treatment. After a 4 hr treatment with
palmitate, DCF fluorescence was significantly increased by 1.7-fold (Fig IV-3). Flavonol
treatment was able to significantly decrease DCF fluorescence in the presence of
palmitate to DCF fluorescence levels that were equivalent to or lower than without
palmitate treatment (Fig IV-3). In the absence of palmitate, kaempferol or quercetin
significantly reduced DCF fluorescence to 50% of the control. The effect is greater with
K than Q, but because a lower dose (10 µM) of Q was needed to prevent cells from
detaching from the glass-bottom plates, these ROS levels cannot be directly compared. A
third condition included the antioxidant ascorbic acid, and this treatment also
significantly decreased DCF fluorescence in the presence and absence of palmitate.
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Figure IV-3: Flavonols decreased palmitate-induced DCF fluorescence.
Myotubes were cultured on glass-bottom plates. (A). Myotubes were treated with 10 µM
Q or 20 µM K, 100 µM ascorbic acid, or 400 µM palmitate for 4 hours prior to DCF
staining and imaging with a laser scanning confocal microscope. Scale bar represents 50
µm. (B). DCF fluorescence was quantified for n=3 biological replicates. a denotes pvalue ≤ 0.05 compared to untreated control; b denotes p-value ≤ 0.05 compared to
palmitate-treated. 2-way ANOVA and Tukey’s post-hoc tests were used to analyze
flavonol, ascorbic acid, and palmitate effects.
97

Myotube AKT2 phosphorylation is enhanced by flavonols in the presence of
palmitate
To determine if signaling kinases of the insulin pathway are affected by palmitate,
phosphorylation of AKT2 was examined using a phospho-specific antibody. AKT2 is a
central regulator of insulin-dependent glucose uptake, whose activation requires PI3-K
activity, a kinase that is regulated by flavonols [33]. The level of total AKT and actin
were detected in each sample with AKT- and actin-specific antibodies. AKT2
phosphorylation was normalized by the total AKT values and is reported relative to the
signal in the insulin control. Palmitate significantly decreased AKT2 phosphorylation
compared to the control (Fig IV-4). Both flavonols reversed the palmitate inhibition of
AKT2 phosphorylation to levels higher than cells treated with insulin only (Fig IV-4).
Flavonol treatment in the absence of palmitate did not significantly affect AKT2
phosphorylation. There was some variability of signal with Q treatment with AKT2
phosphorylation in Fig IV-4A increasing, but blots from 3 other experiments showed less
signal with Q treatment compared to the insulin control, resulting in the apparent
difference not being statistically significant.
The effect of another antioxidant, ascorbic acid, was used to determine if
flavonols were affecting AKT2 phosphorylation by altering levels of ROS. In palmitatetreated cells, ascorbic acid treatment significantly increased AKT2 phosphorylation
compared to the control without palmitate. Ascorbic acid had an additional effect that
differed from K and Q as it also significantly reduced AKT2 phosphorylation in the
absence of palmitate. These results are consistent with the antioxidant activity of
flavonols mediating their restorative effects on insulin signaling in the presence of
palmitate.
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Figure IV-4: Flavonols enhanced AKT2 phosphorylation in the presence of
palmitate.
(A). Myotubes were treated with 20 µM flavonols, 100 µM ascorbic acid, or 400 µM
palmitate for 18 hrs prior to insulin treatment, protein harvesting, and analysis with
Western blots and phospho-AKT2, AKT, or actin antibodies. All samples were treated
with insulin for 10 minutes except for the minus insulin control. A representative image
of three or more blots is shown. -I: minus insulin; P: palmitate; A: ascorbic acid; K:
kaempferol; Q: quercetin. (B-D). Bands were quantified with ImageQuant software, and
the pAKT2 signal was normalized to the AKT control. Values are reported relative to the
insulin control. The mean ± SEM of n≥3 biological replicates is reported. a Denotes
p≤0.05 when compared to the insulin control; b Denotes p≤0.05 when compared to
palmitate treatment. 2-way ANOVA and two-stage linear step-up procedure of
Benjamini, Krieger and Yekutieli post-hoc tests were used to analyze flavonol, ascorbic
acid, and palmitate effects.
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JNK activity was increased in the presence of palmitate in myotubes but PKC-Θ
was not
Because palmitate treatment has been shown to increase activity of stress kinases,
we examined the degree of phosphorylation of two kinases that may be involved in
down-regulation of the insulin signaling pathway. Insulin signaling can be inhibited by
stress kinases that are activated by ROS; proinflammatory cytokines, such as tumor
necrosis factor (TNF) alpha; and the lipid messengers DAG and ceramide, whose levels
increase after palmitate treatment [70-72]. Activity of the stress kinase JNK was
measured with an antibody that detects phosphorylation of two activation residues
(Thr183/Tyr185) [73, 74]. We observed an increase in JNK phosphorylation in the
presence of palmitate compared to the insulin control (Fig IV-5) consistent with previous
findings [75, 76]. The flavonols and ascorbic acid significantly decreased JNK
phosphorylation in the presence of palmitate (Fig IV-5).
In the absence of palmitate, ascorbic acid and K treatments increased JNK
phosphorylation compared to insulin controls, although the effect of Q was not
statistically significant. This result suggests that ascoribic acid and K in the absence of
palmitate may induce stress in myotubes that activates JNK. Although palmitate
stimulation of JNK is thought to increase phosphorylation of the insulin receptor
substrate 1 (IRS-1) on inhibitory serine residues, we were unable to detect any significant
increases of phosphorylation of serine residues 1101, 307, or 302 in response to palmitate
treatment (Supplemental Fig IV-2).
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Figure IV-5: Flavonols decreased palmitate-induced JNK phosphorylation.
(A). Myotubes were treated with 20 µM flavonols, 100 µM ascorbic acid, or 400 µM
palmitate for 18 hrs prior to insulin treatment, protein harvesting, and analysis with
Western blots and phospho-JNK and JNK antibodies. -I: minus insulin; P: palmitate; A:
ascorbic acid; K: kaempferol; Q: quercetin.
(B-D). Bands were quantified and normalized to their respective unphosphorylated band
and the ratios were averaged. Representative image of mean±SEM of n≥4 biological
replicates (n=2 biological replicates for Q treatments). a Denotes p≤0.05 when compared
to the sample treated with insulin (but not palmitate); b Denotes p≤0.05 when compared to
palmitate treatment alone. 2-way ANOVA and Fisher’s post-hoc tests were used to
analyze flavonol, ascorbic acid, and palmitate effects.
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The effect of palmitate treatment and flavonols on phosphorylation of PKC-Θ,
another stress kinase was also examined. PKC-Θ has been shown to phosphorylate serine
residues on IRS-1, which leads to a decrease in the ability of IRS-1 to induce insulin
signaling [38, 77, 78]. No significant changes in PKC-Θ phosphorylation were detected
in the presence of palmitate or flavonols (Supplemental Fig IV-3) suggesting PKC- Θ
activity is not altered by palmitate or ROS levels in these cells [79].
Palmitate-reduced glucose uptake was restored by Q and K but not ascorbic acid
Flavonols can act as both antioxidants and kinase inhibitors, and the data from
this study support antioxidant activity as the mechanism by which flavonols ameliorated
the effects of palmitate on insulin signaling in myotubes. A model summarizing these
results is shown in Fig IV-6. The antioxidant ascorbic acid was tested to determine if the
antioxidant activity of the flavonols was sufficient to restore insulin signaling in the
presence of palmitate. The effects of ascorbic acid in palmitate-treated cells paralleled
those of Q and K when DCF fluorescence and AKT2 phosphorylation were monitored
(Figs IV-3 and 4). Similarly, ascorbic acid reduced JNK phosphorylation matching
effects observed with Q and K treatment in the presence of palmitate.
As a final test of this model, the effect of ascorbic acid on glucose update in the
presence of palmitate was measured and compared to the two flavonols. Ascorbic acid
treatment, however, did not restore glucose uptake in the presence of palmitate (Fig IV7). These results suggest that the ascorbic acid dose used (100 µM) may not have been
strong enough to ultimately overcome palmitate-increased ROS to affect glucose uptake
during an 18 hr experiment. Both flavonols have been reported to be stronger
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antioxidants than ascorbic acid [68, 80]. In this study, DCF fluorescence was lowered
similarly by this higher dose of ascorbic acid (100 µM) as it was by K (20 µM) (Fig IV3). However, this imaging was performed 4 hours after antioxidant treatment, and due to
negative effects of Q on slide adherence, the dose of Q was lower than in the Western
blot experiments. This lower dose of Q showed less effect on DCF fluorescence than
ascorbic acid.
While steps of the insulin signaling pathway were altered similarly to those
observed with flavonol treatments, ascorbic acid did not restore the global effect of
glucose uptake into myotubes. This experiment was only performed with a single
ascorbic acid dose and perhaps a response could be observed with a different dose. These
results also suggest flavonol restoration of glucose uptake in the presence of palmitate
could be due to the effect of flavonols in inhibition of a kinase not tested in this study.

Figure IV-6: Model of flavonol restoration of insulin signaling in the presence of
palmitate.
This model shows how palmitate induces an increase in ROS in myotubes which leads to
the oxidation of kinases and JNK activation. Together, these events result in a decrease
in AKT2 phosphorylation and glucose uptake in myotubes. The flavonols Q and K
remove the ROS, decrease JNK phosphorylation, and allow AKT2 phosphorylation and
glucose uptake in the presence of palmitate.
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Figure IV-7: 20µM doses of Q and K restored glucose uptake in presence of
palmitate, but ascorbic acid treatment did not restore palmitate-decreased glucose
uptake.
Myotubes were incubated simultaneously with 20 µM quercetin or kaempferol or 100 µM
ascorbic acid and 400 µM palmitate for18 hours. Tritium-labeled glucose was measured
after 10 minute insulin stimulation. n≥3; a Denotes p-value ≤ 0.05 compared to untreated
control; b Denotes p-value ≤ 0.05 compared to palmitate-treated. 2-way ANOVA and
two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli post-hoc tests
were used to determine flavonol, ascorbic acid, and palmitate effects.
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Discussion
Type 2 Diabetes Mellitus results from the inability of the body to respond to
insulin which leads to elevated blood glucose due to impaired insulin-dependent glucose
uptake. Insulin signaling can be negatively affected by signaling and dietary factors,
including saturated fatty acids such as palmitate. The effects of fatty acid are also linked
to their accumulation within the body, as well as diet. T2DM is often associated with
obesity due to increased ROS, inflammation, and lipid storage in non-adipose tissues
which negatively affect insulin signaling [47, 53-56, 81]. The presence of lipids in nonadipose tissue, such as muscle, liver, and the pancreas, has also been shown to increase
ROS and decrease insulin sensitivity during obesity, ultimately leading to T2DM [57-59].
Palmitate effects on insulin signaling in C2C12 myotubes were tested because palmitate
ingestion has been shown to decrease insulin signaling by increasing ROS and increasing
inhibitory serine phosphorylation of the IRS-1 [46, 61, 62, 82]. These dietary molecules
have been studied in different cell types, and this study investigated their cumulative
effects on insulin signaling in C2C12 myotubes.
Other dietary components can have positive effects on insulin sensitivity. The
flavonols quercetin and kaempferol are components of fruits and vegetables, and their
consumption has been shown to improve insulin signaling [79, 83]. This study examined
the ability of flavonols to improve insulin signaling in cultured myotubes that were
treated with palmitate to render them insulin-insensitive. Flavonols are secondary plant
metabolites that are signaling molecules and antioxidants within plants [15, 18].
Kaempferol and quercetin are two flavonols that are found in all plants [15]. Their
antioxidant activity has been shown to occur through free radical electron transfer,
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activation of metal chelators and antioxidant enzymes such as catalase and glutathione,
and the inhibition of oxidases [15]. In addition, flavonols have been shown to inhibit
kinases such as PI3-K and PKC by binding their ATP-binding sites [32-34]. Flavonol
antioxidant and kinase inhibition activity make them good candidates to reverse the
potential negative effects of palmitate on insulin signaling.
In this study, palmitate significantly decreased the insulin response in C2C12
myotubes. AKT2 phosphorylation and glucose uptake in murine myotubes were also
decreased in the presence of palmitate. Palmitate treatment also increased ROS levels
and phosphorylation of the kinase JNK, which is a negative regulator of insulin signaling
[38]. Flavonols reversed the palmitate effects by increasing both AKT2 phosphorylation
and glucose uptake and by reducing both JNK phosphorylation and ROS levels in the
myotubes.
In the absence of palmitate, we found that flavonols and ascorbic acid reduced the
levels of ROS, as judged by fluorescence of the DCF ROS sensor, but they had limited
effect on AKT2 phosphorylation or other kinase events. Although neither K nor ascorbic
acid affect glucose uptake under these conditions, we do find a slight inhibition by Q. It
has been shown that insulin signaling requires a small, targeted burst of ROS [84], so in
insulin-sensitive myotubes, the higher doses of Q may disrupt insulin signaling by
reducing ROS to suboptimal levels. Although Q could act directly as an inhibitor of PI3K as well, the absence of an effect on AKT2 phosphorylation is inconsistent with that
action.
The increased ROS and decreased AKT2 phosphorylation in response to palmitate
treatment suggests that AKT2 might be a target of oxidation resulting in impaired insulin
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signaling. A previous study in NIH 3T3 adipocytes showed AKT2 cysteine oxidation in
response to ROS generation by platelet-derived growth factor (PDGF) and the catalase
inhibitor 3-AT [50]. This cysteine oxidation resulted in the decrease of AKT2 activity.
The restoration of AKT2 phosphorylation by the addition of flavonols and ascorbic acid
to palmitate-treated cells provides evidence that this effect is mediated by antioxidant
activity which may control the oxidation status of AKT2.
In addition to decreased AKT2 phosphorylation, palmitate treatment also resulted
in increased JNK phosphorylation. JNK is a kinase that is known to be activated by
stress-inducing treatments of cells such as UV radiation, proinflammatory cytokines, and
ROS [70]. JNK activity has been linked to increases in inhibitory serine residue
phosphorylation of the IRS-1 which leads to a decrease in insulin signaling [26, 75].
Because both flavonol treatment and ascorbic acid treatment decreased palmitate-induced
JNK phosphorylation increases, it appears this palmitate effect is also mediated through
increased ROS. Further, this data supports improved insulin signaling by flavonols in the
presence of palmitate due to antioxidant activity. The magnitude of the effects of the
flavonols and ascorbic acid were similar suggesting it is unlikely that Q and K were
additionally inhibiting JNK through direct binding.
Treatments with flavonols and ascorbic acid resulted in similar results in
decreasing ROS levels, decreasing JNK phosphorylation, and increasing AKT2
phosphorylation in the presence of palmitate. In contrast, while Q and K restored glucose
uptake in palmitate-treated cells to levels equivalent to untreated controls, ascorbic acid
treatment did not restore insulin signaling. This seems to be counter to the other results,
but it is possible the dose of ascorbic acid used was inappropriate to affect overall
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glucose uptake, while still being able to improve some signaling effects of the insulin
pathway. In addition, Q and K have been shown to be stronger antioxidants compared to
ascorbic acid in immune and neural cells [68, 80] suggesting a higher dose may be
required to combat the ROS levels produced by palmitate treatment over longer treatment
time periods.
Another unexpected finding was the absence of an effect of palmitate treatment
on phosphorylation of serine residues of the IRS-1. Since glucose uptake was
significantly decreased in the presence of palmitate, there may be other IRS-1 residues
whose phosphorylation was affected that we did not test. There are more than 70 sites of
serine phosphorylation on this protein reported in different mammals and cell cultures,
with the negative effect of many of these on insulin signaling reported [38]. We utilized
3 antibodies which are reported to be specific to different serine residues on
immunoblots, but they resulted in an insufficient signal to background ratio to be
informative.
In conclusion, the results of this study support a beneficial role of flavonols in the
presence of palmitate in insulin-insensitive cultured myotubes. In this study, palmitate
disrupted myotube insulin signaling by increasing ROS, decreasing AKT2
phosphorylation, increasing JNK phosphorylation, and decreasing insulin-stimulated
glucose uptake into the myotubes. All of these negative effects were reversed by both
quercetin and kaempferol. Although we did not identify an ascorbic acid dose that was
able to reverse the inhibition of glucose uptake by palmitate, ascorbic acid did have
identical effects on elevated ROS levels and altered kinase activity in response to
palmitate treatment. These results support a model in which flavonol improvement of
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insulin signaling and ultimately glucose uptake in the presence of palmitate is due to the
antioxidant activity of these flavonol molecules.
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Supplemental Figures

Supplemental Figure IV-1: Insulin increased glucose uptake compared to basal
control. Tritium-labeled glucose was measured after 10 minute insulin stimulation or
vehicle control for basal conditions. * denotes p-value ≤ 0.05 compared to untreated
control with a 2-sample, independent Student’s t-test.
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Supplemental Figure IV-2: No change in IRS-1 serine phosphorylation was
detected with palmitate or flavonol treatments.
(A). Three serine residues of the insulin receptor substrate were investigated to determine
if this was the route of palmitate down-regulation of insulin signaling in myotubes. -I:
minus insulin; P: palmitate; A: ascorbic acid; K: kaempferol; Q: quercetin.No signal was
ever detected with the phospho-serine 307 antibody. No significant changes were
detected with (B). serine 1101 or (C). serine 302 antibodies according to 2-way ANOVA
tests.
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Supplemental Figure IV-3: PKC-Θ phosphorylation levels are not significantly
altered by palmitate or flavonol treatments.
(A). Myotubes were treated with 20 µM flavonols, 100 µM ascorbic acid, or 400 µM
palmitate for 18 hrs prior to insulin treatment, protein harvesting, and analysis with
Western blots and phospho-PKC-Θ and PKC-Θ antibodies. -I: minus insulin; P:
palmitate; A: ascorbic acid; K: kaempferol; Q: quercetin. (B). Bands were quantified,
normalized to actin, and averaged. Representative image of mean±SEM of n≥3
biological replicates. No significant effects were observed in the presence or absence of
palmitate according to 2-way ANOVA tests.
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CHAPTER V
CONCLUSION
The focus of this disseration grew out of my interest in studying biological
processes linked to controlling human health. My master’s project investigated the
parasite that causes malaria, a disease that affects many people around the world,
primarily in developing countries. My doctoral research at Wake Forest, is focused on
understanding how molecular signaling pathways are altered during obesity and T2DM, a
common comorbidity of obesity. More than a third of the American population is obese
and nearly 10% of the adult population has T2DM, and these linked conditions are
associated with other comorbidities and physical impairments [1, 2]. This research
combines signaling studies in cell culture with measurements of adipokines in human
blood samples from a weight-loss trial to understand the interplay between steroid
hormones and leptin synthesis and how altered insulin signaling can be linked to the
levels of lipids and reactive oxygen species.
These studies examined two central signaling pathways that are affected during
obesity and T2DM, leptin and insulin signaling. Leptin is secreted by adipocytes, so
leptin is increased during obesity due to the corresponding increase in fat mass [3]. In
many obese individuals, the leptin signal, which functions as a signal for satiety, is no
longer properly relaying the status of energy stores to reduce food consumption [4, 5].
The increased leptin during obesity has also been shown to be involved in the low-grade
inflammatory state by activating cytokine signaling in other areas of the body [6, 7].
Similarly, insulin levels rise during obesity and the early stages of T2DM to compensate
for elevated blood glucose, but decreased response and eventual resistance to the insulin
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signal leads to progression of T2DM. The result is chronically elevated blood glucose
and for some individuals, the eventual loss of insulin production [8]. This thesis explores
the effects of adipocytes on metabolic signaling, examining controls of leptin synthesis in
a human population and fat cell culture, and how fat controls insulin signaling in a
cultured myotube cell line.
The study in Chapter II focused on adipokine synthesis in a human population of
older obese adults. The levels of two adipokines, leptin and adiponectin, were quantified
in this population, and the effects of gender and a weight-loss intervention on their levels
was examined. In this older population, increased physical activity and calorie restriction
resulted in weight loss, with significant decreases in fat mass and leptin levels in women
(at P≤0.05), and similar trends in males.
One striking finding from this study is that men and women in this population still
maintained a sexual dimorphism in leptin levels. As the women in this study were all
post-menopausal, the levels of estrogen are lower than in younger women. We quantified
estradiol and DHT levels in a small subset of the population and found estradiol levels
were not significantly different between the men and women, but DHT levels were higher
in the men compared to the women (data not shown). These findings suggested that DHT
may be a more important hormone in driving the sexual dimorphism in leptin levels.
This possibility was directly tested in Chapter IV, in a study of steroid hormone controls
of leptin in cultured adipocytes.
Chapter III details experiments using cultured adipocytes (3T3-L1 cells) to
measure the effects of sex steroid hormones on synthesis and secretion of leptin. Studies
within whole animals are informative but have many possible confounding factors, so the
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study in the cell culture was a way to more directly test the hypothesis that sex steroid
hormones are involved in the sexual dimorphism of leptin. The effects of the sex steroid
hormones 17β-estradiol and DHT on abundance of the Lep transcript and leptin protein
levels (cytosolic and secreted) were examined. Elevated DHT decreased Lep transcript
abundance and levels of cytosolic and secreted leptin protein. Additionally, estradiol
treatment resulted in increased levels of Lep transcripts and secreted leptin protein
suggesting a role for this steroid in sexual dimorphism as well. Inhibitors of androgen or
estrogen receptors had opposite effects, further supporting a model in which leptin
synthesis is negatively and positively regulated by androgens and estrogens, respectively.
These adipocytes expressed more ER-α than ER-β, and it has been suggested that this
ratio can result in a stimulatory response to estradiol on Lep transcripts [9, 10], indicating
that a component of this sexual dimorphism may also be at the level of expression of
receptor subtypes. The results from these studies in cultured adipocytes provide evidence
that sex steroid hormones are involved in the regulation of leptin transcription and protein
synthesis thereby contributing to the sexual dimorphism in leptin levels.
Just as the adipocyte-derived leptin signal regulates metabolism, the fat stores
themselves can also alter metabolism. As fat mass increases during obesity, fat tends to
accumulate in tissues other than adipose tissue leading to disruption of different signaling
cascades, including the insulin pathway [4, 11, 12]. Muscle has been shown to be
susceptible to insulin insensitivity when infiltrated with fats [13-16]. Palmitate is a
saturated fatty acid found in human fat stores [17] and in many foods commonly
consumed in the American diet, as well as in the blood following a high-fat meal [17,
18]. Palmitate reduces insulin signaling in non-adipose tissue by increasing ROS,
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inflammatory cytokines, and signaling lipids that activate cell stress pathways [19-22].
The study in Chapter IV examined how palmitate affects insulin-dependent glucose
uptake through altered levels of ROS and protein kinase activity.
The study in Chapter IV demonstrated that palmitate decreased insulin sensitivity
in cultured murine myotubes. Palmitate disrupted myotube insulin-dependent glucose
uptake by increasing ROS, decreasing phosphorylation of AKT2, a positive regulator of
insulin signaling, and increasing phosphorylation of JNK, a negative regulator of insulin
signaling. Flavonols, secondary plant metabolites that are strong antioxidants in planta
and in organisms that consume them [23-25], were tested in this model of insulin
insensitivity because of the increased ROS produced in response to palmitate. In
addition, flavonols have been shown to directly interact with kinases [26]. All of the
negative effects of palmitate were reversed by the flavonols quercetin and kaempferol.
To determine whether it was the antioxidant activity or kinase inhibition activity of the
flavonols that functioned as the primary mechansim that reversed palmitate effects on
insulin signaling, the antioxidant ascorbic acid was used in paired studies with the
flavonols. Because ascorbic acid effects mimicked flavonol effects on ROS scavenging
and AKT2 and JNK phosphorylation, the data support the model that insulin signaling is
improved by flavonols in the presence of palmitate due to the antioxidant activity of the
flavonols. Continued studies on the targets of ROS would be interesting and informative
for investigating insulin signaling modulation during stressful states such as obesity and
T2DM. One component of the model shown in Chapter IV, is that AKT2
phosphorylation may be blocked by its oxidization. AKT2 has been shown to be
oxidized in a previous study [27], leading to decreased phosphorylation levels. This
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model is consistent with our data, and could be directly tested. A probe used by our
collaborators, DCP-Bio1, binds oxidized proteins [28, 29] and could help to determine
specifically whether AKT2 or other proteins are oxidized during palmitate treatment.
The population study and the cultured adipocyte study showed that the synthesis
and secretion of leptin by adipocytes is regulated by the levels of sex steroid hormones.
In addition, the final study showed that fats are also capable of regulating the insulin
signaling pathway in muscle. The fatty acid palmitate significantly disrupted insulin
signaling in cultured myotubes. The flavonol antioxidants Q and K, reversed this
disruption to return ROS levels and kinase-dependent insulin signaling and glucose
uptake to control levels. Together, these studies provide information on how dietary
components, physical activity level, and sex steroid hormones affect key metabolic
pathways, leptin and insulin signaling, that are altered during obesity and T2DM.
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APPENDIX

QUERCETIN EFFECTS ON INSULIN SIGNALING IN PALMITATE-TREATED FAT
CELLS
Studies with quercetin were initiated in 3T3-L1 adipocytes. Quercetin decreased
ROS, AKT phosphorylation and glucose uptake at increasing doses in mature adipocytes.
In the presence of palmitate, Q decreased ROS and increased AKT2 phosphorylation and
glucose uptake. The results with palmitate treatment were variable suggesting a higher
dose of palmitate may have been necessary for more consistent induction of insulininsensitivity, so studies with Q and palmitate were continued in C2C12 myotubes.

Figure A-1: DPBA fluorescence increases with higher doses of quercetin in
adipocytes.
Adipocytes were cultured on lysine-coated glass-bottom plates. Cells were incubated
with Q (or vehicle control) for 4 hours and stained with DPBA for 7 minutes. Scale bar
represents 100 µm.
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Figure A-2: Glucose uptake decreased with increasing doses of quercetin.
Adipocytes were incubated simultaneously with increasing doses quercetin for 18 hours.
Tritium-labeled glucose was measured after 10 minute insulin stimulation. n≥3;
* denotes p-value ≤ 0.05 compared to untreated control.
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Figure A-3: Palmitate reduced glucose uptake in 3T3-L1 cells.
Adipocytes were incubated simultaneously with 400 µM palmitate or vehicle control for
18 hours. Tritium-labeled glucose was measured after 10 minute insulin stimulation or
vehicle control for basal condition. n≥3; a denotes p-value ≤ 0.05 compared to basal; b
denotes p-value ≤ 0.05 compared to insulin control.
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Figure A-4: AKT phosphorylation was restored by Q in presence of palmitate.
(A). Adipocytes were treated with increasing doses of Q for 18 hrs prior to insulin
treatment, protein harvesting, and analysis with Western blots and phospho-AKT or AKT
antibodies. All samples were treated with insulin for 10 minutes. (B). Adipocytes were
treated with increasing doses of Q and 400 µM palmitate for 18 hrs prior to insulin
treatment, protein harvesting, and analysis with Western blots and phospho-AKT2 or
AKT antibodies. All samples were treated with insulin for 10 minutes except for the
minus insulin control.
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Figure A-5: Quercetin and ascorbic acid decreased DCF fluorescence in the
presence and absence of palmitate.
(A). Adipocytes were cultured on lysine-coated glass-bottom plates. Adipocytes were
treated with 10 µM Q, 100 µM ascorbic acid, or 400 µM palmitate for 4 hours prior to
DCF staining and imaging with a laser scanning confocal microscope. Scale bar
represents 50 µm. (B). DCF fluorescence was quantified for n=3 biological replicates. a
denotes p-value ≤ 0.05 compared to untreated control; b denotes p-value ≤ 0.05 compared
to palmitate-treated.
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Figure A-6: Hydrogen peroxide had opposing effects in fat and muscle.
Adipocytes were incubated simultaneously with 60 µM hydrogen peroxide (H2O2) or
vehicle control for 18 hours. Tritium-labeled glucose was measured after 10 minute
insulin stimulation or vehicle control for basal condition. n≥3; a denotes p-value ≤ 0.05
compared to basal; b denotes p-value ≤ 0.05 compared to insulin control.
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