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Abstract

Leptin and adiponectin are two insulin-sensitizing adipokines that may be influenced
transiently by exercise and contribute to the post-exercise improvement in insulin-mediated
glucose uptake. The influence of exercise on these adipokines is inconsistent and confounded by
a variety of factors. Therefore, the purpose of this study was to characterize the temporal
responses of adipokines to repeated exercise bouts in successive days in obese males with
metabolic syndrome and their relationship with markers of insulin resistance. Exercise sessions
were completed by expending 350 kcals of energy, walking on a treadmill at 60 to 70% of VO,
max, ON each of four successive days. Blood samples from eleven middle-aged men (Age: 50 £
8.0 years, BMI = 32.0 + 4.6 kg/m?, % Fat = 29 + 4.0 (% of body weight), VOomax = 28.9 + 4.3
mlkg*min™, SBP = 140 + 8.6 mmHg, DBP = 92 + 6.3 mmHg, triglyceride = 267 + 145.0
mg/dL, HDL-C = 32 £ 5.0 mg/dL, glucose = 99.6 + 12.8 mg/dL) were obtained before each
exercise session and obtained again at 24 and 72 hours after the last exercise bout. Changes in
plasma volume-adjusted total and HMW adiponectin, leptin, NEFA, glucose and insulin were
determined using multiple 1 x 6 repeated-measures ANOVAs. Insulin concentrations decreased
26% with a single bout of exercise. Leptin decreased 9% after two exercise sessions and
remained lower up to 24 hours following the last exercise session. NEFA, glucose, the HOMA
score, adiponectin and HMW adiponectin remained unaltered with exercise. The accumulated
effect of multiple bouts of exercise in leptin concentrations was greater than the effect obtained
from two exercise bouts but not related to changes in insulin concentrations or the HOMA score.
Leptin changes following exercise may contribute to lower insulin resistance following exercise

but is not necessary for the reduced insulin resistance observed after exercise.
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CHAPTER |
INTRODUCTION
Body Weight, Adipose Tissue and Metabolic Health

Recent estimates indicate 55 million Americans leiltharacteristics of metabolic
syndrome (MetS), (30) a group of metabolic riskdes that include abdominal obesity, insulin-
resistance, dyslipidemia, hypertension, pro-throimetend pro-inflammatory states (40, 96).
Individuals with these metabolic risk factors arénareased risk of cardiovascular disease (17,
76) and type 2 diabetes mellitus (45, 86).

Specific adipose deposits — rather than total typesappear to greatly influence the
development of MetS (130). Excess accumulatiorbdbaninal visceral fat and ectopic fat — fat
in the liver, skeletal muscle and pancreatic betks e- are implicated in lipotoxicity, insulin
resistance, and an elevated low-grade inflammatomgune response (39, 91, 115).

Adipose tissue synthesizes and secretes a grckmmoi proteins called “adipokines”
that have several functions including regulatiomppetite, energy expenditure, glucose and
lipid metabolism, insulin sensitivity, inflammati@nd vascular regulation (57, 67, 82, 114, 115,
145). Two well-studied adipokines implicated asaonajsulin-sensitizing agents are leptin (88)
and adiponectin (118)

Leptin can regulate energy intake by acting onptars in the hypothalamus of the brain
where it inhibits appetite (11, 48). Leptin increaenergy expenditure by increasing the
sympathetic nervous system activity and stimulaimsglin-mediated glucose uptake via

activation of adenosine monophosphate kinase (AMRK). Increased leptin concentrations



occur with body fat accumulation and metabolic dgstion and are thought to be due to a
systemic “leptin resistance” (117). Indeed, higb@mcentrations of leptin have been directly
correlated with the degree of obesity (88) and WM#tS independent from obesity (31), where
leptin concentrations are elevated and leptin trariers and receptors are impaired (5). The
chronically-elevated leptin concentrations stimellatpro-inflammatory response by increasing
the macrophage production of tumor necrosis faaifuta (TNFe) and interleukin-6 (IL-6).
These cytokines are implicated in inflammationulimsresistance, and atherosclerosis (6, 84).
Leptin concentrations decrease with weight losshiese individuals (50, 114, 116). The
lowering of blood leptin concentrations that ocaith weight loss may be reflective of an
enhanced target tissue sensitivity (106). Thusathiens of leptin in healthy tissues are to
coordinate peripheral and central signals of appatid metabolism. However, leptin may be
influenced by - and contribute to -metabolic dysfion due to chronic energy imbalance
favoring weight gain (83).

As with leptin, adiponectin enhances glucose gnid linetabolism in the skeletal muscle
by activating the AMPK system (11, 13). Adiponedtinreases insulin sensitivity in skeletal
muscle, liver, pancreas, and adipose tissue (T4@) .exact mechanism by which adiponectin
improves insulin sensitivity is not fully understbdAdiponectin may heighten insulin sensitivity
by directly stimulating tyrosine phosphorylationtbé insulin receptor and/or facilitate glut-4
transporters to the cell surface via enhanced ANtidliated fatty acid oxidation (11, 140). In
addition to regulating glucose and lipid oxidatiadjponectin has anti-atherogenic, anti-
inflammatory (82, 89, 102), and anti-cancer eff¢6& 146). Adiponectin expression and
plasma concentrations are reduced in obese ingilsdnd type 2 diabetics (50, 54, 135).
However, circulating adiponectin concentrationséase after weight loss (56, 71, 101, 116) and

may be a major factor in the improved insulin sewvisy observed after weight reduction (101).



Adiponectin circulates in plasma in several oligomé&rms. Three primary forms are
low molecular weight (LMW), medium molecular weigMMW) and high molecular weight
(HMW) adiponectin (65, 133, 146). These oligomeygear to coordinate different tissue effects
via tissue-specific adiponectin receptors (65, 1E2@f example, the liver and skeletal muscle are
more responsive to HMW adiponectin versus the dilierforms (133). Therefore, some have
suggested that HMW adiponectin is a better indicatansulin sensitivity than total adiponectin
concentrations because of the insulin sensitizifegeof HMW in these tissues and the fact that
over 80% of insulin-mediated glucose uptake ocoutke liver and skeletal muscle (70, 80).
Adiponectin, Leptin and Aerobic Exercise Training

The influences of exercise training in total and W\diponectin concentrations are
poorly characterized. Exercise training appeaisdease total adiponectin concentration in
some cases (9, 53, 74, 101, 112) but not alwaysH5@,&63, 95, 99, 108, 116, 142). There does
not appear to be a common type, volume, or intg$iexercise that systematically alters total
or HMW adiponectin concentrations. The exercisg@ams in these studies were of short to
long duration, the volume was from 100 to 480 nmasyter week, the intensity was low to
moderate, and the modes of exercise were walkimging, cycling, rowing and swimming (10,
53, 56, 63, 74, 99, 101, 108, 112, 116, 142). Fadther than the exercise characteristics may
contribute to the inconsistent results. Only tweeaerchers reported the timing of the blood
sample after the last bout of exercise when tatgdanectin increased after exercise training (9,
74). Kriketos et al. (74) measured adiponectin eatrations at 24 to 36 hours after the last bout
of exercise.

Bluher et al. (9) measured adiponectin 48 hrs #fietast training session of exercise. Others
have measured adiponectin concentrations durimgpmediately after exercising (53, 112). In

addition, it is unclear whether adiponectin concaidans were corrected for plasma volume



shifts that are known to exist for several daysratie exercise and may influence the
interpretation of results (121). By measuring bleadables within a few days of the last bout of
exercise and not correcting for plasma volume flatibns with exercise training, the reported
adaptations may have been confounded by dilutioegta intra-vascular fluid shifts and
transient responses to the last session of exercise

In general, leptin concentrations do not changer &tercise training in sedentary lean
young or adult subjects or in sedentary older oeggiat individuals except when body weight or
body fat are reduced (51, 125). Pasman et al. (1669rted that leptin concentrations decreased
in middle-aged obese males after long-term exetcaseing that included running, cycling, and
swimming at low-to moderate-intensity. The decraadeptin was independent of changes in
body fat or insulin concentrations. However, tharaye in body fat reported in the training
group seems to be important in the reduction itinegpncentrations because the change in the
percentage of body fat and the change in insulntentrations explained 44% of the variation
observed in the leptin response. In order to evaltre influence of diet and exercise on
adipokine responses to weight loss, Reseland diehgaes (110) reported that leptin
concentrations decreased by 4% after one-yearob@etraining in men with metabolic
syndrome. The diet group in this study decreasptin by 8% and the combined exercise and
diet group decreased leptin by 24%. Because theiboag of fat loss was also greater in the
exercise plus diet group, the change in fat mgssrted in all groups was thought to have had a
greater effect on the reduction of leptin concertdrs than the interventions used to induce the
weight loss.
Adiponectin, Leptin and Transient Responses to Exeise

There is evidence that adiponectin may be trarlgiatiered with exercise. Jurimae and

colleagues (64) reported that elite rowers, perfiogna 6000-meter time-trial, decreased total



adiponectin concentrations by 11% in responsedaitgle exercise session. The same
investigators (63) reported a 12% increase in adptn after a maximal bout of rowing
exercise in elite athletes. In addition, Krike&sl. (74) reported a 260% increase in
adiponectin in overweight individuals after twothwee 40-minute bouts of walking / jogging at
55-70% of \O,max0Over a one-week period.

Total and HMW adiponectin concentrations, howedernot consistently respond to a
single exercise session (26, 59, 72, 98, 109, BiR)ilar to the exercise training literature, the
studies (26, 59, 72, 98, 109, 142) where totalldhW adiponectin remained unchanged in the
hours and days after a single exercise sessionivaigsign. Participants included athletes,
healthy sedentary, lean, overweight, and obesackegtime ranged from 30 to 120 minutes per
session, intensity ranged from 50 to 90% of theaximal aerobic capacity, and the modes of
exercise included running on a treadmill or cyclarga cycle ergometer. The timing of the
blood sampling reported in some studies (26, 5974Pwas immediately after the exercise (26),
30 minutes (72), 24, and 48 (59) hours after treg@sge bout. Occasionally, blood variables
were corrected for post-exercise plasma voluméssib, 59, 64, 72).

Although leptin concentrations frequently do notice after exercise lasting less than
60 minutes (26, 75, 126, 134), exercise resultingjgnificant caloric expenditure or of high-
intensity may be necessary for inducing a leptspomse (11). Elias et al. (22) and Jurimae et al.
(62) observed that leptin concentrations decreaped 15% after maximal treadmill exercise in
middle-aged men. Essig and colleagues (23) repartidlayed decrease in plasma volume-
corrected leptin 48 hours after long-term exeroisehich participants expended 800 and 1500
kcal running on a treadmill, suggesting that thraey be a delayed response in leptin

concentrations after exercise. In contrast, Fengasal colleagues (26) found that a single bout



of exercise for 60-minutes at moderate-intensityaang healthy men and women did not alter
leptin concentrations.
Rationale for the Investigation

The accumulation of excess body fat is generaflgetve of an energy imbalance where
energy intake chronically exceeds energy experal{@8). This excess accumulation of fat, and
particular visceral fat, is linked with individualith symptoms of underlying metabolic
dysfunction such as insulin resistance, impairstirig glucose, dylipidemia, inflammation and
hypertension (18). The interest in studying the@# of exercise training on adipokine responses
is that physical exertion increases caloric expemneliand; thereby, reduces or reverses the
discrepancy between caloric intake and caloric edpere (93). Physical health is improved in
many ways with weight loss. However, the well-doemted improvements in cardiovascular
and metabolic health that occur with regular exserare, in large part, independent of weight
loss and may be partly attributed to adipokine-radi mechanisms (132).

Many adipokines and cytokines are known as acuéseheactants. They are released
into tissues and the circulation in rapid respdosaetabolic changes (115). Leptin and
adiponectin are adipokines that act as insuliniseimg) agents in adipose tissue and skeletal
muscle and may partially mediate the improved inssensitivity observed after moderate-
intensity exercise (11, 140). This may be espeactalie in deconditioned or sedentary obese
individuals and those exhibiting metabolic dysfumict such as MetS and type 2 diabetes (10,
26, 27, 59). Thus, it stands to reason that siegisodes of exercise, of sufficient intensity and
energy expenditure, may induce an adipokine andimeesponse that may previously have
been attributed to exercise training. However litnéed and equivocal evidence to support this
position may be because of tremendous variati@xperimental design and methodology

employed to explore this line of inquiry. For exdejghe exercise stimuli varies with respect to



the participants’ health and fitness status, timenty of blood samples — relative to the last bout
of exercise — and whether or not adipokine comaéinhs in post-exercise blood samples were
corrected for plasma volume shifts. Understandiegatdipokine responses and/or adaptations
due to exercise is an important step to investigatential mechanisms by which exercise
improves cardiovascular and metabolic health —iqdatrly in those exhibiting characteristics of
MetS. Therefore, the purpose of the study was &wattierize the adipokine responses to a single
dose and to repeated exercise doses in physioalkyive and unfit obese males with MetS. A
second purpose was to evaluate the accumulatert effeultiple exercise sessions performed
on successive days on adipokine responses and mmaiflkkasulin sensitivity. An overarching
objective was to account for the potentially-comfdung influences of plasma volume
fluctuations, sporadically controlled throughout #xisting literature, so as to provide a clearer
characterization of the adipokine response to és&in men with MetS.
Hypotheses and Rationale
Question 1.
la. Will a single session of moderate-intensityhgr exercise — resulting in 350 kcals of energy
expenditure — be sufficient to improve clinical kens of insulin resistance, and increase plasma
volume-adjusted adiponectin concentrations (tatdl lAMW) and decrease the leptin
concentration in sedentary middle-aged men withS@et
1b. Will the increase in plasma volume-adjustegb@alectin concentrations and decrease in
leptin concentration occur with the improvementlinical markers of insulin resistance?
Hypotheses

la. An increase in plasma volume-adjusted adipaneoncentrations (total and HMW)
and a decrease in leptin concentration will nouo@dter one session of moderate-intensity

aerobic exercise in sedentary middle-aged menmétabolic syndrome. An energy expenditure



of 350 kcals — even in sedentary individuals — wit be enough to induce an adipokine
response.

1b. Reduced clinical markers of insulin resistafreduced fasting insulin concentrations
and HOMA score) after a single session of modardsssity aerobic exercise will occur
without corresponding changes in plasma volumestégbadipokine concentrations in sedentary
middle-aged men with MetS.

Rationale

Adiponectin does not change with a single exersession in healthy individuals (26, 72,
98) or in overweight subjects (59). Jamurtas et58l) reported that 45 minutes of moderate-
intensity exercise did not change adiponectin cotragons in overweight individuals monitored
up to 48 hours post-exercise. Similarly, leptin@amntrations do not typically change with a
single exercise session in healthy males (26, ¥8diponectin concentrations may increase after
a single exercise session when exercise is atihtghsity or high-volume indicating that a
substantial caloric expenditure might be neceswanyduce changes in this adipokine (11, 121).
Likewise, reductions in leptin are reported moegtrently when exercise is of high-intensity or
results in significant caloric expenditure (800Ikcar more) (11, 23, 79, 81, 129).

Insulin sensitivity increases and insulin resiseadecreases transiently after a single
exercise session of moderate-intensity without ghann adiponectin concentrations in healthy
lean individuals (10) or in overweight males (98@)addition, insulin concentrations decrease
and TNFe, NEFAs, and catecholamine concentrations incrafise a single session of
moderate- or high-intensity exercise in healthyvitthals (26, 69, 98). TN-may down-
regulate the expression of adiponectin (25) anavtirthormone and glucocorticoids may

promote leptin production during and in the houtsraexercise (7, 73). Therefore, these



adipokines may not be related to the heightenadimsensitivity or reduced insulin resistance
in overweight males after a single exercise session
Question 2.

2. Will multiple sessions of moderate-intensitya®c exercise, similar in intensity and
duration and repeated on four successive daysceddaulin resistance, increase plasma
volume-adjusted adiponectin concentrations (tatdl ldMW); and decrease leptin in sedentary
middle-aged men with MetS?

Hypotheses

2. Insulin resistance will decrease, plasma voladieisted adiponectin concentrations
will increase and leptin concentrations decreasth, additional caloric expenditure resulting
from repeated exercise sessions on successivardagdentary obese males with MetS.
Rationale

Short-term and long-term exercise training cordlict relation to changes on adiponectin
and leptin (73, 121). However, Kriketos et al. (v@ported a 260% increased in adiponectin
after two to three bouts of exercise. Essig &f2a) reported 22 and 23% decreases in leptin after
expending 800 and 1500 kcals running on a treadAitthough our participants would likely not
to be able to complete this amount of exercisenm gession, they would be able to do this with
several successive exercise sessions. Thus, ibmpygssible that the accumulated energy
expenditure from these consecutive exercise sesaidihcause changes in these adipokines that
facilitates an improvement in insulin sensitivity.

Exercise enhances adipocyte lipolysis and glucnddipid oxidation in skeletal muscle
through several mechanisms that activate calciumaxztulin kinases and AMPK (113, 115).
Adiponectin may contribute to the improved insidansitivity observed after exercise by

facilitating AMPK activity (140). The accumulatedexgy expenditure of repeated bouts of



moderate-intensity exercise on successive daysmdage even more lipolysis, glucose and
lipid oxidation by augmenting adiponectin concetibrzs.
Question 3.

3. Will the reduction in insulin resistance ancedd adipokine concentrations last
several days after exercising in sedentary obesewith MetS?
Hypotheses

3. The attenuated insulin resistance and the isergaplasma volume-adjusted
adiponectin and the reduction in leptin concertragiare expected to last at least 72 hrs after the
last exercise session.
Rationale

The attenuated insulin resistance following a matgemtensity exercise is only a
transient response lasting up to 48-hours in thedeand without pre-existing insulin resistance
(47). Likewise, when adiponectin and leptin concaigns change with exercise, these
responses are also transient. Kriketos et al.r@@rted that the increased in adiponectin after
exercise was measured at 24 and 36 hours aftéaghexercise session. Elias et al. (22) reported
a decrease in leptin between 30 and 120 minutesatiximal exercise. In addition, Essig et al.
(23) reported that reduced leptin concentratiomsigefor up to 48 hours after exercise. If
adiponectin and leptin begin to return to pre-eiserconcentrations after a couple of days, these
adipokines responses may be related to the ratunsulin sensitivity to pre-exercise status. It
may also be possible that the stimulus of the actated energy expenditure due to repeated
bouts of exercise on successive days will altesdlaipokines more so than a single session if
the transient response to one exercise sessiomabsesbside prior to undergoing subsequent

exercise 72 hours after the last bout of exercise.
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Assumptions

1.

We assume that participants were apparently healdthyiduals with no underlying
cardiovascular or metabolic disease.

We assume that participants are not meeting thedur§eon general recommendations
for physical activity prior to engaging in this diu

We assumed that dietary and nutrition intake juistr@nd during the exercise

intervention has no systematic influence on ouiaées of interest.

Delimitations

1.

2.

Male participants were recruited from the Auburne@, Alabama area.

Only obese males with dyslipidemia and characiesistf metabolic syndrome were
recruited for the study.

Repeated bouts of exercise on successive daysiateasity of 60-70% of

VO, maxWere used in order to expend 350 kcals each seasiha total of 1400 kcals in
four sessions.

Participants were not taking any medications thatkaown to alter lipid, glucose

metabolism or blood pressure

Limitations

1.

A non-exercise control group matched for age, playstatus and physical activity was

not included.

. A control group completing an equal volume of exsaover the same week but not on

successive days was not included.

Age-matched men of normal weight were not includge@ control group.

11



Significance of the Study

New updated physical activity recommendations @hieving and maintaining health
suggest that every adult should engaged in moderdtgh-intensity physical activity on most
days of the week. Thirty-minutes of physical ad¢ti\should be accumulated each day to achieve
a weekly caloric expenditure of 1200 to 2000 kaalgrder to obtain the health benefits and
reduce the risk of chronic diseases (46, 56). Tek-documented improvements in
cardiovascular and metabolic health that occur vathular physical activity for previously
sedentary individuals may be partly attributeddgekine-mediated mechanisms (46, 132).

Many adipokines and cytokines are known as acuésgheactants. They are released
into tissues and the circulation in rapid respdosmetabolic changes (115). Thus, it stands to
reason that single episodes of exercise, of saffidntensity and energy expenditure, may
induce an adipokine response that may previouslg baen attributed to exercise training.
However, the limited and equivocal evidence to supfhis position may be because of
tremendous variation in experimental design anchoteilogy employed to explore this line of
inquiry. For example, the exercise stimuli variggwespect to the participants’ health and
fitness status, the timing of blood samples — inedab the last bout of exercise — and whether or
not adipokine concentrations in post-exercise bkatples were corrected for plasma volume
shifts were seldom reported or controlled. Thiglgtwill help us understand the adipokine
responses and/or adaptations to exercise as artieraayimportant step in investigating
potential mechanisms by which exercise improvedicgascular and metabolic health —

particularly in those who are physically inactivéhwMetS.
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CHAPTER Il
REVIEW OF LITERATURE
Metabolic Syndrome, Insulin Resistance and MetabatiHealth
Diagnostic Criteria

In the last decade several clinical criteria hagerbused to classify people with MetS (3,
38, 40). The first proposed diagnostic criteriaN@tS was published in 1998 by the World
Health Organization (WHO) (3). The WHO criteria dmpized insulin resistance as the most
important characteristic of MetS (40). Several iedi clinical measures of insulin resistance
such as impaired fasting glucose (IFG), impairectgse tolerance (IGT), or a diagnosis of type
2 diabetes mellitus were suggested as clinicalifeatof insulin resistance (3). In addition to
insulin resistance, two or more of the followingkrifactors should be present: body mass index
> 30 kg/nf and/or waist-to-hip ratio > 0.90 in men or > Oi85vomen; triglyceride
concentration (TG) > 150 mi.™; high density lipoprotein cholesterol (HDL-C) cemtration <
35 mgdLtin men and < 39 mgL™ in women; and systolic blood pressiré&40 or diastolic
blood pressure 90 mmHg (40).

The National Cholesterol Education Program AduéaIment Panel IIl (NCEP-ATPIII)
published a slightly different set of diagnostitenia for MetS in 2001(96). The ATP
recommended three or more of the following critési@haracterize MetS: abdominal obesity
(waist circumference >102 and 88 centimeters in am@hwomen, respectively); TG > 150

mgdL™; HDL-C < 40 mgdL*in men and < 50 mdL™in women; systolic blood pressurel 30
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or > diastolic blood pressure 85 mmHg, and; fastinggbe> 110 mgdL™ (40, 96). In contrast
to the WHO criteria, NCEP identifies abdominal abeas the primary clinical feature for MetS
diagnosis (38).

The International Diabetes Federation (IDF) cutkecharacterizes MetS when central
obesity is present, plus two or more of the follogviisk factors: TG 150 mgdL™*; HDL-C <
40 mgdL™ in men and < 50 mglL™ in women; high systolic blood pressard 30 or diastolic
blood pressure 85 mm Hg, and; fasting blood glucasd00 mg/dL (2). Distinguishing
features of the WHO, NCEP-ATPIII, and IDF are preed in table 1.

Table 1. Clinical Criteria for the Diagnosis of Metbolic Syndrome

Clinical Measure WHO (1998) (3) NCEP-ATPII1 (2001) (96) IDF (2005) (2)
Insulin Resistanc IGT, IFG, T2C none none
or
Fasting Glucose >110 mgdL™ >100 mgdL™
Abdominal obesit WHR 0.90 (mer 102 cm (mer 94 cm (mer
or WHR 0.85 (women) 88 cm (women) 80 cm (women)
Body weight BMI > 30 kgm?
Triglycerides > 150 medL™ > 150 medL™? > 150 medL™
HDL-C <35mgdL™ (men <40 medL™ (men] <40 mcdL ™ (men’
<39 mgdL™ (women) < 50 mgdL™ (women) < 50 mgdL™ (women)
Blood Pressul SBP> 140 mm Hc SBP> 130 mm H SBP> 130 mm H
DBP>90 mm Hg DBP> 85 mm Hg DBP>85 mm Hg

WHO = World Health OrganizatigiNCEP-ATPIII = National Cholesterol Education Pragradult Panel I11;
IDF = International Diabetes Federation; HDL-C glhdensity lipoprotein cholesterdGT = impaired glucose
tolerance as defined as glucos&40 mgdL " and< 200 mgdL™ from a 2-hour glucose tolerance test; IFG =
impaired fasting glucose as defined as glucoseestrations of 100 mgdL™ or > 110 mgdL*and< 125 mgdL™
T2D = Type 2 Diabetes; WHR = Waist-to-hip ratio; BiMbody mass index§BP = systolic blood pressure;
DBP = diastolic blood pressure.
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Prevalence of MetS

The metabolic syndrome has been described as dwidd pandemic (38). Most
countries in the world using WHO, NCEP, and/or IB)iRical criteria have a prevalence of MetS
between 20 to 30% (38). A 2002 survey indicated dparoximately 24% of US adults have
MetS (29). Excess body weight appears to havengetmdous impact on prevalence, as MetS
was present in 22.4% of overweight and 59.6% irselmeen compared to only 4.6% in normal
weight males (105).

Approximately 25% of the population in Europe hdtetS, a prevalence that is similar
to that of US adults (4, 15, 38). In India, theyailence of MetS is about 18.3% using the ATPIII
diagnostic criteria; however when IDF criteria wesed, the prevalence of MetS increased to
25.8% (16). In Latin American countries the premakeof MetS is higher than in the US or
Europe (38, 87). For instance, the prevalence dB\te Mexico City in 1999 was 39.9% in men
and 59.9% in women (87) .

Cardiovascular Fitness and Physical Inactivity

Park and Colleagues (105) reported a significagrthater odds ratio for MetS in
physically inactive versus active men. In this gtptysical inactivity was defined by the
amount of participation in activities such as watkirunning, bicycling, and aerobic dancing
during the previous month. A similar relationshgiween self-reported physical activity and
metabolic risk factors for MetS was observed ir20,oung adults from the Bogalusa Heart
Study. Physical activity was assessed using a iguestire that measures the time and level of
exertion in work, leisure, television watching, andeo gaming. Moderate and very active
individuals had significantly less metabolic rigicfors, such as larger waist girth, elevated blood
pressure, total cholesterol/HDL-C ratio, and insuésistance index, than inactive individuals

(42). Lakka et al. (77) reported that individualsonperformed exercise at moderate intensity for

15



less than 1 hour per week were 60% more likelyateeiMetS than those who performed
exercise for 3 or more hours per week.

Cardiorespiratory fitness has also been linkethéoprevalence of MetS. LaMonte et al.
(78) studied the relationship between cardiorespiyditness and MetS in 10,498 middle-aged
men and women. Cardiorespiratory fitness was egtunat baseline from the time completed
during a maximal treadmill test. MetS prevalence watermined at 5.7 years of follow-up.
Those people with higher cardiorespiratory fitniead lower rates of MetS at follow-up than
those with less cardiorespiratory fithess sugggshat individuals with poor cardiorespiratory
fitness are at higher risk for developing MetS (78)
Recommendations for Managing MetS

In 2005, the American Heart Association (AHA) ahd National Heart, Lung and Blood
Institute (NHLBI) issued a Scientific Statementg®eting several recommendations for
managing MetS. A primary recommendation was to temegular moderate-intensity physical
activity (40) because regular continuous or intéient bouts of moderate-intensity aerobic
exercise can favorably alter the cardio-metabdasicsrfactors of MetS (40). The health benefits
of aerobic exercise training include weight los8)(*eductions in body fat (110) and waist
circumference (12), improved lipid profile (20, )2#hcreased insulin sensitivity (12, 147), and
improved clinical markers of insulin resistancetsas HOMA score (59).
Exercise, Glucose Uptake and Insulin Sensitivity

A single exercise session and regularly-practicenia@se consistently improves cellular
glucose uptake by means that are independent wfnres well as insulin-dependent processes
(52, 111, 113, 137, 147). Exercise transientlyeases glucose transport capacity in skeletal

muscle by enhancing GLUT-4 expression and transtot#o the cell membrane (113, 137).
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Insulin-Independent Glucose Uptake

Muscle contractile activity enhances glucose uptakstimulating AMPK and by
transiently increasing intracellular calcium (1113). AMPK works when intracellular energy
stores are being depleted at a faster rate thgratieebeing restored. For example, signals of
change in cellular energy status such as an ineieabe AMP/ATP ratio stimulate AMP-
activated protein kinase activity (113). During exge ATP is hydrolyzed forming ADP. ADP
helps to replenish ATP by donating phosphate taremcADP. The result of this transfer is ATP
and AMP. When more AMP is produced during exertligee is a conformational change in
AMPK that predisposes the molecule to phosphoyedind activation (60, 61). AMPK activity
inhibits acetyl-CoA carboxylase (ACC) which reducgtosolic malonyl-CoA and its inhibition
of carnitine palmitoyltransferase 1 (CPT-1). CPTadilitates the transport of fatty acids into the
mitochondria for oxidation. The greater fatty traort and oxidation diminishes cytosolic fatty
acid content — including diacylglycerol (DAG) aneframides known to inhibit GLUT-4
translocation to the cell surface. Therefore, adioeytosolic DAG and ceramide is thought to
improve GLUT-4 translocation and glucose uptake.(21

Intercellular calcium is important for muscle caation and may partially regulate
glucose uptake by the activation of calcium calmiodsignaling and calmodulin-dependent
protein kinases such as protein kinase Il and prédease C (111, 113). These calmodulin
protein kinases may directly increase GLUT-4 tracation. The calmodulin kinases can
indirectly increase GLUT-4 translocation and maguwadhrough activation of AMPK and Akt
substrate protein 160 (AS160) (113, 136).
Insulin-Mediated Glucose Uptake

Exercise training enhances the activity of the linssignaling through insulin receptor

substrates 1 (IRS-1) and IRS-2 and phosphatidytimid®-kinase (P13-kinase) in skeletal muscle.
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The IRS, in turn, enhances protein kinase B (Akt) Akt substrate protein 160 (AS160). Akt
and atypical protein kinase C (aPKC) stimulate linsdependent GLUT-4 translocation to the
cell membrane (113, 147). The enhance activitheflRS-1 and PI3-kinase and the increase
expression of GLUT-4 transporters in the skeletasohe are some of the mechanisms by which

exercise may improve insulin sensitivity (147). $igare 1.
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Fig. 1. Proposed Model for Exercise and Insulin SensitivityAdapted from Rockl et al. (113). Proposed model fo
the signaling pathways mediating insulin-depenagt insulin-independent processes and how leptin an
adiponectin stimulate fatty acid oxidation redulipill accumulation and improve insulin sensitivity. = leptin
and adiponectin activates AMPR. = AMPK inhibits ACC.3. = ACC reduces Manolyl-CoAl. = Malonyl-CoA
releases its inhibition in CPT-5. = CPT-1 increases the transport of FA into theoafibndria for oxidatiors. =
The enhanced oxidation of FA reduces DAG and Catasif. = The reduction in lipid content increases the
activity of PKC and improves GLUT-4 translocatidRS-1/2 = insulin receptor substrate 1/2; PI3-K =
phosphatidylinositol 3-kinase; AKT = protein kindBpAS160 = AKT substrate protein 160; aPKC = atgbi
protein kinase C; CaMKII = calcium calmodulin-degent protein kinase II; CaMKK = calcium calmodulin-
dependent protein kinase kinase; AMPK = adenosimeaphosphate protein kinase; GLUT-4 = glucose frarisr
4; ACC = acetyl-CoA carboxylase; FA = fatty acidd@ = triglyceride; DAG = diacylglycerol; CPT-1= gdtine
palmitoyltransferase 1; PKC = protein kinase C;%-gctivation; (-) inhibition.
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Hormonal Influences on Adipokines and Insulin Serits

During exercise, the increased sympathetic neractigity and release of
catecholamines from the adrenal gland facilitatesnobilization of fatty acids from adipose
tissue and from intramyocellular fat for lipid oatibn in skeletal muscle (36). The heightened
sympathetic nervous activity and humoral catechailaminhibit insulin release and increase
glucagon during exercise. Catecholamines also &itegluconeogenesis and glucose release
from the liver (92). Catecholamines and the symgiatmervous system stimulate the
hypothalamus to release corticotrophin releasingiboe (CRH) resulting in the release of
adrenocorticotropic hormone (ACTH) and cortisoleTdortisol response to stress, such as
physical exertion, helps to maintain glucose cotregions and promotes lipid utilization for
energy (92). Other counter-regulatory hormones sisogrowth hormone, and thyroid hormone
triiodothyronine (T3) are elevated as a consequehegercise (92). Growth hormone promotes
adipose tissue lipolysis during exercise and T&lecates metabolic rate and increases adipose
tissue lipolysis.

Exercise-induced changes in adiponectin and lepép contribute to the improved
insulin sensitivity after exercise (21, 94, 11501L4Adiponectin increases glucose uptake by
improving GLUT-4 translocation to the cell membraheugh the activity of AMPK (21).
Similarly, leptin improves insulin sensitivity ihe skeletal muscle via AMPK activation and by
increasing GLUT-4 number in the cell membrane (8E\veral hormones may have an influence
on adiponectin or leptin secretion during exerdigsulin, catecholamines, and cortisol may
suppress adiponectin gene expression (24, 25);eakegrowth hormone may increased the gene
expression of adiponectin (138). Growth hormone@ntisol has been shown to enhanced
leptin production (7). These exercise-induced ckarage transient and the hormone

concentrations return to their baseline valuesrs¢W®urs after exercise (34).
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Exercise improves the action and sensitivity ofirem the hypothalamus (28). Leptin
injections in the hypothalamus of exercising ratseased the hypothalamic phosphorylation of
leptin receptor (OB-Rb) and increased the actioftintracellular signaling proteins janus kinase
(JAK) to a greater extent than that observed iestdy animals (28). JAK binds to the leptin
receptor via tyrosine phosphorylation which thetivates the signal transducer and activators of
transcription-3 (STAT3) and initiates a downstrgamotein kinase signaling transduction to the
cell nucleus where its regulates the transcripdibgenes involved in cellular growth regulation
(1). An increase in leptin sensitivity in the hypalamus would reduce appetite and eating
behaviors (115).

In summary, exercise can increase glucose uptakmsulin-independent and insulin-
dependent mechanisms. Insulin-independent mechanmnuded muscle contractile activity
that enhanced glucose uptake via activation of AM#RK through the release of intercellular
calcium (113, 137, 147). AMPK and other calciumtpno kinases eventually promote GLUT-4
translocation to the cell surface and improve skélauscle glucose uptake. Insulin-dependent
glucose uptake is improved through IRS-1 and IRS&eral hormones such as insulin,
catecholamines, cortisol, and growth hormone imibgeadipokines and insulin sensitivity during
exercise (24, 25, 92, 138). Insulin, catecholamiaad cortisol may inhibit adiponectin gene
expression (24, 25) and growth hormone may incrg4$88). Growth hormone release is
greater with lower leptin concentrations and insslimulates leptin secretion (92). Adiponectin
and leptin may improve insulin sensitivity by aetitmg AMPK and by stimulating lipid and

glucose metabolism.
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Role of the Adipose Tissue on Metabolic Health
Functions of the Adipose Tissue

Brown adipose tissue and white adipose tissue (W\&&& Xhe two primary types of
adipose tissue found in mammals (35). The maintfonof brown adipose tissue is to generate
body heat in animals and newborns. WAT functiona hgid storage site and as an endocrine
organ that secretes a host of polypeptide molemaksd adipokines (13, 35, 57, 67, 115).
Adipokines are signaling molecules that modulategse and lipid metabolism, inflammation,
immune responses and vascular health within adigodether tissues (67, 82, 140). In
particular, adiponectin and leptin are of primanportance with respect to MetS because these
adipokines function as insulin-sensitizing agent$VAT, skeletal muscle, heart, pancreas, and
the liver (21, 118, 140).
Adiponectin Concentrations

Adiponectin is the most abundant plasma proteimdion the circulation (13, 118). In
humans, adiponectin concentrations range from25{ay/ml (50, 54, 63, 102, 112, 119, 135).
Elite rowers have adiponectin concentrations auftyger end of this range (63). The average
adiponectin concentrations in healthy men and woarery to ug/ml (102). Lower adiponectin
concentrations have been reported in people widisibp(135), patients with type 2 diabetes
mellitus (50), cardiac patients (102) and individuaith MetS (54, 112). Based on observations
reported by Ouchi et al. (102) Hotta et al. (50) &ing-Dimitrio et al. (112), it appears that
women generally tend to have higher adiponectirteotrations compared with men. In
addition, athletes and healthy individuals havénargadiponectin concentrations than obese,

diabetic, and cardiac patients (50, 102, 112).9elasze table 2.
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Table 2. Concentrations of Adiponectin on DifferenPopulations

Study Participants N Adiponectin (ug/mL)
Ouchi eta Healthy mal 58 7.4+35
1999 (102) Healthy female 20 9.3+6.8

Cardiac mal 3C 3.4+x1.8

Cardiac female 12 43+1.5

Hotta et al Diabetic male patients without C/ 82 6.6+ 0.4

2000 (50) Diabetic female patients without CAD 37 7.6+0.7

Diabetic male patient with CAD 45 4.0+ 0.4

Diabetic female patients with CAD 19 6.3+ 0.8

Ring-Dimitrio Obese mal 22 57+2.4

et al. 2006 (112) Obese females 14 9.3+45

Jurimée et al. Elite male rowet 11 25.4+ 9.9
2006 (63)

CAD = cardiovascular diseadd;= number of participants. Data was obtained frefarences (50, 63, 102, 112)

Forms of Adiponectin

Adiponectin is made up of 247 amino acids and ¢ostimur-domains: a collagen
domain; a globular domain; a variable region, ardamino terminal sequence (103, 118).
Adiponectin is released from the adipocyte in faligth and globular forms (21). The full-length
form can vary in structure and molecular weightrflow molecular weight (LMW), medium
molecular weight (MMW) and high molecular weight\MV) (21, 133). Pajvani et al. (104)
suggested that HMW adiponectin is a better indicatansulin sensitivity in humans than total
adiponectin concentrations because HMW is the oldyppmer that promotes the insulin
sensitizing effect in the skeletal muscle and mlither (70, 80, 104, 146). Lara-Castro et al. (80)
investigated the relationship between total plasoraentrations of adiponectin, HMW, LMW,
and the HMW-to-total-adiponectin ratio with insuiensitivity, abdominal fat distribution,
LDL-C, and HDL-C on 25 normoglycemic individual® ihsulin-resistant normoglycemic, and
21 patients with type 2 diabetes mellitus. Normoglyic individuals exhibit higher total and

HMW adiponectin concentrations than insulin resisfaatients. Total and HMW adiponectin
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were correlated with insulin sensitivity £ 0.45 for total adiponectim,= 0.47 for HMW). The
LMW (r = 0.31) and the HMW-to-total-adiponectin ratio=<(0.29) accounted for less variation
in insulin sensitivity. Inverse correlations withdominal fat were reported for total adiponectin
(r =-0.30) for HMW, ( = -0.38) and for the HMW-to-total-adiponectin rafic= -0.34).
Conclusions from this study were that higher cotregions of adiponectin — especially HMW
adiponectin — are associated with a greater insa@msitivity and that HMW adiponectin exhibits
stronger correlations with the risks factors of Blétan total or LMW adiponectin
concentrations.
Adiponectin Functions

Adiponectin promotes glucose utilization and lipikldation in skeletal muscle and in the
liver primarily by activating AMPK (13, 140). An @énease in AMPK activity is known to
stimulate fatty acid oxidation and glucose uptake @esult in accelerated metabolism (21).

Adiponectin activates the proliferator-activatiregeptor alpha (PPA®R. PPARX is a
nuclear receptor that is found in the liver, heskeletal muscle and adipose tissue (65).
Adiponectin increases fatty acid oxidation and Imsweiglyceride content in skeletal muscle by
increasing AMPK and PPAMRactivity (65). PPAR may increase the expression of fatty acid
transporters in the liver and improve lipid metadrol. PPARY also stimulate the muscle
expression of ACC and CPT-1, two key enzymes irewlw fatty acid oxidation (44). The
improvement in lipid metabolism and reduction afogic lipid storage in skeletal muscle and in
the liver may improve insulin sensitivity (41, 44).

In addition to stimulating metabolism, adiponedtas demonstrated anti-atherogenic and
anti-inflammatory functions (13, 82, 102). Adipotingrevents monocyte adherence and
migration across the endothelium by inhibiting éx@ression of VCAM-1 and ICAM-1(89).

Adiponectin also inhibits the expression of maceogscavenger receptors; thereby, decreasing
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the uptake of low-density lipoprotein cholestetdD(-C) and attenuating the conversion of
monocytes to macrophages to foam cells. Smoothlmuastt proliferation and migration may
also be reduced from adiponectin’s influence onvimeulature (89, 102).

Adiponectin Receptors

Two adiponectin receptors, Adipo R1 and Adipo R&;éhbeen identified in the skeletal
muscle, adipose tissue, the pancreas, and live6@5.39, 146). These receptors enhance fatty
acid oxidation and glucose uptake through AMPK BRARx activation (65). Both Adipo R1
and R2 receptors have been found in skeletal muddle Adipo R2 is currently thought to be
the only adiponectin receptor found in the livet)(2Zl'he globular domain found in LMW,

MMW, and HMW adiponectin stimulates Adipo R1 reaeptwhile the full-length domain,
found only in HMW, stimulates Adipo R2 receptord (85, 139). The strong association
between HMW adiponectin and insulin sensitivityheught to be due to the fact that it can
stimulate both Adipo 1 and 2 receptors (65, 80).

The expression of adiponectin receptors in skeatdladipose tissues is decreased in
obesity (127); thereby; reducing the sensitivitylese tissues to adiponectin and contributing to
insulin resistance (65). Exercise has been shownctease the expression of Adipo R1 and
Adipo R2 in skeletal muscle and adipose tissu&49100). Recently, Christiansen et al. (14)
reported that exercise training, diet-induced weigbs, and the combination of both
interventions increased the expression of sketetecle and adipose tissue Adipo R1 and Adipo
R2 in obese men and women. Insulin can also rethéceumber of Adipo R1 and Adipo R2 by
several insulin signaling pathways (127). Fastmgd8 hours increases Adipo R1 and R2
receptors in the skeletal muscle and liver, whaerg reduces adiponectin receptors within 6
hours of the meal (127). In summary, exercise noajribute to attenuating insulin resistance by

increasing the expression of adiponectin receptos&eletal muscle and adipose tissue.
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Leptin Concentrations

Circulating concentrations of leptin in humans mfigm 2 to 14 ng/mL (23, 31, 62,
106, 107, 110, 144). Males tend to have lower tepdincentrations compared with women (73,
107). Lower concentrations of leptin, ranging fr@rto 3 ng/mL, versus age and gender matched
controls have been reported in athletes (62, 7@8atér leptin concentrations have been reported
in sedentary and obese individuals (31, 51, 10d)those with MetS (144) as compared to
trained, normal weight and healthy.

Regulation and Functions of Leptin

Leptin, one of the first adipokines to be identifies primarily secreted from white
adipose tissue (33However, the gastric epithelium and skeletal muatde produce small
guantities of leptin (33, 48). Leptin is influended fluctuations in energy intake and is thought
to be a “starvation signal”. Leptin decreases rfgpidring fasting leading to a slowed metabolic
rate. Lower leptin concentrations will also stintalappetite and eating (32).

Leptin regulates satiety and appetite by stimudpsipecific receptors in the
hypothalamus (32, 33). In the brain, leptin actégadinorexigenic peptides such as
proopiomelanocortin and cocaine- and amphetamigelaged transcripts that dampen eating
behavior and feeding (83). Leptin also inhibitsxagenic peptides, such as neuropeptide Y and
the agouti gene-related protein, that enhance ap@eid eating (115, 120)hus, an increase in
leptin concentration would reduce appetite anchgdtiehavior and decreases in leptin
concentration would enhance appetite and eatingsaehin normal leptin regulation.

As with adiponectin, leptin promotes lipid oxidation skeletal muscle by activating
AMPK (21, 123). Two-weeks of leptin administratimnmice increased the expression and
activity of AMPK by 2-to-3 fold, increased phospiiation of ACC by 1.5-to-2 fold, and

improved the rate of fatty acid oxidation in theachondria (123). Insulin resistance was
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partially ameliorated and glucose metabolism wgsraved in mice treated with injections of
leptin. Thus, leptin also increases insulin sevigjtiand prevents lipid accumulation by reducing
the intracellular lipids in skeletal muscle andhe liver (123, 141).

Over time, leptin concentrations adapt to changéatimass. An increase in fat mass
elevates leptin while lower leptin results whenrfatss is reduced in a normal functional of
leptin (83). “Leptin resistance” may develop wittcess fat accumulation and dysfunctional
adipose tissue metabolism due to ischemia, inflamomaand oxidation (6). Leptin resistance,
is a condition characterized by an increase inrgpioduction from the adipose tissue,
attenuated leptin receptor sensitivity, and imghperipheral sensitivity and transport of leptin
across the blood-brain barrier (5, 21, 33, 117¢dntrast to the findings of Steinberg et al.
(123), Scarpace and colleagues (117) observeadmainistration of leptin injections in mildly
obese Brown Norway rats enhanced leptin resistande¢he authors suggested that may be
secondary to obesity.

Leptin Receptors

Two major leptin receptor isoforms have been foumithe hypothalamus, skeletal
muscle and in the liver (21, 115). The long recegoform (OB-Rb) is expressed in the
hypothalamus and stimulates JAK and STAT3 (21, BB& short receptor isoform (OB-Ra) is
expressed in peripheral tissues and in the chgileixlis of the brain and stimulates only the JAK
pathway. The OB-Ra short isoform may serve to parideptin across the blood brain barrier
(11). Both, the OB-Rb and OB-Ra isoforms are exg@dsn skeletal muscle; however, the
majority of leptin receptors found in skeletal miesare the short isoform OB-Ra (21). Leptin
signaling in skeletal muscle activates OB-Ra remepivhich trigger AMPK and STAT-3 via
tyrosine phosphorylation (21). As mentioned preslguAMPK inhibits ACC and improves the

rate of fatty acid oxidation in the mitochondriade®TAT-3 facilitates downstream protein
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kinase signaling to the cell nucleus where it ratrd the transcription of genes related to cellular
growth regulation (1).
Physical Activity, Aerobic Exercise and Adipokines

There are several experimental design featurepandcol characteristics that may
influence our interpretation of adiponectin andilepesponses to exercise. These factors
included: participant characteristics, the amountt iatensity of exercise, the timing of the blood
samples after exercise and whether or not sampes eorrected for plasma volume changes. In
addition, changes in body weight or body fat, die¢, amount of physical activity participation
outside of the study requirements and cardiorespyrditness are other characteristics that
should be taken into consideration. These studyacheristics are varied and inconsistent and
make interpretation of the exercise literature seha difficult (22, 23, 26, 59, 62-64, 72, 98,
109).
Evidence from Cross-sectional Studies: ExerciseAsfigokines

Physical activity and cardiorespiratory fitnessegopto be related to adiponectin
concentrations in the cross-sectional literaturel @8, 143). Individuals self-reporting higher
physical activity or fithess have higher adiponecitoncentrations when compared to those
reporting or exhibiting lower amounts of physiceliaty (9, 122, 128, 143).

Tsukinoki et al. (128) reported that individualsondxercise two or more times per week

had higher adiponectin concentrations 619 ug/mL) than those who exercised less than two
times per week (2.9 0.8ug/mL). Bluher and co-workers (9) observed that adgztin
concentrations were lower in individuals with typeiabetes (3.4 0.4ug/mL) and impaired
glucose tolerance (480.3ug/mL) than in individuals with normal glucose t@ace and higher

physical activity concentrations (8&90.4 ug/mL).
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Yokoyama and colleagues (143) investigated whethember of lifestyle behaviors,
including physical activity, influences insulin rgsnce and adiponectin concentrations. Plasma
adiponectin and insulin concentrations and selfiadiered physical activity questionnaires
were obtained from each participant. Multiple ldigisegression analysis was used to determine
how unhealthy lifestyle behaviors affect adiponecbncentrations. The researchers observed
that lack of physical activity and higher BMI, angpother unhealthy lifestyle behaviors, were
independently associated with low adiponectin catre¢ion and insulin resistance.

Leal-Cerro and co-workers (81) compared the comaganhs of leptin in male marathon
runners compared with non-obese sedentary malesadtors reported that marathon runners
had lower leptin concentrations (29.2 ng/mL) than their sedentary counterparts £3016
ng/mL). However, the ratio of leptin concentratiques kilogram of body fat was not different
between groups. Thus, the difference in leptin eatrations between these groups was
explained by the differences in body fat observetiveen marathoners and their sedentary
counterparts.

Hickey and colleagues (49) investigated the ratatigp between leptin concentrations,
body fat distribution and cardiorespiratory fitn@s833 males and 63 females. Consistent with
the current literature (31, 51, 62, 79, 107, 1849tin concentrations were higher in women (15.2
+ 1.3 ng/mL) than in men (680.3 ng/mL): however, total body fat (males 20.8.% kg;
females 20.4 + 1.5 kg) was not different between ar@d women. Leptin was related to total
body fat and this relationship remained significaftér adjusting for age, maximal treadmill
time, waist circumference and fasting insulin concations. The authors did not measure body
fat distribution and may be the discrepancies @sé¢hresults are due to differences in regional

body fat in men and women. Cardiorespiratory fignaisl not contribute independently to the
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variation in leptin concentrations suggesting treatliorespiratory fitness did not have an effect
in leptin concentrations in this study.
Aerobic Exercise Training on Adiponectin

Consistent with the cross-sectional literaturel@, 143), several investigators have
reported that aerobic exercise training increastd adiponectin (9, 53, 74, 101, 112).
Reduction in body weight and/or body fat are obsémwith exercise training in most (9, 53,
101, 112) but not all of the studies where adiptinemncentrations are significantly increased
(74).

Bliher and colleagues (9) studied the effect ofe¢kg of exercise training on
adiponectin concentrations and the tissue expmesgiadiponectin receptors in 20 participants
with impaired glucose (IGT), 20 with previously-greosed type 2 diabetes mellitus, and 20 with
normal fasting glucose. Participants cycled, rawl, swam for 60 minutes on 4 days per week.
All three groups significantly increased adiponeconcentrations and insulin sensitivity after
training. The skeletal muscle expression of AdidoaRd Adipo R2 was increased in all groups
suggesting a heightened tissue sensitivity to agiptn in all groups (9). Adiponectin increased
12.6% among those with normal fasting glucose, % ¢ those with IGT and by 87% in those
with T2D. Thus, adiponectin increased in all grqupg was greater in individuals with insulin
resistance and type 2 diabetes. Body weight sigmtly decreased in all groups; but, the change
in body weight was greater in the IGT group. Innailgr study design, Oberback et al. (101)
reported that adiponectin increased in IGT and paRicipants, but not in individuals with
normal fasting glucose after 4 weeks of regularbcpce exercise. Based on these two studies
(9, 101) it appears that adiponectin concentrationST and T2D individuals may have

responded more so than the participants with nofasdéihg glucose. However, because the IGT
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and T2D patrticipants lost more body weight, it cah be rule out that weight loss had a
significant influence on the different adiponeatsponses between these groups.

Hsied and Wang (53) observed that adiponectin aaretgons in both men and women
increased by 34% in the young and by 53% in therayjdoup after 52 weeks of moderate-
intensity walking or jogging for 20 minutes per d8pdy fat decreased 3% and 8% in the young
and older groups, respectively. Likewise, adipdinezoncentrations increased by 32% after 52
weeks of moderate-intensity cycle ergometry 3 gayrsweek in men with MetS (112).

Hulver and colleagues (56) investigated the adiptime&nd insulin sensitivity responses
to exercise training versus weight loss by gas$tyipass surgery in sedentary overweight
individuals for 24 weeks. The exercise program sted of 45 minutes of walking, running,
cycling, or climbing at 65% to 80% ofMmax The researchers reported no change in
adiponectin concentrations, body weight or bodyrfahe exercise group; however, body weight
decreased 56.6 kg and adiponectin concentrati@nsased 281% in the weight loss group.
Insulin sensitivity increased in both groups aftex intervention. Results from this study may be
used to bolster the argument that weight losssgamsible for the improvement in adiponectin
concentrations after exercise training. Thus, fesps that adiponectin is unaltered with exercise
training when modest reductions in body weight andbdy fat occurred.

O’Leary and colleagues (100) observed that adipona@s unchanged after 12 weeks
of exercise training for 60 minutes at 65% to 853kiB .« In Sedentary obese men and women
despite significant reductions in body weight andypfat. Subcutaneous and visceral adipose
tissues and insulin resistance were also signifigaeduced after training. However, the change
in insulin resistance was not correlated with clesng body weight or subcutaneous fat, but it

was positively associated with changes in viscatal
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Adiponectin concentrations can increase after esetecaining without changes in body
weight (74). For instance, Kriketos and colleag{réy reported that adiponectin concentrations
increase by 134% in 19 overweight and obese méesl® weeks of walking and jogging at 55
to 70% of VO,maxfor 40 minutes 4 to 5 days per week. Insulin d@ritsi increased and body
weight was unchanged after exercise training.

Several investigators have reported that aerolkeccese training does not change total or
HMW adiponectin (100, 142). Yatagai and co-work@#2) investigated adiponectin and
insulin sensitivity responses to exercise trainmpealthy sedentary males. Exercise training
consisted of cycle ergometry 5 days per week fam@tutes per day at lactate threshold. Blood
samples were taken before training and again ablés and one week after the last exercise
session. BMI and body fat remained unaltered aftercise training and cardiorespiratory
fitness increased by 7%. Plasma adiponectin coratets decreased and insulin sensitivity
improved at 16 hours after the last bout of tragraut both variables remained no different from
pre-training concentrations one week after thebasit of exercise training. Thus, the changes
observed in adiponectin concentrations and ingdmsitivity after exercise were likely due to an
acute response and not an adaptation of long-tremtise training.

In summary, half of the studies demonstrated areased in adiponectin concentrations
after exercise training. If exercise has an effiecs, to increase adiponectin concentrations. This
appears to occur with modest exercise in overweagse, IGT, and T2D individuals (9, 101,
112), but not always (56, 100) and more often wtteanges in body weight and/or body fat
occurred (9, 53, 101, 112). Most researchers regddhat insulin sensitivity improved after
training (9, 56, 74, 101, 142). It may be also gaeghat the sensitivity of the adiponectin was
improved with exercise training as reported presipin obese and insulin-resistant individuals

(9, 100). In contrast, adiponectin concentratigoear to be resistant to exercise-induced
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changes in healthy individuals or trained athletgl normal BMI and/or body fat and who
already have high concentrations of adiponectircentrations before exercise training (63,
142). Cardiorespiratory fithess improvement in éhstdies ranged from 3% to 14% (63, 100,
101, 112, 142). The improvement of cardiorespisatibness was higher in obese sedentary
individuals than the improvement observed in addeHowever, cardiorespiratory fithess and
the improvements in cardiorespiratory fitness wigining do not appear to influence
adiponectin concentrations as the improvementardiorespiratory fithess was related to the
increase in adiponectin in only two studies (1(12)1 The timing of the blood samples in these
studies is rarely reported, so the discrepanciéiseise studies could be due to and acute effect
and not due to training adaptation (142). Pleasdatge 3.

Aerobic Exercise Training on Leptin

Exercise training has been shown to decreasalepticentrations in middle-aged
healthy men and women (107), in obese men (106)ramen with metabolic syndrome (110)
when weight loss occurred along with exercise ing(43, 58, 106, 107, 110). Perusse et al.
(107) observed that leptin decreased by 15% in looémot women after 20 weeks of exercise
training. Cardiorespiratory fitness increases %16 men and by 19% in women but
percentage body fat was decreased by 1.3% in mtemobin women. Insulin sensitivity was not
improved in either men or women.

Halle and colleagues (43) examined the effect afltdoss by exercise and dietary
restriction on leptin concentrations in middle-agbeése males with type 2 diabetes mellitus.
Participants completed 30 minutes of cycle ergoyreti70% of heart rate max to achieve an
exercise energy expenditure of 1100 kcal per week iveeks. An additional 1100 kcal of
weekly energy expenditure was achieved by hikiagpsning, and playing water games.

During the study, all participants had the sameohggloric diet consisting of 1000 kcal/day and
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included 50% carbohydrates, 25% fats and 25% prat@ody weight decreased by an average
of 4 kilograms, leptin concentrations decreased,28% insulin sensitivity improved. However,
the researchers were not able to distinguish wbi¢he factors: the energy expenditure or
improvement in cardiorespiratory fithess with exsgcenergy restriction through the
hypocaloric diet, or weight loss was the stimulusthe observed decreases in leptin and
improvements in metabolic health.

Pasman et al. (106) examined the effect of exetagging and weight loss on leptin
concentrations in middle-aged obese males. Aligpants consumed a hypo-caloric diet for 2
months and exercised 3 to 4 times per week for BQites by running, cycling, and swimming
at moderate-intensity. One group trained for 16 tih®and another group served as a control
and exercised for 4 months and then stopped. Bailght; body fat and insulin concentrations
decreased after 16 months of exercise trainingdiGaaspiratory fithess improved by 19% in the
exercise group and by 12% in the control group. rfEisearchers observed that leptin
concentrations decreased by 23% after 16 monthagastise training versus no change in the
control group. The change in leptin was independénhanges in plasma insulin and body fat
indicating that leptin concentrations can decredigout changes in insulin or body fat.
Similarly, Thong and colleagues (125) investigdtezlleptin responses to weight loss and
exercise in relation to changes in visceral anastameous adipose tissue in middle-aged
sedentary obese males. Participants were rand@sigreed to diet-induced weight loss,
exercise-induced weight loss, and exercise witlgltenaintenance or a control group for 12
weeks. The exercise training consisted of brisk walkingogying at 75% of Dymax until each
participant expended 700 kcal per session. Theoesitieported that leptin concentrations
decreased in diet-induced weight loss and the sseeneduced-weight loss groups, but leptin

concentrations did not change when exercise waaguampanied by weight loss.
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Cardiorespiratory fitness improved by 20% in exaavith weight maintenance and by 24% in

exercise-induced weight loss group and no changefowmd in the diet-induced weight loss or

in the control group.

Table 3. Effect of Exercise Training on Adiponectin

Reference Participants Type I ntensity Volume  Adiponectin BW (kg)
(ug/mL) or
% Fatd
Change P P
Kriketos et a 19 M overweigr  Walking/joggin¢  55-70% VComax 40 mir +9.4 <01 -0.8kg 0.0
2004 (74) tt 4-5 diwk
10 weeks
Hsied& Wanc | 42M Walking/joggin¢  55-74% VGComax 20 mir +1.4Y 0.0 -28% 0.0
2005 (53) 60 F everyday +2.3 O 0.03 -80%  0.01
52 weeks
Oberback eta | 2C NGT Cycling/running 120 mir 0.0 NGT Nt -1.4kg <0.0t
2006 (101) t1 | 20 IGT Power training 4 diwk +2.1I1GT <.001 -3.2kg <0.05
20 T2D Swimming 4 weeks +2.4T2D <.001 -1.6kg <0.05
Bliher et al 20 NGT 9M 111  Cycling/running 60 mir +1.1 NGT <.00 -2.0kg <0.01
2006 (9) Tt 20 IGT9M 11F  Swimming 4 diwk +3.3 IGT <.001 -3.7kg <0.05
20 T2D 11M 9F 4 weeks +3.0 T2D <.001 -1.7kg <0.001
Ring-Dimitrio | 22 M 50% VComax 45 mir +1.7 12 <0.0¢ -1.Ckg NS
et al. 2006 (112) 14 F Cycle ergometer + 5% /week 3 d/wk +0.8 M 24 NS -1.2kg NS
obese / sedentary 52 weeks +29F 12 NS -0.2kg NS
+2.1 F24 NS -1.4 kg NS
Hulver et al. 11 M Walking/running  65-80% VComax 45 mir +0.3 Ex NS -0.3kg NS
2002 (56) tt | 14 F Cycling/climbing 4 d/wk +9.2 MO<0.05 -56.6kg <0.05
sedentary/obese 24 weeks
Yatagai et a 12 M healthy Cycle ergomet¢ Lactate 60 mir 0.0 1wk Ng 0.0% NS
2003 (142) tt | no active threshold 5 d/wk -3.7 16hr  <0.05
6 weeks
O’Leary et al 5M Treadmil 65-85% HFmax 60 mir -0.3 NS -3.2 kg <0.00:
2006 (100) tt | 11 F Cycle ergometer 5 d/wk
Obese/ sedentary Handball 12 weeks
Juriméae et al 11 M elite rower  Water rowing 24 week +0.9 NS +0.6 kg NS

2006 (63) Tt

Strength training

M = male; F = female; NS = not statistically sigeéint; 12 = 12 months of exercise training; 24 =n#hths of
exercise training; NGT = normal glucose toleranGd; = impaired glucose tolerance; T2D = Type 2 dials
mellitus; min = minutes; Y = younger; O = older; Exexercise group; MO = morbidly obese group; 1wkre
week after training; 16h = 16 hours after traininig= insulin sensitivity improved and/or fasting itisudecreased;
BW = body weight in kg; % fat = body fat expresseada % of total body weight.

Reseland et al. (110) investigated the effect@fieyear program to reduce body weight

by diet alone, exercise alone, and the combinatfdroth to determine changes in leptin

concentrations and insulin sensitivity in 186 maleth MetS. Body weight and body fat were
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reduced more so than diet or exercise alone amdinrgensitivity was improved to a greater
extent with the combination of diet and exercisantby diet alone or exercise alone. Similarly,
leptin concentrations decreased to a greater ewiéimthe combination of diet and exercise than
the other two therapies. The authors concludeddingtterm weight loss by reducing dietary
intake and/or increasing energy expenditure wigr@se reduced leptin concentrations.

Ishii and colleagues (58) investigated the leptsponses to 6 weeks of weight loss and
exercise training in sedentary individuals withéypdiabetes mellitus. The exercise group
walked and cycled for 60 minutes 5 days per wed08t of VO,maxand they maintained a daily
caloric intake of 25 to 27 kcal/kg hypo-calorictdi€he control group consumed the same diet,
but did not exercise. Body weight, body fat, aasting insulin did not significantly change with
any treatment after training. Leptin concentratioese 36% lower in the exercise group but
were not altered in the control group. It appehas tepeated bouts of exercise may influence the
decreased in leptin in the absence of weight loss.

Leptin concentrations do not always change witlr@ge training in sedentary lean or
obese individuals or in young athletes (51, 97)sddentary men, leptin concentration was
unaltered after 7 consecutive days of moderatesitiecycle ergometry for 60 minutes per day
at 75% of \O.max (51). Noland et al. (97) investigated the effddnereasing exercise training
volume in 9 young male and 12 female competitideege swimmers who trained for 9 weeks.
Fasting plasma leptin was obtained at a baselisecese volume of 27,000 meters per week, and
again when exercise training volume increased h§Qmeters to 39,000 per week and finally
by 15,200 to 42,200 meters per week. Leptin comagahs remained unchanged after increased
training volume in these swimmers.

In summary, decreases in leptin concentrations xtrcise training ranged from 15% to

36%. It appears that sedentary obese and T2D dauhis are those who showed higher changes

35



after exercise training. Most studies in which ileplecreased with exercise training, body
weight and/or body fat also decreased. Becausehivieigs accompanies changes with exercise
training, it is hard to determine which these fest@xercise induced weight-loss, diet induced
weight loss or the combination of both intervensi@ne the primary influence in changes on
leptin concentrations or tissue sensitivity. Thisralso inconsistent evidence relating the
changes in leptin concentrations with exerciseningi and improvements in insulin sensitivity. It
is possible that the decrease in leptin concentratwith exercise may reflect an increased
sensitivity of the tissues to leptin (21). Indivads with MetS are already insulin resistance and
possibly are leptin resistance as well. Thus, ae@se in leptin concentrations with aerobic
exercise may indicate that the restore the seitgit¥ skeletal muscle for leptin, is, at least
somewhat, restored. The enhanced skeletal musatla kensitivity may help to improve insulin
sensitivity (21). Few studies reported the timaidplood samples after the last exercise session,
so the decreases in leptin concentrations afteceeetraining may be a result of the last bout of
exercise and not necessarily due to a trainingtatlap. See table 4.
Acute Adipokine Responses to Exercise
Acute Adiponectin Responses to Exercise

Kraemer and colleagues (72) was one of the fialgs to investigate the adiponectin
response to a single session of exercise. Thecjmamits were 6 young-healthy males who ran
for 30 minutes at an average intensity of 79% G\« Adiponectin concentrations were
measured before, immediately after, and 30 minpss-exercise. Adiponectin concentrations
were significantly increased after exercise; howevigen corrected for plasma volume changes
that are known to transiently occur with exerctbe,change in adiponectin was no longer

significant. Similarly, Ferguson et al. (26) fouttiét the plasma volume-adjusted adiponectin
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concentrations remained unaffected by stationacliray for 60 minutes at 65% 0f®maxin 16

normal-weight moderately active men and women.

Table 4. Effect of Exercise Training on Leptin

Reference Participants Type I ntensity Volume Leptin BW (kg)
(ng/mL) or
% Fat 4
Change P =
Perusseeta | 51 M Cycle ergomett 55-75% VOzmax 30 to 5C -0.7 M 0.00 -1.3% <0.00
1997 (107) | 46 F min *05F NS -0.5% NS
20 weeks
Pasmnetal | 15 M obes Running/cycling  Moderate/hig 60 mir 2.1 <0.0 -5.8kg <0.0
1998 (106) Tt Swimming 3-4 diwk
16 months
Halle et al 20 M obese an Cycle ergomete  70% HFmax 30 mir -2.3 <0.0C -4.1kg <0.00
1999 (43) 11 | T2D Hiking 5 d/wk
Swimming 4 weeks
Ishii et al 50 T2D Walking/cycling  50% VCamax 60 mir -2.6 <0.0t -2.8kg N
2001 (58) 20M 30F every day
Sedentary 6 weeks
Reseland eta | 186 M MetS Walking/jogging  85% HFmax 60 mir -0.7D <(OE -1.4% <(0E
. o -0.4 Ex NS -1.0% <0.001
2001 (110) 1+ Aerobics/ circuit 3 diwk 22 D&E <0001 -2.4% <0 00L
training 52 weeks
Thong et al 52 M obest Walking/jogging  75% VCamax 700 kcal  -3.7 DWL <0.0¢  -7.7kg <Ot
-5.1 EWL<0.05 -7.5kg <0.05
2000 (125) Bveryday n9 Ews NS -06kg NS
12 weeks
Houmard et a | 16 youn Cycle ergomete  75% VComax 60 mir +0.EY N¢ +0.1% N
2000 (51) 1t | 7TM9F every day 320 NS
14 older 7 days
6 M 8 F Sedentary
Noland et a 9 M swimmes Swimming High +0.2M N NS
2001 (97) 12 F swimmers 33,000 18 F NS -2.5% <0.05
m/week

M = male; F = female; NS = not statistically sigeait; T2D = Type 2 diabetes mellitus; MetS = metab
syndrome; D = diet; Ex =exercise; D&E = diet anéreise; d/week = days per week; m/week = metersvpek;
min = minutes; DWL = diet induced weight loss; EWlexercise induced weight loss; EWS = exercise hieig
stable; Y = young; O = oldet} = insulin sensitivity improved and/or fasting ifiaudecreased; BW = body weight
in kg; % fat = body fat expressed as a % of totalybweight.
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Jamurtas and co-workers (59) examined the adiponesponse to a single bout of
stationary cycling at an intensity of 65% 0®¥axfor 45 minutes in 9 overweight males. Plasma
volume corrected was unchanged after exercise. Measting insulin concentrations
decreased and markers of insulin sensitivity imptbafter exercise. In a similar study design,
Numao et al. (98) reported that total and HMW adgiin concentrations in 8 healthy normal
weight males remained unchanged during exerciséar8) minutes after completing
stationary cycling. Similarly, Bobbert et al. (ld)served that total adiponectin, LMW, MMW,
or HMW adiponectin did not improve after a singkekeise session of 45-minute of cycle
ergometry despite improvements in insulin sengytiileither Numao et al. (98) or Bobbert et
al. (10) reported that they corrected adiponectimpfasma volume changes.

A single exercise session may increase adiponegctinentrations (63, 64, 74). Jirimae
and colleagues (63) investigated the effect of aimal bout of rowing on adiponectin
concentrations in 11 elite male crew members. Aggotin concentrations increased 12%
immediately after the exercise bout. The same iya®rs (64) examined the effect of
performing a 6000-meter time-trial on adiponectmaentrations in a similar cohort. The
authors reported an 11% decrease in adiponectiredrately after the time-trial but the 30-
minute post-exercise adiponectin concentrationgwereased by 20% compared with pre-
exercise concentrations. The researcher’s corréotgaasma volume changes, thus, the
difference in the results observed in this studyidde explained by the kind of the participants,
which were elite rowers with high body mass and bmaly fat or may be the type of rowing
exercise which involves a great amount of muscleskiwg during a highly anaerobic bout.

Kriketos and colleagues (74) examined adipone¢tanges over a one week period in
which participants completed two or three 45-mirhudats of walking or jogging at an intensity

of 55-70% of \O,max The authors reported a 260% increase in adiponeshcentrations along
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with a 16% improvement in insulin sensitivity asasered by hyperinsulinemic-euglycemic
clamp 24 to 36 hours after exercise. It is posdifde: the enormous increase in adiponectin
concentration observed in this study could be dugemoconcentration. However, it is rarely
that hemoconcentration last up to 24 to 36 houes #fe exercise. So, these findings are unique
in the literature and we are a little skepticalalthese results. See table 5.

In summary, adiponectin concentrations increastmt akercise in only 3 out 9 studies
(63, 64, 74). Participants in these studies indualeerweight individuals and elite rowers.
Exercise time ranged from 20 to 45 minutes pergessd the intensity ranged from 50 to
100% of their \Domax The type of exercise included walking, jogging @wing. When
adiponectin concentrations increase after exertlisechange is not correlated with insulin
sensitivity. Taken together it is clear that arré@se in adiponectin occurs rarely after exercise
and, when it does occur, it is not obligatory toe bbserved transient improvement in post-
exercise insulin sensitivity. Given the resultofemer et al. (72), Ferguson et al. (26),
Jamurtas et al. (59) and Kriketos et al. (74), senot rule out that the elevated adiponectin
concentrations observed after exercise may rdfiectoconcentration rather than a change in the
production or clearance of adiponectin. In additgince the expression of the adiponectin
receptors Adipo 1 and 2 in skeletal muscle has Baewn to increased after 3 hours of cycling,
it may be possible that the sensitivity of the adigctin was improved with a single bout of

exercise (9).
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Table 5. Effect of Acute Exercise on Adiponectin

Reference Participants Type Intensity Volume  Adiponectin (ug/mL) P
Pre Post
Kriketos et a 19 M overweigr  Walking/joggin¢  5C-70% VComax 45 mir 7.0+0.7 18.21.9 <.001
2004 (74) Tt 2-3 bouts
Juriméae et al 10 M elite rowers  Rowing ergomete Max 6000 rr 6.2+ 9.5 5585 * <0.0t
2005 (64) trial
Juriméeetal | 11 M elite rower ~ WaterRowing 25.5+75 28.54.7* <0.0t
2006 (63) 1
Kraemer et al | 7 M healthy Walking/running 7% VOgzmax 30 mir 75+1.1 8.x12* NS
2003 (72)
Fergusoneta | 8 M 8 F healthy Cycle ergomett  65% VComax 60 min M 16.4+4.5 16.2+ 8.5 * NS
2004 (26) tt | moderately active F193+2.4 17.6:6.2 * NS
Punyadeera ¢ | 19 M active Cycle ergomett 50% VComax 120 mir 6.6+ 0.8 6.20.7 NS
al.
2005 (109)
Jamurtas et ¢ 9 M overweigh Cycle ergomet¢ 65% VComax 45 mir 36+0.7 3.204* NS
2006 (59) Tt | obese 36£0.7 3.2608 24hrr NS
3.6+£0.7 3.4:08 48hrr NS
Bobbert etal | 8 M health Cycle ergomett 50W+25V 45 mir 7.4+0.9 6.6:0.9 NS
2007 (10) Tt every 3 min
Numao et a 8 M untraine: Cycle ergomete  50% VComax 60 mir Not reporte NS
2008 (98) 1 +30 min
rest

M = male; F = female; NS = not statistically sigeéit; 24 hr = 24 hours post-exercise; 48 hr = d@r$ post-
exercise; min = minutes; * = corrected for plasrmofume changes; W = watts; T1 = insulin sensitiintproved
and/or fasting insulin decreased.

Acute Leptin Responses to Exercise

When significant changes in leptin concentratioosuo after exercise, they are always
reported as decreased when compared to pre-exeatises (22, 62, 79, 81). Elias and
colleagues (22) examined the effect of a 10- tonl2dte maximal treadmill test on leptin

concentrations in 7 sedentary overweight males.athkors reported that leptin decreased by
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15% immediately after exercise and remained lowan tbaseline for up to 120 minutes into
recovery. Jurimae et al. (62) studied leptin resgs to 30 minutes of stationary rowing in 13
college male rowers. Leptin concentrations decbage22% immediately after exercise and
remained reduced up to 30 minutes after exercid®owi significant changes in insulin
concentrations.

Plasma leptin responses to competitive enduraneeteare known to decrease (79, 81).
For instance, Landt et al. (79) reported that fegécreased by 32% after running a 101-mile
ultramarathon. Similarly, Leal-Cerro et al. (81poeted a 10% reduction in leptin after a
marathon race in male runners.

Leptin responses to different exercise energy edipgnes have also been examined
(23). Participants completed exercise session9@f®d 1500 kcals in random order by running
on a treadmill at 70% ®max A delayed decrease in plasma volume-correctdihle@ms
observed 48 hours after both exercise bouts indg#tat 800 kcals may elicit a decrease in
leptin concentrations and that more prolonged esenarovides no additional influence on leptin
or in the decreases in insulin concentrations ofeseimmediately after exercise (23).

Leptin concentrations do not always respond to@ser(26, 27, 75, 107, 126, 134).
Perusse et al. (107) reported that leptin conceotrawere unchanged after a maximal treadmill
exercise test (10 to 12 minutes) in young healtley mnd women. However, Elias et al. (22)
observed that leptin decreased after a similartaiurand maximal treadmill test in sedentary
overweight males. The discrepancies in these st possible due to the type of participants
or maybe because a delayed response occurredeseds previous reports after exercise (22,
23). Perusse and colleagues (107) measured plagtmailmmediately after exercise and Elias et

al. (22) at 30 to 120 minutes after exercise.
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Weltman and colleagues (134) examined the effeBDahinutes of aerobic exercise at
different intensities (below and above lactateghod) in 7 young males. The caloric
expenditure was different in both intensities raggirom 150 to 530 kcal per session and leptin
was unaltered after exercise in either intensitiEsvever, Essig et al. (23) observed that leptin
concentrations decreased after a single bout atisesin which 800 kcals were expended with
no further reduction at 1500 kcals (23). So, itimige possible that there is a caloric expenditure
threshold. Fisher et al. (27) observed that leptincentrations did not respond to 40 minutes of
stationary cycling at 85% ®,axin young sedentary males. Similarly, Fergusorl.€R8)
reported unchanged plasma leptin concentratioes &ft minutes of cycle ergometry exercise at
65% VO,maxin both men and women.

In summary, 5 out of 9 studies have reported #yatin concentration decreases after
single exercise session. Participants in theseestuidcluded elite athletes, moderately-trained
and sedentary normal-weight and overweight indi@isuExercise time ranged from 10 minutes
to 4 hours and the intensities reported ranged f70rto 100% of their @,max The type of
exercise included running, cycling and rowingappears that leptin concentrations decrease
more often after competitive endurance eventsydividuals with higher cardiorespiratory
fitness, or after a minimum energy expenditure e8fjgg a possible caloric expenditure
threshold (11, 23, 55). Some investigators repdttiediming of the blood sample immediately
post exercise and in recovery periods ranged fromnidutes to 48 hours (22, 23, 27, 62, 107,
134). As with adiponectin, few researchers repatttati they corrected for plasma volume
changes (23, 27, 62, 107). Thus, any plasma votimarges after exercise may have an effect

on our ability to interpret changes in adipokin@@entrations. See table 6.
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Table 6. Effect of Acute Exercise on Leptin

Reference Participants Type Intensity  Volume Leptin (ng/mL) P
Pre Post
Landt et al 12M Cycle ergomete  75% VGCmax 4 hre 285+15 261+1 <0.05
1997 (79) 14 M runners Ultramarathon 36 hrs 264+09 1.80+0.4JL <005
run (101 miles)
Leal-Cerroeta | 29 M runner Marathot 3 hrs 29+0.2 2.6t0.2 <0.0t
1998 (81) 5.1+0.6
Elias et a 7 M sedentar Treadmill Maximaltes  1C-12 mir Not reportec <.001
2000 (22) overweight | 15% after exercise until
120 min recovery
Essig et a 11 M moderately  Treadmil 70% VCmax 800 kcal 26+05 20x+0.348hr* <0.0t
2000 (23) tt trained 1500 kcals 27+05 21+0.3 48 hr* <0.05
26+05 25+0.4 800k* NS
27+0.5 2.9+0.6 1500k* NS
Jirimée et al 13 M elite ravers  Rowing Maximal 30 mir 27+06 21+08* <0.0t
2005 (62) ergometer rowing 2.740.6 2.0:60.930 min* <005
Perusse et a 51M 46 F Cycle ergomett¢ Maximal tes  1C-12 mir 46+4.4 A 45 M* NS
1997 (107) untrained 11.9+85 11.7+80 F* \g
Welman et al 7™M Treadmil Below and 30 mir Not reportd NS
2000 (134) young above LT
Fisher et a 8 M Cycle ergomete  85% VOzmax 41 min Not reported NS
2001 (27) tt | young
sedentary

M = male; F = female; NS = not statistically sigeéit; 800k = 800 kcals expended; 1500k = 1500skeapended;
UL = ultramarathon group; 30 mi = 30 minutes podreise; 48 hr = 48 hours post exercise; LT = lactlareshold;
* = corrected for plasma volume changes; min = ri@sytt = insulin sensitivity improved and/or fasting itiau
decreased.

Factors that Influences Adipokine Responses to Exeise

The timing of blood samples in relation to the lastit of exercise and corrections for
plasma volume changes may have an influence omtiwretation of adipokine responses (9,
22, 23,59, 72, 74). Adiponectin concentrationsehla@en reported as increased immediately
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after exercise and for up to a day and half after@se (63, 74). Leptin has been reported as
decreased immediately after and for up to 2 dags akercise (23). In the exercise training
literature few researchers have reported the tirafrige blood sample after the last exercise
session (9, 51, 100, 142). Blood samples aftelatstebout of exercise were obtained at 15, 16,
17, 18, and 48 hours or one-week following the ¢éa@rcise training session (9, 51, 100, 142). If
blood samples are taken within 48 hours afterdlsebout of exercise and a change in these
adipokines occur, these changes may be attribatadransient response to exercise and not to a
training adaptation.

Adipokine concentrations unadjusted for plasma m@changes were significantly
altered after exercise and, when they were comldoteplasma volume changes, were no longer
significant (64, 72). Decreases in plasma volunmgirey from 5 to 10% after exercise have been
reported previously (62, 64, 72). For instance gfmar et al. (72) reported that adiponectin
increased almost 10% but with a plasma volume aohiin of 8.5% after exercise. When
corrected for the plasma volume change the increaasgiponectin was no longer significant
after exercise.

Other factors such as the type of analysis suchdisimmunoassay (RIA) or enzyme-
linked immunosorbent assay (ELISA) were utilizedtfee biochemical analysis of these
adipokines. Differences in the technique and mastufang may affect our ability to interpret
results after exercise (8). Most researchers regang RIA kits from Linco Research, St.
Charles MO (22, 23, 26, 43, 51, 56, 58, 62, 63,74281, 97, 101, 106, 107, 110, 134, 142).
Linco Research ELISA kits for the biochemical as&yof adiponectin has been shown to be
highly reproducible versus other vendors (8). ©fhaetors that may influence our interpretation

of adipokines responses to exercise included treuatrof outside physical activity participation
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and dietary control before and during the entivelgtand these factors are seldom reported in the
literature (11, 121).

In summary, equivocal results on adiponectin apteesponses to exercise have been
reported in the literature. It appears from theadiss that the timing of the blood sample in
relation to the last bout of exercise and whethesé¢ measurements were corrected or not for
plasma volume-shifts may influence the results. ddger, plasma volume unadjusted
adipokines can lead to spurious conclusions andrtiieg of the blood sample can lead to
inconsistencies regarding the adaptations to eseetcaining or acute responses to episodes of
exercise.

Summary

The worldwide prevalence of MetS is increasingabp{38). Regular moderate-intensity
exercise such as brisk walking, jogging, bikingirsming, for at least 30 minutes and preferably
longer of continuous or intermittent bouts on naegs of the week have been recommended to
help manage MetS and to improve cardiorespiraitmgds (40). Exercise appears to consistently
improve insulin sensitivity in healthy individuadsid in those with impaired fasting glucose,
insulin resistance, and type 2 diabetes melliti’s {4.3). Exercise-induced improvements in
glucose uptake and insulin sensitivity may be ntediain part, by altering adiponectin and
leptin. At present, it appears that there is @httory information regarding adipokine
responses to exercise and the adaptations to sgdraining. It is clear that exercise may exert
an influence on metabolic pathways that increagmoaéctin and decrease leptin. Results from
this study will help to clarify the effect of exése on adipokine responses to a single session and
multiple sessions of exercise in sedentary obeseswmath MetS. It will provide information
about possible confounding factors such as timirth@blood sample, plasma volume changes,

outside physical activity, dietary control and waitpss that may occur after exercise.
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CHAPTER 1l
METHODS
Overview
Serum samples, collected as part of a previouy shad examined lipid and lipoprotein
responses to repeated bouts of moderate exercsecorassive days, were analyzed for total and
HMW adiponectin, leptin, NEFAs and clinical markéos insulin sensitivity.
Fasting blood samples were obtained after one waekstable diet. All blood samples
were collected just prior to exercise on days @ugh 4. Daily exercise involved walking on a
treadmill at 60 to 70% of ©, max until 350 kcals of energy were expended. Blood eakected

again 24 and 72 hours after the last exercisemeésee Figure 1).

Preliminary Start diet wk
Screening & prior to the wk
Physiological of blood
Testing sampling
ONE WEEK
DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 7
PRE EX +24 EX + 48 EX+72 POST + 24 POST + 72

Blood Collection followed by Blood Collection only

Exercise session

Fig 2. Schematic of the Experimental Protocol.Day 1 PRE = pre-exercise blood drawn, Day 2 24+ blood
drawn 24-hrs post exercise and second exercismseBay 3 Ex + 48 = 48-hrs post-exercise bloodwrand third
exercise session, Day 4 Ex + 48 = 72-hrs post eseldood drawn and fourth exercise session, Dags + 24 =
blood drawn 24-hrs after the last exercise sesflag,5 Post + 72 = blood drawn 72-hrs after thedasrcise
session. This schematic is redrawn from refereBég (
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Participants

For the original investigation, sedentary middle@dgnale volunteers with dyslipidemia
were recruited. Volunteers had to be non-smokedshai currently taking drugs known to alter
glucose or lipid metabolism or taking antihyperteesgents. Fifteen participants met all criteria
and were screened by a physician prior to undeggoialiminary physiologic testing.
Anthropometric measurements and an exercise sasiswere used to determine body
composition and cardiovascular fithess. Sampla®s eteven participants were available for
biochemical analysis of all variables of interest.
Blood Sampling Procedures

Participants reported to the laboratory in a fassitate for each of the blood samples.
Blood samples were drawn into two (10-ml) red-tagwtainer tubes (Becton Dickinson
Vacutainer Franklin lakes, NJ, 13 x 100 mm). Helobip concentrations and hematocrit were
measured immediately after blood samples were mddain order to estimate plasma volume
shifts that are known to transiently occur with reiee (19). Blood samples were allowed to clot
for at least 30 minutes and then centrifuged aD26@ for 10 minutes. Serum was then
aliquotted and stored at -7Q for future analysis.
Biochemical Analysis

Total and HMW adiponectin, leptin, and insulin centrations were determined by
enzyme-linked immunosorbent assay (ELISA) (Millippst. Charles, MO). Briefly, the ELISA
procedure consists of a two-antibody sandwich ELVW8#ch is used to determine the antigen
concentration in unknown samples. This assay reg/tnvo-antibodies that bind to epitopes that
do not overlap on the antigen. The captured antilibinds to the plate. The antigen is added and
allowed to bind with the antibody. The unbound praid are removed with a wash and a second

labeled antibody is allowed to bind to the antigEme assay quantifies the variable of interest by
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measuring the amount of the antibody remainingherplate (Millipore Corporation, Linco
Research, St. Charles, MO).

NEFAs and glucose concentrations were estimatezhbymatic colorimetric assays
(Wako Diagnostics, Richmond, VA). All samples frenparticipant were assayed in a single run
in order to eliminate the inter-assay coefficiesftgariation. The homeostasis model assessment
(HOMA) is a clinical marker of insulin resistanc®j. HOMA was calculated from fasting
insulin and glucose concentrations as follows:tif@sinsulin 4U/mL) x fasting glucose
(mmol/L)] / 22.5 (90).

Statistical Analysis

The independent variable was blood sample time gisobtained days 1 through 5 and
day 7). The dependent variables of interest waasnph volume-adjusted concentrations of total
and HMW adiponectin, leptin, insulin, glucose, &fEFAS. Tests for normality on baseline
distributions for each dependent variables weralgoted using the Kolmogorov-Smirnov test
(85). Leptin concentration, the only variable extiigy a leptokurtotic distribution, was
normalized using a lggtransformation. Variables of interest were analyasing multiple 1 x 6
repeated measures ANOVAs. Duncan’s New Multiplegeaests were employed to further
explore significance determine by ANOVA. Pearsoodpict-moment correlation coefficients
were used to determine the relationship betweeealibasphysiological characteristics and
changes in plasma volume-adjusted variables thatroed with exercise and the changes
observed during the 3-days of recovery following lidst exercise session. All data were
analyzed using the Statistical Analysis System (8&Sion 9.1; SAS Institute, Cary, NC).

Because this study was exploratory in nature a eoisgn-wise error rate was sefpat 0.05.
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CHAPTER IV
RESULTS
Baseline Physiological Characteristics
The baseline physiological characteristics and dloariables of fifteen middle-aged
obese participants are described on Tables 7 and 8.

Table 7. Baseline Physiological Characteristics

PhysicalCharacteristic Mean + SL Minimun Maximun
Age (years 50 £8.( 37 67
Height (cm 178 £ 6.( 167 18¢
Weight (kg 101 + 18.! 67 127
BMI (kg/m?) 32.0+4. 23 4C
% Fat(% of weight 29+4.( 19 34
VO, (L'min™) 2.89+0. 2.1 3.7
VOsma (Mkg ™ min™) 28.9+4.: 22 36
SBP (mmHg 140 £ 8.¢ 12¢ 154
DBP (mmHg 92 +6.! 78 104

Blood Characteristic
Cholesterol (mg/dl 253 £ 4.0 194 33¢
LDL-C (mg/dL] 168 + 4.0 10z 257
HDL-C (mg/dL 32+EL0 25 44
TG (mg/dL; 267 + 140 45 494
NEFA (mEq/L] 1.34 £ 0.4 0.9¢ 2.7¢
Glucost (mg/L) 99.6 + 12.i 80.2 131.¢
Insulin (UU/mL) 15.5 + 1(.0 3.7 36.2
HOMA scor¢ 3.92+ 2.7 1.0¢ 9.32
Adiponectin (1g/mL) 57+2. 3.2 9.€
HMW adiponectin jig/mL) 2.8+ 1.( 1.4 4.€
Leptin (ng/mL 209+ 12. 9.3 47.%

All values are presented as means * standard devialong with minimum and maximum values that defthe
range. BMI = body mass indeX O, = maximal oxygen consumption in liters per mint),.x = maximal
oxygen consumption mililiters per kilogram per mguSBP = systolic blood pressure; DBP = diastblizod
pressure; LDL-C = low density lipoprotein cholesterHDL-C = high density lipoprotein cholesterol,GT=
triglyceride; NEFA = non-esterified fatty acid; HOWscore = homeostasis model score; HMW adiponectiigh
molecular weight. Concentrations were determinethfplasma.
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Table 8. Participants Meeting Criteria for Metabolic Syndrome

Variable NCEP Criteriafor Elevated Frequency Percentage
CVD Risk

Total Cholesteroor LDL-C >200 mg/dl or >130 mg/dL 15/15 100%
HDL-C <40 md/dL 13/1¢ 87%
Triglyceride >150 m¢/dL 12/1¢ 80%
Glucost >100 m¢/dL 6/15 40%
SBP >140 mmHg 13/1¢ 87%
BMI > 30 kg/n® 12/1¢ 80%
Those with elevate 14/15 93%
cholesterol and meeting3>

NCEP-MetS criteria

All values are presented as the number of partitfomeeting criteria threshold and as a percerftage 15
participants. NCEP = National Cholesterol Educafoogram; HDL-C = high density lipoprotein cholesteSBP
= systolic blood pressure; DBP = diastolic bloodssure; BMI = body mass index; MetS = metabolicsyme.

Plasma volume changes with exercise, relativeddtseline estimate, ranged from 1%
to > 11%. However, the plasma volume shifts ocogrwith exercise and the recovery period
were not significantly different (p = 0.07s k= 2.18). We present plasma volume adjusted and
unadjusted results because even small, statisticalignificant, fluctuations in plasma volume
may change our interpretation of how exercise ariltes blood concentration variables.
Clinical Markers of Insulin Sensitivity (unadjusted for plasma volume changes)

Average plasma glucose concentrations were notdl&ter several bouts of aerobic
exercise (p = 0.13,s/s= 1.77). However, mean insulin concentrations ttiedHOMA scores
decreased after one exercise session (p = 05025 2.95) and (p = 0.04 sk = 2.51) for all
variables. NEFA concentration remained unalterdt exercise and through most of the
recovery period; however, NEFA concentration wa% 1@wer than baseline concentrations 72
hours post-exercise (p = 0.04, & 2.45). The clinical marker responses to exerare

recovery are provided in Table 9.

50



Table 9. Clinical Markers of Insulin Sensitivity (unadjusted for plasma volume changes):
Responses to Exercise and Recovery

Variable Baseline Day - Day & Day ¢ 24-pos 72-pos

NEFA (mEqg/L, | 1.24£015° 1.54+017 128+014 156+015 1.40+015 1.11+00€
Glucose mg/L) 99.6+03  96.1+:5° 101.8+:9° 101.7+.7° 102.9+.9° 104.1%32°
Insulin U/ mL) | 155+%6° 115+17° 104%11° 123+19®  93#(1"  11.9%19°
HOMA score 3.2+ 072" 277+044° 261033 3.06+053" 23:+026° 299+051%

All values are presented as means + standard &feans with the same superscript are statisticithylar (p >
0.05). NEFA = non-esterified fatty acids; HOMA se& homeostasis model score; QUICKI index = quativie
insulin sensitivity check index.

Adipokine Concentrations (unadjusted for plasma valme changes)

Concentrations of adiponectin (p = 0.92;4= 0.28) and HMW adiponectin (p = 0.99;
Fs, 6= 0.12) were not altered by exercise. ANOVA restidm transformed and non-
transformed leptin concentrations were not differérerefore, results for the non-transformed
leptin concentration are reported here. A singkr@se session lowered the average leptin
concentration by 10% and leptin continued to dessres® that concentrations were 26% lower
than baseline concentrations after four exerciseisns (p < 0.001). Leptin remained lower than
the average baseline concentration up to 72 hdtmsa@mpleting exercise. The adipokine
responses to exercise and recovery — unadjustgda®ma volume shifts — are described in
Table 10 and illustrated in Figure 2.

Table 10. Adiponectin Concentrations (unadjusteddr plasma volume changes)

Variable Baselint Day 2 Day Day ¢ 24-pos 72-pos

Adiponectin {1g/mL) 5.66+0.6° 5.68+0.6° 5.86 £+0.6° 5.95+0.8° 5.66+0.9° 555+0.7°
HMW Adiponectin ig/mL) | 2.77+0.3° 2.82+0.4° 278%0.3° 283£0.44° 273+04° 267+03°

All values are presented as means + standard &feans with the same superscript are similar (p05)0
HMW = high molecular weight. Concentrations areomed agug/mL.
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Fig. 3. Plasma Volume-unadjusted and Adjusted Lepti Responses to Exercisdll values are presented as
means + standard error. Means with the same sup#race similar (p > 0.05). Baseline unadjuste@. 92+ 3.7);
Day 2 unadjusted (18.9 * 3.5); Day 3 unadjusted0d(¥33.2); Day 4 unadjusted (17.9  3.2); 24-hoostp
unadjusted (15.4 = 2.9); 72-hour post unadjust&d6(x 3.3). Baseline adjusted (20.9 = 3.7); Daylpisted (19.2 +
3.6); Day 3 adjusted (19.1 + 3.8); Day 4 adjust®lq + 3.8); 24-hour post adjusted (16.1 + 3.3}hdRr post
adjusted (19.6 + 3.6).

Clinical Markers of Insulin Sensitivity (adjusted for plasma volume changes)

Glucose (p = 0.13,4%=1.77) and NEFA (p = 0.095F = 1.98) concentrations and the
HOMA score (p = 0.07, 4= 2.18) were not altered by exercise. However abverage insulin
concentration was lowered after one exercise se¢pig 0.0001; F¢=118.9) and remained
lower than baseline values up to 72 hours afteftasieexercise session. The plasma volume-
adjusted clinical marker responses to exerciseermvery are shown in Table 11.

Table 11. Clinical Markers of Insulin Sensitivity (@djusted for plasma volume changes)

Variable Baselint Day Day : Day ¢ 24-pos 72-pos

NEFA (mEq/L; 1.34+015° 1.5€+0.18 1.34+017 1.€4+019° 1.47+019 1.1€+009
Glucose (m/L) 99.6+:3  96.1+:5° 101.8+:.9° 101.7+.7° 102.9+:.9° 104.7+:.2°
Insulin U/ mL) | 155+26" 115+17° 10.6%11° 129#11®  95#(1" 125%11%

HOMA score 3..2+0.72 2.7¢+044° 2.7:+03%F 3.41+06F 2.41+026° 3.32+0.62°

All values are presented as means + standard &feans with the same superscript are similar (p05)0
NEFA = non-esterified fatty acids; HOMA score = heostasis model score.

52



Adipokine Concentrations (adjusted for plasma volune changes)

The average adiponectin (p = 0.36;4= 1.12) and adiponectin HMW (p = 0.89; &=
0.33) concentrations remained unchanged after akesessions of exercise. However, leptin
significantly decreased after two bouts of exeraisd remained lower than the baseline
concentration for up to 24 hours after the last@ge session (p = 0.0006; k= 5.37). The
plasma volume-adjusted adiponectin responses taisgeand recovery are shown in Table 12.

Table 12. Adiponectin Concentrations (adjusted foplasma volume changes)

Variable Baseline Day 2 Day 3 Day 4 24-post 72-post

Adiponectin (1g/mL) 566+0.62° 5.73+0.6¢ 6.05 +0.77 6.19 +0.8¢° 5.77 +0.8° 5.78 +0.8°
Adiponectin HMW(g/mL) 2.77 £ (37° 2.87+0.4° 287+03% 294+04° 278+0.3°% 2.78+0.3°

All values are presented as means + standard &feans with the same superscript are similar (p05)0
ADN = adiponectin; HMW = high molecular weight adipectin.

Physiological Responses to Exercise

All participants completed four bouts of exercisel ghe target exercise intensity and
duration in each exercise session was met. Theisravxygen consumption ranged from 15.7
to 24.5 mkgmin™ and the exercise heart rate ranged from 115 td&&fs per minute. The
exercise time ranged from 28 to 43 minutes peri@@s§he physiological variables measured
from each exercise session are presented in T8ble 1

Table 13. Exercise Session Characteristics

Variable Baseline Day 2 Day 3 Day 4 P-Value
CAL (kcalbout) 351 +(.7° 351 +1.1° 346+ 08® 35(+0.3° 0.C4
TIME (min™) 34.1+11° 35.0+ .3 35.2 + 1.3° 34.9 +.3° 0.32
HR (beatmin™) 138 + 2 133 +¢° 131+ 2 133+ <0.001
VO, (L'min?) 2.08+0.1° 2.05%(1° 2.02 £ (1° 2.04 £(1° 0.3t

All values are presented as means + standard &ezms with the same superscript are similar (p08)0

CAL = exercise caloric expenditure; TIME = exerciime; HR = exercise heart rat¥:0, = absolute oxygen
consumption.
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Correlations
Correlations Among Baseline Variables

Baseline insulin concentrations were correlateth WEFAS (r = 0.66; p = 0.03) and
NEFAs were correlated with HOMA (r = 0.62; p = 0.0%ihere was an inverse correlation
between HMW adiponectin and NEFA (r = -0.67; p 63). Leptin concentrations were
correlated with body weight (r = 0.71; p = 0.01MB(r = 0.72; p = 0.01), percentage of body fat
(r=0.69; p=0.02) and NEFA (r=0.72; p = 0.01).
Correlations Between Baseline Physiological Varesbhnd the Changes in Plasma Volume-
Adjusted Variables

Body weight (r = 0.78; p = 0.001) and BMI (r = 0,88< 0.001) were correlated with the
changes in insulin concentrations after exercis®(f24 to 72 hours after the last episode of
exercise). Body weight (r = 0.67; p = 0.03) andcpatage of body fat (r = 0.73; p = 0.02) were
correlated with the change in leptin concentratiover the same period of time.
Quiality Control

The intra-assay coefficients of variation were@®vs: adiponectin: 2.78%; HMW
adiponectin; 4.45%; leptin: 10.28%; insulin: 1.028ticose: 0.98%; NEFA: 2.30%. The inter-
assay coefficients of variation were as followdpadectin 2.72%; HMW adiponectin 2.63%;
leptin 3.39%; insulin: 2.20%; glucose: 1.8%; NERA36%. Because all samples from a single
participant were analyzed in a single assay “rimtgr-assay variation was eliminated as random

error.
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CHAPTER V
DISCUSSION
Our purpose was to clarify the effect of exerciseadipokine responses in sedentary

obese men with MetS. Our primary findings are lepbncentrations may be transiently lowered
with exercise, of sufficient volume. It appearsttha exercise energy expenditure of between
350 and 700 kcals is adecuate to induced decreapkssma leptin. In regard to leptin
concentrations, the accumulated effect of exemmisepleted on 4 consecutive days was greater
than the effect obtained from a two exercise sassiotally 700 kcals. Fasting insulin
concentrations decrease with as little as 350 karadsadiponectin concentrations did not change
at all. Together, these results indicate that chamg leptin; but not adiponectin may continue to
improve insulin resistance but are not necessarg fost exercise insulin-mediated glucose
metabolism to be improved. The decreases in fapigh and insulin concentrations after
multiple bouts of exercise last up to 24 hoursrmitlonger than what has been observed with a
single session (22, 23). The results were sligtifferent plasma-volume adjusted and plasma-
volume unadjusted after exercise in HOMA scoresnidngng fasting insulin and glucose. These
results confirm that plasma leptin concentratioms fasting insulin concentrations decreased
transiently after exercise without changes in badight and with or without corrections for
plasma volume changes (22, 23, 62). Correctingdbl@uiables for plasma volume after exercise
may alter our interpretation of results making piassolume corrections necessary. Our findings

support previous reports in which adiponectin ahd\MiA adiponectin did not increase with a

55



single or with multiple exercise sessions when geann body weight and/or body fat did not
occur (10, 26, 59, 72, 98, 121).
Adipokine Responses to Single Bout of Exercise

Leptin concentrations were not altered by a sibglat of exercise. These results confirm
our hypothesis that 350 kcals of exercise energgeded is not enough to decrease leptin
concentrations even in sedentary obese men witls M@k choose 350 kcals because others
have shown that this amount of energy expenditanechange other blood markers of metabolic
health in these type of participants (20). Our itsssupport previous reports in which leptin
concentrations are not affected by a single boeixefcise in sedentary healthy young men (27,
134). Weltman et al. (134) found that 30 minuteaerobic exercise at caloric expenditures
ranging from 150 to 530 kcal per session did nier & ptin concentrations in young males.
However, leptin concentrations can decrease whercee results in high caloric energy
expenditure (23, 79, 81). For instance, leptin eoi@tions decreased after expending 800 kcals
running on treadmill in moderately trained men (Z3thers reported that leptin concentrations
decrease with relatively low calorie expenditureewlexercise is at high-intensity (22, 62). Elias
et al. (22) observed that leptin concentrationselse by 15% after a maximal treadmill test in
sedentary overweight males. However, Perusse @t0d) reported that leptin concentrations
were unchanged after a maximal treadmill exer@sein young healthy men and women. The
discrepancies in these studies are possibly dtieettype of participants or maybe due to
corrections in plasma volume changes. Perussedledgues (107) reported that they corrected
leptin for plasma volume changes and Elias e2a)) did not. It is possible that exercise
intensity may have an influence on the exercispaese. However, we did not examine the
effect of exercise intensity in leptin concentraioOur participants were obese men with MetS

and certainly they can perform a supervised maxgreded exercise test. However from a
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practical perspective it is not recommended thesehindividuals exercise daily at higher
intensities because of their excess body weight cardiorespiratory fithess and because they
are at higher risk of an untoward event during eiser(37). However, we cannot rule out the
possibility that exercise intensity may contribtde¢he decrease in leptin concentrations.

We observed a 26% decrease in fasting insulin ¢cdrat@ns and a non-significant 29%
decrease in HOMA score after one exercise sestlmse results confirm our hypothesis that
fasting insulin and HOMA score would be reduceéradt single bout of exercise. This is
consistent with prior investigations in which fasfiinsulin concentrations range from 27 to 35%
lower and HOMA scores also decrease after a slmghe of exercise in healthy, moderately
trained and overweight individuals (10, 23, 26,.59)

We found that a single bout of exercise did notéase adiponectin or HMW adiponectin
concentrations. These results support our hypatteesl confirm that adiponectin or HMW
adiponectin was not altered with exercise in hgakledentary and/or obese individuals (10, 26,
59, 72, 98). For instance, adiponectin conceninatioorrected for plasma volume changes, were
unchanged after a single bout of moderate-intesigrcise in overweight males (59). Kraemer
et al. (72) observed that a single session of esemcreased adiponectin concentrations almost
10% in healthy young men. However, plasma volunweassed by 8.5% after exercise and
when adiponectin was corrected for plasma volunamgés the increase in adiponectin was no
longer significant.

It is possible that the sensitivity of skeletal wledo adiponectin increased with no
changes in plasma adiponectin as previously repamtebese and insulin-resistant individuals
(9). The expression of the adiponectin receptoripdd and 2 in skeletal muscle increased after
a single bout of exercise indicating that the &ssensitivity for adiponectin may improve (9). In

the present study, we did not measure adiponestieptors responses to exercise. Therefore, we
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can not exclude the possibility that tissue sengytfor adiponectin may have improved.
Adiponectin concentration responses do not appéhrtins amount of exercise — and to the
extent that a single exercise session improvedimswetabolism — adiponectin concentrations
would be a poor marker for such changes.

A single bout of exercise has been shown to impneselin sensitivity and insulin
resistance with and without changes in adiponexircentrations (10, 26, 59). However, our
results and the results of others (26, 64, 109)ldveupport the position that there is at best only
a weak association between adiponectin concentiatind changes in insulin sensitivity with
exercise.

Adipokine Responses to Repeated Exercise

We found that additional caloric expenditure fromo tsuccessive exercise sessions
totaling 700 kcals decreased leptin concentratidfes hypothesized that leptin concentrations
would decrease with additional caloric expenditesulting from repeated daily exercise. There
was not further decreasing in leptin concentratiwite additional caloric expenditure from more
bouts of exercise suggesting that there is nodditige effect. It appears that somewhere
between 350 and 700 kcals is the caloric energgredipure threshold that may elicit a change in
leptin concentrations after exercise. We might ssgthis caloric expenditure because the effect
of exercise may last up to 24 hours for severaldrainvariables (20). When we introduced
another exercise bout of 350 kcals, the resultb@ktals appear to have induced post-exercise
decrease in leptin. It should be noted that ndh&rrteduction in leptin was observed after 700
kcals. This is consistent with a prior report inigfhleptin concentrations decreased after a single
bout of exercise in which 800 kcals were expendi mo further reduction at 1500 kcals (23).

We found that fasting insulin concentrations did cantinue decreasing with several

bouts of exercise. We hypothesized that repeatetise sessions reduce clinical markers of
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insulin resistance without changes in plasma volawljasted adipokine concentrations.
However, the temporary decrease in insulin comagahs may contribute at least, in part, with
the decrease in leptin concentrations and maykethé synthesis of leptin as suggested
previously (23). The mechanism by which aerobiaesge lowers leptin concentrations and
improves insulin sensitivity is not completely ungteod, but it appears that the activation of
AMPK may contribute at least, in part, with the impement in insulin sensitivity. Exercise
improves the action and sensitivity of leptin ie thypothalamus (28). At least in rats, leptin
injections in the hypothalamus of exercising ansnatreased the hypothalamic phosphorylation
of leptin receptor and increased JAK activity tgraater extent than the observed in sedentary
animals (28).

It is also possible that with exercise the decréagesulin concentrations decreases
leptin concentrations and may increase the seitgit¥the tissues to leptin in humans.
Individuals with MetS are already insulin resistant possible leptin resistant as well. Increased
leptin concentrations occur with body fat accumalatnd metabolic dysfunction and are
thought to be due to a systemic “leptin resistar{t&7). Higher concentrations of leptin have
been directly correlated with the degree of obg@8) and with MetS independent from obesity
(31), where leptin concentrations are elevatedl@piih transporters and receptors are impaired
(5). The chronically-elevated leptin concentratistimulate a pro-inflammatory response by
increasing the macrophage production of tumor reésfactor alpha (TNFk) and interleukin-6
(IL-6). These cytokines are implicated in inflamroat insulin resistance, and atherosclerosis (6,
84). Leptin concentrations decrease with weight laobese individuals (50, 114, 116). The
lowering of blood leptin concentrations that ocwith weight loss may be reflective of an
enhanced target tissue sensitivity (106). Thusiois@® may improve the sensitivity of skeletal

muscle for leptin and in turn, activate AMPK, inase glucose uptake and decrease the lipid

59



content in the cell promoting GLUT-4 translocatiorthe cell surface and improve insulin
sensitivity (21). However, these exercise bene#is also occur in healthy individuals.
Decreases in leptin concentrations and improvemenitsulin sensitivity after exercise have
been observed in healthy, lean, moderately traametobese individuals (23, 43, 110).
Furthermore, changes in leptin concentrations lh@es associated with changes in insulin
sensitivity, suggesting that improve leptin sengyiis related to improved insulin-mediated
glucose uptake (23).

We found that several repeated bouts of exerc@aal decrease adiponectin or HMW
adiponectin concentrations. We hypothesized thigbaectin concentrations would increase
with additional caloric expenditure resulting frogpeated daily exercise. Our results are in
contrast with a previous report in which two-toembouts of aerobic exercise performed within
a week increased adiponectin concentrations inm@ight individuals (74). However, it seems
from the current literature that adiponectin conicgons increase more often when body weight
or body fat decrease in sedentary, obese, impgluabse and in type 2 diabetic individuals (9,
53,101, 112).

Accumulated Effect of Multiple Bouts of Exercise

We found that the accumulated effect from multipbeits of exercise decreased leptin
concentrations by 23% and this benefit was grehter the 9% decreased in leptin
concentrations observed after two bouts furthepsttdor energy expenditure thresholds and
that caloric expenditure is a stimulus for changesenergy balance signal. This effect lasts up
to 24 hours after the last bout of exercise. Thesalts are in contrast with our hypothesis that
decreases in leptin concentrations may persis fireater period of time after exercise than
what is observed after a single exercise bout. Wégim concentrations decreased with

exercise, these responses are also transient3R)&creases in leptin concentrations have been
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observed to last between 30 and 120 minutes ati@mnal exercise (22) and to persist for up to
48 hours after exercise (23).

In the exercise training literature few researchwenge reported the timing of the blood
sample after the last exercise session (9, 51,14X), Blood samples after the last bout of
exercise were obtained between 12, to 96 hours@meek following the last exercise training
session (9, 51, 100, 125, 142). If blood samplegaken within 48 hours after the last bout of
exercise and a change in these adipokines ocase tthanges may be attributed to a transient
response to exercise and not to a training adaptati

Relatively rapid metabolic responses to a singl& bbo accumulated exercise over
several days may elicit similar changes in instdisistance and adipokine concentrations that
are often reported as adaptations to exercisdargaifhus, improvements in metabolic health
can occur with just one or two sessions of exenmigieout changes in body weight or body
composition, even in men with MetS, and maintaiwitl repeated exercise rather than
potentiated with each successive exercise bouteffbet of four bouts of exercise imparts a
decrease in plasma leptin and improves insulinisefgthat may be contributory to changes in
insulin resistance that can last for up to 24-radter the last bout of exercise.

Summary and Conclusions

In summary, we found that plasma leptin concertnatiare transiently reduced in obese
men with metabolic syndrome and this reduction magtained up to 24 hours after exercise.
Adiponectin and HMW adiponectin were unaltered kgreise. No further change in adipokines
and markers of metabolic health were observed akercise repeated on successive days. It
seems that the accumulated energy expenditureociepeated bouts of exercise on successive

days imparts a greater leptin response beyondfhato exercise sessions.
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The changes in leptin concentrations after exeroigg occur without changes in body
weight or body composition. It is critical to adjidood variables of interest for plasma volume
fluctuations that occur with exercise.

Our results are consistent with the current gérexercise recommendations from the
American College of Sports Medicine and the Amaeriekeart Association of daily moderately-

intense aerobic exercise in order to promote andtaia health (46).
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