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Obesity is associated with elevated levels of the pro-inflammatory cytokines 

interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α), contributing to systemic 

insulin resistance. Fibroblast growth factor 21 (FGF21) is a vital metabolic and 

inflammatory regulator, however circulating FGF21 concentrations are elevated in obese 

individuals. Acute aerobic exercise increases systemic FGF21 in normal-weight 

individuals, however the effect of acute aerobic exercise on plasma FGF21 response and 

the relationships with inflammation (IL-6 and TNF-α), insulin resistance, and energy 

expenditure in obese individuals is unknown. Following 30 minutes of treadmill running 

at 75% VO2max, plasma FGF21 response, as indicated by area-under-the-curve “with 

respect to increase” (AUCi) analyses, was attenuated in 12 obese compared to 12 normal-

weight subjects. Additionally, FGF21 AUCi positively correlated with glucose AUCi, 

total relative energy expenditure, and relative VO2max, suggesting that cardiorespiratory 
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fitness levels may predict FGF21 response, contributing to the enhanced regulation of 

glucose and energy metabolism. 
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I. INTRODUCTION 

 

In the United States, obesity is reaching epidemic proportions as current 

prevalence rates are 34.9% in adults (Ogden et al. 2014). Obesity is a low grade, chronic 

inflammatory state contributing to the increased risk of cardiovascular disease (CVD) and 

type 2 diabetes mellitus (Kahn et al. 2006; Van Gaal et al. 2006). These obesity-

associated illnesses are marked by elevated levels of pro-inflammatory cytokines 

including interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α) (Galic et al. 2010; 

Shurk et al. 2007) through the migration of blood monocytes into white adipose tissue as 

classically activated (M1), macrophages (Weisberg et al. 2003; Xu et al. 2003). 

Therefore, the identification of possible mediators contributing to obesity-associated 

inflammation is essential for early detection, prevention, and treatment of chronic 

inflammatory diseases.    

Fibroblast growth factor 21 (FGF21) is a member of the fibroblast growth factor 

superfamily (Long and Kharitonenkov 2011) preferentially expressed by hepatocytes, 

adipocytes, and skeletal muscle (Izumiya et al. 2008; Muise et al. 2008; Nishimura et al. 

2000). Circulating FGF21 concentrations are positively associated with body mass index 

(BMI) (Dushay et al. 2010; Zhang et al. 2008) and elevated in patients with type 2 

diabetes mellitus (Chavez et al. 2009), potentially as a compensatory mechanism to 

mediate obesity related inflammatory and metabolic insult (Feingold et al. 2012; Hojman 

et al. 2009). For example, FGF21 is increased in response to insulin (Hojman et al. 2009), 

whereas Feingold et al. (2012) found increased FGF21 expression in adipose 
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tissue and skeletal muscle as an acute phase response in mice, protecting cells from 

inflammatory stimuli such as lipopolysaccharide (LPS). Furthermore, FGF21 has been 

shown to decrease pro-inflammatory cytokine production such as TNF-α via the 

inhibition of NF-κB in human myotubes (Lee et al. 2012). However, the role of FGF21 in 

mediating an anti-inflammatory response is unclear (Coskun et al. 2008).  

While aerobic exercise training has been demonstrated to decrease the risk of 

chronic inflammatory diseases (Bruunsgaard 2005), Steensberg et al. (2001) found an 

elevation in plasma IL-6 concentrations following acute intense exercise. This exercise-

induced IL-6 production has been shown to be exacerbated in obese compared to normal-

weight individuals (Christiansen et al. 2013), suggesting impaired FGF21 response. 

However, it is also important to note that elevated IL-6 following exercise may act as an 

anti-inflammatory mediator. Specifically, Steensberg et al. (2003) infused IL-6 to attain 

intense exercise-induced concentrations in human subjects and found an elevation in anti-

inflammatory cytokines, such as IL-10, after one hour of IL-6 infusion. These findings 

indicate that an elevation in circulating IL-6 following exercise may initiate a reciprocal 

anti-inflammatory response that can promote recovery.  

Interestingly, exercise training has been shown to lower circulating FGF21 

concentrations in overweight and obese individuals (Scalzo et al. 2014; Yang et al. 2011). 

In response to acute exercise, elevations in circulating FGF21 concentrations have been 

demonstrated in an intensity-dependent manner up to 4 hours into recovery in normal-

weight subjects (Kim et al. 2013; Kondo et al. 2011). Although FGF21 may act as a 

metabolic regulator controlling glucose uptake (Kharitonenkov et al. 2005; Lee et al. 

2012), obese individuals have been shown to be more resistant to FGF21 fluctuations 
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postprandially as well as during periods of negative energy balance compared to normal-

weight individuals (Yu et al. 2011). Given these findings, it remains unclear whether 

acute exercise would elicit an elevation in circulating FGF21, thus contributing to the 

regulation of inflammatory responses, insulin resistance, and substrate utilization in obese 

individuals compared to those of normal-weight.  

Therefore, the primary objective of this study was to examine the effect of acute 

intense exercise on plasma FGF21 response and its relationships with inflammatory 

cytokines (IL-6, and TNF-α), insulin resistance, and energy utilization in obese and 

normal-weight subjects. We hypothesized that following acute exercise, plasma FGF21 

response in obese subjects would be attenuated compared to normal-weight subjects. 

Furthermore, we anticipate that the blunted plasma FGF21 response in obese individuals 

would be accompanied by an exacerbated elevation in plasma IL-6, impaired 

improvement in insulin resistance, as well as substrate utilization. 
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II. LITERATURE REVIEW 

 

Introduction 

Adult obesity prevalence rates in the United States are 34.9%according to the 

most recent National Health and Nutritional Examination Survey (Ogden et al. 2014). 

This is worrisome as obesity is a chronic inflammatory state involved in the accelerated 

pathogenesis of numerous inflammatory disorders including type 2 diabetes mellitus 

(T2DM) and cardiovascular disease (CVD) (Kahn et al. 2006; Van Gaal et al. 2006) as 

well as excess mortality relative to normal-weight individuals (Flegal et al. 2007). These 

obesity-associated illnesses have been linked to elevations in plasma pro-inflammatory 

cytokines such as interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α) (Galic et 

al. 2010; Shurk et al. 2007).  

Numerous mechanisms are known to contribute to increased pro-inflammatory 

cytokine profiles including the enlargement of adipocytes and increased accumulation of 

adipose tissue-specific macrophages (Weisberg et al. 2003; Winkler et al. 2003; Xu et al. 

2003). Additionally, elevated IL-6 and TNF-α levels have been demonstrated to play a 

direct role in the onset of insulin resistance (IR) by inhibiting insulin-stimulated tyrosine 

phosphorylation of the insulin receptor substrate-1 (IRS-1) and the deregulation of 

glucose transporters (Hotamisligil et al. 1993, 1994b; Rotter et al. 2003).  
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Fibroblast growth factor 21 (FGF21) is released by adipocytes and skeletal 

muscle and acts as an endocrine manner regulating insulin sensitivity and inhibiting TNF-

α production (Izumiya et al. 2008; Kharitonenkov et al. 2005; Lee et al. 2012; Muise et 

al. 2008). Elevated plasma FGF21 has been observed in obese populations (Dushay et al. 

2010; Zhang et al. 2008). Aerobic exercise training has been shown to decrease the risk 

of chronic inflammatory diseases and to mediate FGF21 response (Bruunsgaard 2005; 

Cuevas-Ramos et al. 2010).   

Therefore, the purpose of this review is to focus on the mechanisms involved in 

the pathogenesis of obesity-related inflammatory diseases, specifically IR, and to further 

understand the role of FGF21 in the mediation of inflammation following exercise.  

Inflammation and Macrophage Accumulation 

Adipose tissue is an endocrine organ contributing to the regulation of plasma 

cytokines (Galic et al. 2010). Adipocyte hypertrophy, a characteristic of obesity, is 

positively correlated with BMI and contributes to the increased production of IL-6 and 

TNF-α in both mRNA and plasma (Galic et al. 2010; Shurk et al. 2007). This is further 

exacerbated in obese compared to normal-weight populations (Winkler et al. 2003). 

Weight loss, however, is associated with decreased TNF-α mRNA in adipose tissue 

(Kern et al. 1995).  

Increased adiposity is also linked to elevated monocyte chemoattractant protein 1 

(MCP-1) and colony stimulating factors such as granulocyte-macrophage colony-

stimulating factor (GM-CSF) (Kim et al. 2008; Shurk et al. 2007).  MCP-1 is a 

chemoattractant secreted by adipose tissue specific for monocytes and macrophages, 

contributing to the migration of blood monocytes to white adipose tissue (WAT) 
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(Matsushima et al. 1989; Weisberg et al. 2003; Yoshimura et al. 1989). In chronic 

inflammatory states, adipocyte MCP-1 mRNA and secretion levels are elevated (Sartipy 

and Loskutoff 2003), as well as macrophage infiltration and accumulation (Weisberg et 

al. 2003; Xu et al. 2003). Furthermore, GM-CSF is released by activated macrophages 

into circulation where they rescue monocytes from apoptosis through the induction of 

autophagy, an essential process for monocyte differentiation into tissue bound 

macrophages (Zhang et al. 2012). However, MCP-1 and GM-CSF knockout mice display 

blunted migration and decreased macrophage infiltration and accumulation in adipose 

tissue, respectively (Kanda et al. 2006; Kim et al. 2008; Lu et al. 1998). 

Adipose tissue macrophages also undergo a phenotypic switch from the anti-

inflammatory M2, alternatively activated, macrophages to pro-inflammatory M1, 

classically activated, macrophages (Lumeng et al. 2007; Weisberg et al. 2003). Weisberg 

et al. (2003) showed that the percentage of the M1 macrophages surface marker CD68 in 

human adipose tissue increases with BMI, ranging from 10% in lean subjects to 50% in 

obese. M1 macrophages are the predominant source of systemic IL-6 and TNF-α and 

enhance GM-CSF release (Hamilton 2002; Weisberg et al. 2003). These findings support 

the association between adipocyte hypertrophy and increased M1 macrophage 

accumulation, with the exacerbation of IL-6 and TNF-α levels. 

Obesity, Inflammation, and Exercise 

Acute aerobic exercise has been shown to elevate pro-inflammatory cytokine 

production. More specifically, Louis et al. (2007) examined the effect of a 30-minute 

acute exercise at 75% VO2 max on inflammatory cytokine expression in skeletal muscle 

and found that there was a 187-fold increase in IL-6 mRNA 8 hours post exercise while 
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TNF-α mRNA levels increased 4.5-fold 12 hours post exercise. Furthermore, these 

exercise-induced cytokine levels have been shown to associate with BMI (Harris et al. 

2008).  

However, aerobic exercise training has been shown to reduce low-grade 

inflammation in obese individuals (Bruun et al. 2006; Bruunsgaard 2005). For example, 

plasma IL-6, MCP-1, and TNF- α decreased in response to aerobic exercise training 

greater than 12 weeks (Bruun et al. 2006; Strączkowski et al. 2001), while adipose tissue 

IL-6 and TNF-α mRNA levels also decreased after 15 weeks (Bruun et al. 2006). 

Furthermore, M1 macrophage marker CD68 mRNA levels decreased by 40% in adipose 

tissue following 15 weeks of aerobic exercise training (Bruun et al. 2006).  Previous 

studies also show that at least a 10% weight reduction is needed to reduce these obese 

inflammatory parameters (Forsythe et al. 2008). These findings support that weight loss 

and exercise training act as strong intervention methods for decreasing pro-inflammation.  

Inflammation and Insulin Resistance 

 Obesity-induced inflammation is closely related with IR. During normal 

homeostatic states, insulin binds to the tyrosine kinase receptor’s α subunit on the cell 

membrane of adipose tissue and skeletal muscle, resulting in the phosphorylation of the β 

subunit. This triggers the phosphorylation of IRS-1 and the subsequent downstream 

translocation of the glucose transporter, primarily GLUT-4, to the cell membrane through 

the mediation of numerous proteins. Elevated plasma levels of IL-6 and TNF-α are 

correlated with IR and directly inhibit insulin-stimulated signaling and GLUT-4 

translocation (Hotamisligil et al. 1994b; Shepherd and Kahn 1999).  
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In obese and insulin resistant rats, insulin-stimulated tyrosine autophosphorylation 

of IRS-1 by the insulin receptor is decreased in adipose tissue compared lean rats 

(Hotamisligil et al. 1996). Mechanistically, Hotamisligil et al. (1996) demonstrated that 

TNF-α treatment mediated phosphorylation of IRS-1 serine residue interfering with 

insulin-stimulated tyrosine phosphorylation of IRS-1.  However, TNF-α knockout mice 

were protected against such reductions and demonstrated decreased fasting glucose and 

insulin levels (Uysal et al. 1997).  

In skeletal muscle, TNF-α decreases insulin sensitivity by stimulating c-Jun NH2-

terminal kinase (JNK) phosphorylation and reducing the phosphorylation of Akt 

(Plomgaard et al. 2005; Yuasa et al. 1998). JNK phosphorylates serine reside of IRS-1 

impairing insulin-stimulated autophosphorylation of IRS-1 by the insulin receptor 

(Aguirre et al. 2000). Akt is an important downstream kinase which regulates glucose 

uptake by triggering GLUT-4 translocation to the cell membrane. Reduced Akt 

phosphorylation decreases GLUT-4 translocation, highlighting the multi-faceted 

mechanistic role of TNF-α-induced IR (Plomgaard et al. 2005).  

To simulate chronic low-grade inflammation characteristic of obesity, chronic 

treatment with TNF-α reduced insulin-stimulated insulin receptor tyrosine 

autophosphorylation and IRS-1 phosphorylation in a dose dependent manner 

(Hotamisligil et al. 1994a). In obese mice, TNF-α treatment also reduced GLUT-4 

mRNA levels in adipose tissue compared to lean mice (Hotamisligil et al. 1993). IL-6 

infusion displayed similar results, however the effects were neither as potent nor rapid 

(Hotamisligil et al. 1993; Rotter et al. 2003). Interestingly, TNF-α has also been shown to 

stimulate the release of IL-6 from adipocytes in vitro (Rotter et al. 2003), demonstrating 
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that TNF-α mediates IR both directly and indirectly. Therefore, the need to identify 

possible mediators involved in the control of obesity associated inflammation and IR is 

an important step towards the early detection, prevention, and treatment of chronic 

inflammatory diseases. 

Exercise and the IL-6 Paradox 

Aerobic exercise training also improves IR in both normal-weight and obese 

populations (Boulé et al. 2001; Goodpaster et al. 2003), even in the absence of weight 

loss (Duncan et al. 2003). Acute aerobic exercise also increases insulin sensitivity in 

normal-weight and obese subjects immediately following exercise and throughout 

recovery (Jamurtas et al. 2006; Magkos et al. 2010; Richter et al. 1982).  

Numerous studies indicate that mRNA expression and plasma IL-6 increase 

following acute exercise (Bruunsgaard 2005; Louis et al. 2007; Steensberg et al. 2001, 

2002). Increases in IL-6 are dependent upon the duration, intensity, and the number of 

skeletal muscle fibers recruited during exercise (Pedersen and Febbraio 2005). For 

example, Nielsen et al. (1996) showed a twofold increase in IL-6 mRNA after just six 

minutes of maximal rowing exercise, while Steensberg et al. (2002) demonstrated a 100-

fold increase in response to three hours of strenuous exercise. Additionally, exercise 

induces increases in skeletal muscle JNK mRNA independent of TNFα, which has been 

shown to mediate IL-6 production in skeletal muscle (Boppart et al. 2000; Frost et al. 

2004).  

This highlights an IL-6 paradox. While IL-6 is commonly referenced to as a pro-

inflammatory cytokine in association with IR, evidence indicates that IL-6 promotes 
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glucose uptake by stimulating GLUT-4 translocation in skeletal muscle at rest and in 

response to exercise independent of insulin (Carey et al. 2006; Steensberg et al. 2002).  

IL-6 also works as an anti-inflammation mediator. Specially, Steensberg et al. 

(2003) infused IL-6 to attain intense exercise-induced concentrations in human subjects 

and observed an elevation in anti-inflammatory cytokines, such as interleukin-10 (IL-10), 

after 1 h of IL-6 infusion. Furthermore, IL-6 has been shown to antagonize the pro-

inflammatory effects of TNF-α (Pedersen et al. 2003; Starkie et al. 2003). These findings 

indicate that an elevation in circulating IL-6 following exercise may initiate a reciprocal 

anti-inflammatory response promoting recovery.  

Fibroblast Growth Factor 21 

FGF21 is a member of the fibroblast growth factor superfamily (Long and 

Kharitonenkov 2011). Numerous tissues express and release FGF21 into plasma where it 

acts in an endocrine manner. In normal homeostatic conditions, FGF21 signals through 

FGF receptors (FGFR), forming a complex with the βKlotho protein required for high-

affinity FGF21 binding (Kuro-o 2008). This FGFR-βKlotho complex triggers tyrosine 

kinase activity to regulate insulin sensitivity, lipid metabolism, as well as preserve 

pancreatic β-cell function by rescuing cells from death by apoptosis in diabetic animal 

models (Hotta et al. 2009; Kharitonenkov et al. 2007; Wente et al. 2006). Specifically, 

FGF21 mRNA is mediated by peroxisome proliferator-activated receptor gamma in 

adipose tissue and Akt activation in skeletal muscle (Izumiya et al. 2008; Muise et al. 

2008). Furthermore, FGF21 promotes glucose uptake in adipose tissue and skeletal 

muscle through the activation of Akt and the subsequent translocation of glucose 
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transporters to the cell membrane (Cuevas-Ramos et al. 2009; Kharitonenkov et al. 2005; 

Lee et al. 2012).  

FGF21, Inflammation, and Insulin Resistance  

Studies have shown that obesity is associated with elevated plasma FGF21 levels 

(Dushay et al. 2010; Zhang et al. 2008). Fisher et al. (2010) compared diet-induced obese 

(DIO) FGF21 knockout mice with DIO wild-types (WT), demonstrated that DIO WT 

mice displayed elevated FGF21 in both plasma and adipose tissue mRNA levels after the 

onset of obesity while possessing a similar phenotype to FGF21 KO mice, one which was 

not present prior to feeding. Additionally, adipose tissue FGFR and βKlotho mRNA 

expression were also reduced following feeding in DIO WT mice (Fisher et al. 2010). 

Furthermore, Hale et al. (2012) supported that FGF21 sensitivity decreases in obese mice 

however, mechanisms contributing to the resistant state of FGF21 still remain uncertain. 

Interestingly, a recent study in humans demonstrates FGF21 reduced the 

production of TNF-α via the inhibition of NF-κB (Lee et al. 2012). FGF21 also 

demonstrated to inhibit expression of TNF-α-induced JNK phosphorylation, subsequently 

increasing βKlotho expression of in skeletal muscle (Lee et al. 2012), supporting the anti-

inflammatory effects of FGF21 in humans. 

Therapeutically, FGF21 increased energy expenditure while enhancing the 

utilization of fat as energy, resulting in a 20% reduction of total body weight in diet-

induced obese mice (Coskun et al. 2008). Specifically, FGF21 treatment targets whole-

body and liver fat mass, while preserving fat free mass. Furthermore, Kharitonenkov et 

al. (2005) demonstrated that FGF21 treatment corrected IR in both obese and diabetic 

mice models. After 7 days of treatment, resting glucose concentrations decreased by 25-
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35% due to the increased phosphorylation of the tyrosine kinase membrane receptor and 

downstream activation of the GLUT-1 glucose transporter. These studies indicate that 

FGF21 treatment increases FGF21 sensitivity in obese and IR states.  

FGF21and Exercise 

Exercise may serve as an effective intervention towards increasing FGF21 

sensitivity in obese populations. However, studies on the response of FGF21 as result to 

exercise are limited. Cuevas-Ramos et al. (2010) reported that daily physical activity has 

a positive influence on plasma FGF21 levels. However, recent studies have shown 

inconsistent results in the effects of exercise training on plasma FGF21 levels. For 

example, Cuevas-Ramos et al. (2012) observed a significant increase in FGF21 levels in 

normal-weight females in response to two weeks of submaximal training. Alternatively, 

three weeks sprint interval training reduced circulating FGF21 levels in overweight 

individuals (Scalzo et al. 2014), while FGF21 concentrations were normalized in 

overweight and obese women after three months of submaximal aerobic training and 

resistance training (Yang et al. 2011), correlating with decreases in BMI as well as 

increases in insulin sensitivity. Furthermore, daily exercise in obese rats normalized 

FGF21 concentrations and increased FGF21 sensitivity by enhancing β-Klotho 

expression in the liver (Fletcher et al. 2012). In response to acute exercise, Kondo et al. 

(2011) reported an elevation in plasma FGF21 correlating with IL-6 elevation up to 4 

hours recovery in healthy male subjects in response to the performance of the Bruce 

protocol followed by 30-minutes of cycling at 85% VO2 Peak, while Kim et al. (2013) 

demonstrated that exercise-induced FGF21 increases may be intensity dependent. 
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However, no studies have examined whether FGF 21 is associated with inflammatory 

responses and/or insulin sensitivity following acute intense exercise in obese individuals. 

Summary 

Obesity-associated inflammatory parameters, such as TNF-α, have demonstrated 

on numerous occasions to increase the risk of IR and released diseases. Furthermore, 

evidence has demonstrated that increased TNF-α plays a strong role to increase adipocyte 

hypertrophy and macrophage accumulation. Although obese individuals have higher 

plasma FGF21 levels compared to normal-weight individuals, FGF21 has been 

demonstrated to counter the effects of TNF-α-mediated conditions such as IR. Aerobic 

exercise training has been shown to reduce pro-inflammatory states in obese populations; 

however, no studies have examined whether FGF21 may mediate inflammatory 

responses and/or insulin sensitivity following acute exercise in obese individuals.  
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III. METHODS 

 

Subjects 

Twenty-four healthy subjects (12 obese [5 males; 7 female] and 12 normal-weight 

[6 male; 6 female]) ages 18-35 were recruited to participate in the study. Subjects with a 

BMI above 30 kg/m
2
 were classified as obese, and those with a BMI between 18.5-24.9 

kg/m
2
 were classified as normal-weight. The study was approved by Florida Atlantic 

University’s Institutional Review Board and all subjects provided informed written 

consent prior to participation in the study. Participants also completed a medical history 

questionnaire and 7-day physical activity record prior to data collection.  

Subjects were excluded from the study if they possessed any known inflammatory 

diseases/conditions (e.g., cardiovascular disease, chronic kidney or liver disease, 

diabetes) or were under current administration of medication that may influence 

inflammatory or metabolic processes. Subjects were also excluded from the study if they 

were users of tobacco products (cigarettes, cigars, chewing tobacco), or if they consumed 

an average of ten or more alcoholic beverages per week.  Subjects were instructed to 

undergo an overnight fast for at least eight hours and to abstain from alcohol, caffeine 

intake, and intense physical activity for at least 24 hours prior to each laboratory visit.  

Finally, women who were pregnant or nursing also were excluded from the study because 

of the potential effects on immune responses (Mor and Cardenas 2010). 
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Procedures 

A schedule of subject visits is demonstrated in Table 1. Subjects were asked to 

arrive at the laboratory between 7:00 and 9:00 on the morning of the testing sessions. The 

first session consisted of completion of informed consent, familiarization with all 

instruments and procedures, and anthropometric measures. A maximal graded exercise 

test on a treadmill to assess maximal oxygen consumption (VO2max) was then 

administered beginning with a 3 minute warm-up at 3 mph with 0% grade. Speed was 

subsequently increased to elicit 80% ± 5 bpm of the subject’s age predicted maximal 

heart rate (HR). After 4 minutes, grade was increased 2% every 2 minutes while speed 

remained constant until voluntary exhaustion resulted within 12 to 15 minutes. Resting 

HR was measured prior to the test, continuously throughout exercise, and upon recovery 

with a HR monitor (Polar T31, Polar Electro, Kempele, Finland). Blood pressure was 

measured at rest and during recovery with a stethoscope and sphygmomanometer (752M-

Mobile Series, American Diagnostic Corporation, Hauppauge, NY). Ratings of perceived 

exertion (RPE) were obtained using the Borg 15 point scale and recorded every exercise 

stage. Pulmonary ventilation (VE) and respiratory gases (carbon dioxide (VCO2) and 

oxygen (VO2)) were measured continuously by open-circuit spirometry (ParvoMedics 

Metabolic Measurement System (ParvoMedics, Sandy, UT, USA)). VCO2 and VO2 were 

averaged every 15 seconds to calculate respiratory exchange ratio (RER: VCO2/VO2). 

Criteria for attaining VO2 max included attainment of two of the following criteria: a 

plateau in O2 consumption (defined as a failure to increase oxygen uptake by 150 ml/min 

with increased workload), RER ≥ 1.15, HR within 10 bpm of subject’s age-predicted 

maximum heart rate (220-age), and an RPE ≥ 19.  
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The second exercise testing session consisted of 30 minutes of continuous 

exercise at 75% VO2max as determined during session one. HR and BP as well as 

metabolic/respiratory data were measured as for session one.  

A 10 ml blood sample was drawn from each subject’s anticubital vein prior to, 

immediately post, and 1 and 2 hours into recovery using a 21G butterfly needle into a 

tube containing K2 ethylenediaminetetraacetic acid (K2EDTA) (BD Vacutainer, Franklin 

Lakes, NJ).  Blood samples were immediately centrifuged at 3000 RPM for 20 minutes at 

room temperature. Plasma was collected and immediately stored at -80°C in cryogenic 

tubes in 500μL aliquots for subsequent analysis of FGF21 (R&D Systems, Minneapolis, 

MN), insulin (ALPCO, Salem, NH, USA), and glucose (Cayman Chemical Company, 

Ann Arbor, MI, USA)  using enzyme-linked immunosorbent assay (ELISA) according to 

manufacture instructions. High sensitivity assay kits were utilized for the quantification 

of the plasma inflammatory cytokines IL-6 and TNF- α (R&D Systems, Minneapolis, 

MN). Due to cost restraints, plasma cytokine concentrations were only assessed in 10 

obese [4 male; 6 female] and 10 normal-weight [4 male; 6 female] subjects.  

Measures of HOMA-IR, Substrate Utilization, and Total REE 

Insulin resistance (IR) was determined by the homeostasis model assessment 

estimate of insulin resistance (HOMA-IR), calculated from plasma insulin and glucose 

values according to Matthews et al. (1985):  

Fasting insulin (µU/ml) x fasting glucose (mg/dL)/405. 

Upon reaching metabolic steady-state during the submaximal testing session, 

values for VCO2 and VO2 were identified for the duration of the testing and averaged for 

each subject for the determination of substrate utilization and total REE using 
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stoichiometric equations according to Frayn (1983), with the assumption that urinary 

nitrogen excretion rate was negligible (Achten and Jeukendrup 2003):  

i) FAToxi (g/min
-1

) = 1.67 · VO2 – 1.67 · VCO2  

ii) CHOoxi (g/min
-1

) = 4.55 · VCO2 – 3.21 · VO2  

iii) Total REE (kcal/kg) = ([Fat Oxidation · 9.1 kcal/g · 30 min] + [CHO Oxidation · 4.1 

kcal/g ·30 min]) / Body Weight (kg) 

As indicated by Achten and Jeukendrup (2003), the stoichiometric calculations 

obtained through indirect calorimetry are based on the assumption that CO2 originates 

from the oxidation of protein, fat, and carbohydrates. VO2 will only be a reliable estimate 

of tissue CO2 production in the presence of a stable bicarbonate pool, however the 

utilization of indirect calorimetry can be used to validly determine fuel oxidation at high 

intensities up to 80-85% VO2max (Romijn et al. 1992). 

Statistical Analyses 

Data analysis was performed using the SPSS version 21.0. Independent t-tests 

were conducted to compare baseline levels of all variables between obese and normal-

weight subjects. A two group (obese and normal-weight) by four time point (pre, 

immediately post-exercise, and recovery one and two hour) repeated measures analysis of 

variance (ANOVAs) was used to evaluate the effect of acute aerobic exercise on FGF21, 

IL-6, TNFα, insulin, glucose, and HOMA-IR response. If the Mauchly's test indicated 

violation of the sphericity assumption, the degrees of freedom were corrected by using 

Greenhouse-Geisser estimates. To assess intensity of FGF21 response to exercise, 

integrated trapezoidal area-under-the-curves with “respect to increase” from baseline 

(AUCi) was calculated according to the previously published formula by Pruessner et al. 
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(2003). AUCi was also calculated for IL-6, TNF-α, insulin, and glucose. The differences 

between groups were evaluated for each variable’s AUCi using independent t-tests. 

Finally, Pearson’s correlation was utilized to examine the relationships of FGF21 with 

IL-6, TNF-α, indices of IR at baseline and in response to exercise (AUCi) as well as with 

substrate utilization (CHOoxi and FAToxi) and total REE. All data are presented as 

means ±S.E.M. with statistical significance being defined as p ≤ 0.05. 
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IV. RESULTS 
 

Participant Anthropometric and Cardiovascular Characteristics 

Baseline characteristics of obese and normal-weight subjects are reported in Table 

2. Obese subjects exhibited significantly greater measures of body weight (t [22] = 5.7, p 

< 0.001), BMI (t [14.47] = 10.59, p < 0.001), waist and hip circumferences (t [22] = 7.64; 

t [15.16] = 7.61, p < 0.001, respectively), waist-to-hip ratio (t [22] = 3.54, p < 0.001), 

resting heart rate (t [22] = 2.26, p = 0.034), and resting systolic and diastolic blood 

pressures (t [22] = 3.88; (t [22] = 3.76, p = 0.001, respectively). Additionally, relative 

cardiorespiratory fitness levels (relative VO2max) were significantly less compared to 

normal-weight subjects (t [19.97] = -6.0, p < 0.001), whereas no differences in absolute 

VO2max was observed.  

Comparison of Plasma FGF21, Inflammatory Cytokines, and HOMA-IR  

Table 3 indicates a comparison of plasma FGF21, IL-6, TNF-α, and indices of IR 

at rest and in response to exercise. Our analyses did not show any differences in baseline  

FGF21, IL-6, or TNF-α plasma concentrations between obese and normal-weight 

subjects. Resting plasma insulin and glucose concentrations were elevated in obese 

compared to normal-weight subjects (t [22] = 2.23, p = 0.036; t [22] = 3.44, p = 0.002, 

respectively) as well as HOMA-IR index (t [22] = 2.33, p = 0.029). Finally, baseline 

FGF21 was negatively correlated with IL-6 (r = -0.462, p = 0.04), even after controlling 
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for BMI, whereas no relationships were observed between FGF21 with TNF-α and 

indices of IR. 

In response to acute exercise, repeated measures ANOVA demonstrated a 

significantly attenuated FGF21 response (F [2.02, 44.56] = 6.33, p = 0.004) and glucose 

(F [1.23, 27.1] = 5.7, p = 0.019) in obese compared to normal-weight subjects while we 

only observed significant changes across time for IL-6 (F [3, 54] = 3.05, p = 0.036), 

insulin (F [1.99, 43.78] = 8.71, p = 0.001), and HOMA-IR (F [1.85, 40.62] = 14.04, p < 

0.001) in both obese and normal-weight groups. However no time effect was observed in 

TNF-α.  

Furthermore, our results also showed that FGF21 AUCi was less in obese subjects 

compared to normal-weight subjects (t [17.28] = -3.2, p = 0.005; Figure 1A);  however no 

differences in IL-6 AUCi, TNF-α AUCi, insulin AUCi, and glucose AUCi were observed 

between groups. In addition, FGF21 AUCi was negatively correlated with BMI (r = -

0.471, p = 0.02) and positively correlated with relative VO2max (r = 0.646, p = 0.001; 

Figure 1B) and glucose AUCi (r = 0.495, p = 0.014; Figure 1C), whereas no other 

correlations were observed. However the relationship between FGF21 AUCi and glucose 

AUCi were not observed when controlling for BMI.   

Measures of Substrate Utilization and Total REE during Exercise 

Table 4 demonstrates substrate utilization and total REE during exercise in both 

groups. Our analyses did not show any differences in CHOoxi and FAToxi following 

acute aerobic exercise between the two groups. When assessing total REE, obese subjects 

expended less total energy relative to body weight than normal-weight subjects (t [11.77] 
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= -7.73, p < 0.001). Additionally, FGF21 AUCi was positively correlated with total REE 

(r = 0.562, p = 0.004; Figure 1D).  
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V. DISCUSSION 

 

The present study sought to examine the effect of acute intense exercise on 

plasma FGF21 response and the relationships with inflammatory cytokines (IL-6 and 

TNF-α), insulin resistance, and substrate utilization (CHOoxi, FAToxi, and total REE) in 

obese and normal-weight subjects. Our main findings demonstrate obese subjects had an 

attenuated FGF21 response to acute aerobic exercise compared to normal-weight subjects 

while FGF21 levels remained elevated and were greater in normal-weight compared to 

obese subjects following two hours recovery. However, this elevated FGF21 response 

was not associated with any inflammatory cytokine responses following exercise. Despite 

no difference in substrate utilization between the two groups, total REE was lower in 

obese compared to normal-weight subjects. Furthermore, FGF21 AUCi was positively 

correlated with glucose AUCi, total REE, and relative VO2max. These findings suggest 

that impaired cardiorespiratory fitness level may influence the sensitivity of FGF21 

response (AUCi) to acute exercise in obese individuals, potentially contributing to the 

attenuated metabolic response (e.g., glucose) and total exercise energy expenditure.  

 To date, various studies have indicated that FGF21 levels are moderately elevated 

in obese populations (Chavez et al. 2009; Reinehr et al. 2012; Zhang et al. 2008), serving 

as a compensatory response to counteract inflammatory (Feingold et al. 2012) and 

metabolic insult (Hojman et al. 2009), indicating that increased circulating FGF21 levels 

are the result, not a causation, of obesity (Fisher et al. 2010). Interestingly, our study did 

not observe a difference in baseline levels of plasma FGF21 between obese and 
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normal-weight subjects. Although fasting concentrations of circulating FGF21 in obese 

and normal-weight individuals have been shown to peak during nocturnal hours (05:00), 

daily variations are less pronounced in obese compared to normal-weight subjects (Yu et 

al. 2011). These patterns of flux contribute to negligible differences in circulating FGF21 

concentrations during overnight fasting and peak disparities observable at midday (14:30) 

when both obese and normal-weight individuals reach the nadir, suggesting that 

circulating FGF21 similarities observed between obese and normal-weight subjects in 

this study may partially reflect sample timing. Additionally, HOMA-IR values were 

elevated in obese compared to normal-weight subjects, suggesting that the lack of FGF21 

flux contributes to dysregulated glucose and insulin concentrations in obese subjects (Yu 

et al. 2011).  

Furthermore, acute exercise induces plasma FGF21 increases, which have been 

positively associated with circulating free fatty acids (FFA) levels (Kim et al. 2013). This 

exercise-induced release of FGF21 is intensity-dependent and preferentially released 

from hepatocytes (Kim et al. 2013), resulting in increased levels of circulating FGF21 up 

to four hours post-exercise in normal-weight populations (Kim et al. 2013; Kondo et al. 

2011; Lee et al. 2014). However, while circulating FGF21 concentrations are less 

responsive in obese individuals during periods of negative energy balance (Yu et al. 

2011), and FFA flux has been shown to be attenuated during exercise in obese 

individuals (Kanaley et al. 1993), we are the first to report that the exercise-induced 

FGF21 response is attenuated in obese individuals compared to those of normal-weight. 

Our study also found that the FGF21 response, as measured by AUCi, was positively 

correlated with glucose AUCi and total REE. Thus, these findings may support our 
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results demonstrating more robust elevation in plasma FGF21 to acute exercise in 

normal-weight, not obese, subjects, potentially contributing to the regulation of glucose 

and energy metabolism during exercise.  

While IL-6 is commonly identified as a pro-inflammatory cytokine in association 

with IR, evidence indicates that IL-6 promotes glucose uptake in skeletal muscle at rest 

and in response to exercise, independent of insulin (Carey et al. 2006; Steensberg et al. 

2002). Furthermore, in vivo IL-6 infusion as well as exercise-induced IL-6 increases have 

been shown to antagonize the pro-inflammatory effects of TNF-α (Starkie et al. 2003), 

suggesting that IL-6 is not a catalyst of metabolic dysfunction (Pedersen et al. 2003). In 

this study, FGF21 was negatively correlated with IL-6 concentrations at baseline; 

however, like FGF21, no differences in baseline inflammatory cytokine concentrations 

were observed in obese and normal-weight subjects. Furthermore, our study showed no 

difference between groups for the increase in IL-6 following exercise. A recent study by 

Christiansen et al. (2013) has observed a greater production of IL-6 in obese compared to 

normal-weight subjects following two hours cycling exercise at 55-60% maximal heart 

rate, suggesting that the lack of difference in IL-6 response between both subject groups 

in our study may have been due to differences in exercise protocols. Since it still remains 

unclear whether cytokines represent a mechanism for the potential anti-obesity action of 

FGF21 (Coskun et al. 2008), future research is warranted to gain a better understanding 

of the interaction between FGF21 and obesity-associated inflammation.  

Another major fining of this study was the positive correlation observed between 

FGF21 AUCi and relative VO2max, even after controlling for BMI. Previous studies have 

demonstrated that FGF21 increases following cardiovascular stress, rescuing cardiac cells 
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from apoptosis in vitro and potentially contributing to tissue remodeling (Kondo et al. 

2011; Kotulák et al. 2011; Lü et al. 2010). Furthermore, baseline FGF21 levels have been 

shown to be positively associated with daily levels of physical activity (Cuevas-Ramos et 

al. 2010), while exercise training-induced FGF21 increases in normal-weight individuals 

corresponded with increased cardiorespiratory fitness (Cuevas-Ramos et al. 2012). In 

obese individuals, exercise training has shown to reduce chronic inflammation and IR 

(Bruun et al. 2006; Goodpaster et al. 2003), potentially through the normalization of 

FGF21 levels (Scalzo et al. 2014; Yang et al. 2011). Additionally, like therapeutic FGF21 

administration, daily exercise in obese animal models increases expression of β-Klotho 

(Fletcher et al. 2012; Lee et al. 2012), an FGF co-binding protein down-regulated in 

obese individuals contributing to an FGF21-resistant state (Adams et al. 2012; Fisher et 

al. 2010; Ogawa et al. 2007). These findings and the fact that our study showed that 

healthy controls had higher FGF21 levels during exercise than obese subjects supports 

the position that, enhanced cardiorespiratory fitness augments the FGF21 response. 

Importantly, the exercise induced FGF21 response may contribute to improved cardiac 

health and reduce the risk for CVD. 

In summary, our study demonstrates that the FGF21 response to a bout of 

vigorous exercise is attenuated in obese individuals compared to those of normal weight. 

However, while it remains unclear whether FGF21 initiates an anti-inflammatory 

response, FGF21 response is positively associated with glucose response and total REE, 

suggesting that increased FGF21 levels as result of acute aerobic exercise may play a role 

in modulating glucose and energy metabolism. Furthermore, relative VO2max may be a 

strong predictor of FGF21 response, indicating that improved cardiorespiratory fitness 
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may better serve to beneficially modulate obesity-associated CVD through enhanced 

FGF21 flux, however future studies are warranted to elucidate the possible role of FGF21 

on inflammation and vascular health. 
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TABLES 

Table 1. Schedule of Subject's Visit

Time Session 1

7:30 a.m. Subject Arrival; Obtainment of consent

7:45 a.m. Anthropometric assessment; Resting values

8:00 a.m. Begin maximal exercise test

8:30 a.m. End maximal exercise test

Session 2

7:30 a.m. Subject Arrival

7:45 a.m. Resting values

8:00 a.m. Pre-exercise blood sample

8:05 a.m. Begin submaximal exercise test

8:35 a.m. End submaximal exercise test

8:35 a.m. Immediate post-test blood sample

9:35 a.m. Recovery 1 hour blood sample

10:35 a.m. Recovery 2 hour blood sample  
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Variable Normal-weight Obese     P value

(n = 12: 6M/6F) (n = 12: 5M/7F)

Age (y) 23.17 ± 0.63 22.67 ± 1.25 0.723

Absolute VO2max (L/min
-1

) 3.01 ± 0.27 2.97 ± 0.2 0.907

Relative VO2max (mL/kg/min
-1

) 46.95 ± 2.24 30.44 ± 1.61 *< 0.001

Weight (kg) 64.22 ± 3.51 99.08 ± 5.0 *< 0.001

Height (m) 1.7 ± 0.03 1.67 ± 0.03 0.458

BMI 22.04 ± 0.47 35.46 ± 1.18 *< 0.001

Waist (cm) 71.67 ± 2.0 98.88 ± 2.95 *< 0.001

Hip (cm) 94.96 ± 1.19 117.33 ± 2.69 *< 0.001

WH 0.75 ± 0.01 0.84 ± 0.02 *0.002

Resting HR (bpm) 67.83 ± 2.07 75.42 ± 2.64 *0.034

Resting SBP (mmHg) 110.67 ± 2.79 125.83 ± 2.75 *0.001

Resting DBP (mmHg) 72.17 ± 1.85 82.17 ±1.91 *0.001

Table 2. Participant descriptive characteristics and anthropometric measures

Note: The * indicates a significant difference between normal-weight and obese 

groups at baseline (p  < 0.05). Data are presented as means ± SEM. VO2max, maximal 

oxygen uptake; BMI, body mass index; WH, waist-to-hip ratio; HR, Heart Rate; SBP, 

systolic blood pressure; DBP, diastolic blood pressure
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Variable Pre-Exercise Post-Exercise Recovery 1 hour Recovery 2 hour Effect

FGF21 (pg/ml) Normal-Weight 114.21 ± 20.37 140.88 ± 19.76 187.72 ± 27.87 198.42 ± 25.74
* time = 0.002

Obese 103.21 ± 12.87 109.71 ± 14.75 128.97 ± 20.14 91.79 ± 11.63 group = 0.004

IL-6 (pg/ml) Normal-Weight 2.18 ± 0.4 4.64 ± 0.99 3.25 ± 0.48 3.92 ± 0.82 time = 0.036

Obese 3.95 ± 1.23 4.62 ± 0.67 3.83 ± 0.35 4.88 ± 0.8 group = NS

TNF-α (pg/ml) Normal-Weight 2.8 ± 0.18 2.99 ± 0.21 2.87 ± 0.16 2.75 ± 0.15 time = NS

Obese 2.65 ± 0.12 2.72 ± 0.15 2.25 ± 0.14 3.86 ± 1.13 group = NS

Insulin (μIU/ml) Normal-Weight 7.56 ± 1.66 11.87 ± 2.03 6.15 ± 2.37 4.19 ± 0.97 time = 0.001

Obese 17.26 ± 4.02
* 23.65 ± 6.69 13.6 ± 2.46

*
11.96 ± 2.13

* group = NS

Glucose (mg/dl) Normal-Weight 90.22 ± 1.94 134.47 ± 8.73 86.3 ± 2.6 88.59 ± 1.33 time < 0.001 

Obese 98.47 ± 1.41
* 117.06 ± 5.84 95.24 ± 2.58

*
87.7 ± 2.91

* group = 0.019

HOMA-IR Normal-Weight 1.72 ± 0.41 3.81 ± 0.58 1.41 ± 0.61 0.91 ± 0.01 time < 0.001 

Obese 4.18 ± 0.97
* 6.69 ± 1.74 3.15 ± 0.52

*
2.88 ± 0.5

* group = NS

Note: There was a significant change across time for all variables in both the normal-weight and obese groups. The * indicates a significant difference 

between normal-weight and obese groups at each timepoint (p  < 0.05). Data are presented as means ± SEM.

Table 3. Assessment of plasma FGF21, IL-6, TNF-α, insulin, and glucose concentrations and HOMA-IR index at baseline and in response to acute 

exercise in normal-weight and obese subjects
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Variable Normal-Weight Obese P  value

CHOoxi (g/min
-1

) 2.51 ± 0.22 2.36 ± 0.15 0.583

FAToxi (g/min-1) 0.22 ± 0.04 0.25 ± 0.04 0.655

Total REE (kcal/kg) 5.68 ± 0.25 3.69 ± 0.18 *< 0.001

Table 4. Substrate Utilization and Total REE in response to acute exercise in 

normal-weight and obese subjects 

Note: The * indicates a signficant difference between normal-weight and obese 

groups following exercise (p < 0.05). Data are presented as means ± SEM. 
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