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A B S T R A C T

Aims: Obesity is associated with lipid aggregation in adipocytes and macrophage infiltration, leading to in-
creased oxidative stress and inflammation. Increased cell-free DNA (cfDNA) concentrations have been observed
in clinical conditions of systemic inflammation. While the beneficial effects of regular physical activity on the
release of circulating cfDNA still remain unknown, acute intense exercise has been shown to increase in-
flammatory cytokines and cfDNA concentrations in normal-weight individuals. Therefore, the primary purpose
of this study was to examine the effect of acute high-intensity interval Exercise (HIIE) on plasma cfDNA and
interleukin-6 (IL-6) responses in obese and normal-weight subjects.
Main methods: Fourteen male subjects (7 obese and 7 normal-weight) participated in an acute HIIE protocol
(30min, 4x4min @ 80% - 90% of VO2max) on a treadmill. Between HIIE intervals, subjects performed 3min of
active recovery at 50–60% VO2max. Blood samples were collected prior to, immediately following exercise, and
one hour into recovery for measurements of plasma cfDNA and IL-6.
Key findings: Our results demonstrated a significant elevation in plasma cfDNA immediately following acute HIIE
in both obese and normal-weight subjects. A comparable elevation in the concentration of plasma IL-6 was also
found between two groups in response to acute HIIE. Furthermore, the level of plasma cfDNA was not correlated
with IL-6 either at baseline or in response to acute HIIE.
Significance: These findings may support the utilization of HIIE as a time-efficient exercise protocol to under-
stand the obesity-associated cfDNA and inflammatory responses.

1. Introduction

Obesity is associated with lipid aggregation in adipocytes and
macrophage infiltration, leading to the release of numerous pro-in-
flammatory mediators (e.g., tumor necrosis factor-α [TNF-α], inter-
leukin-6 [IL-6]) [1,13,32,42]. This pro-inflammatory environment
contributes to insulin resistance, cardiovascular disease, and athero-
sclerosis [18,32]. Furthermore, obesity-induced adipose tissue re-
modeling is associated with adipocyte death [13,15,30,33], resulting in
the release of cell-free DNA (cfDNA) [22].

Circulating cfDNA is of pathophysiological relevance as a useful
biomarker for patients suffering from various cancers, atherosclerosis,
and systemic inflammation [3,9,28,43]. It has been posited that the
appearance of cfDNA may be primarily due to a combination of

apoptosis and necrosis [27,37,38]. Specifically, the mechanisms of
cfDNA release include a unique form of neutrophil-specific cell death,
known as neutrophil extracellular traps [11]. Similarly, evidence sug-
gests that blood lymphocytes actively release cfDNA fragments, pos-
sibly functioning as an intracellular messenger [2,21,37]. Furthermore,
the release of cfDNA may promote macrophage accumulation in adi-
pose tissue via toll-like receptor 9 (TLR9), a sensor to circulating DNA
fragments [7,31,35,41]. This finding indicates that obesity-induced
adipocyte death and subsequent release of cfDNA may be partially re-
sponsible for the observed pro-inflammatory immune activation, via the
cfDNA-TLR9 pathway [31].

While the beneficial effects of regular physical activity on the re-
lease of circulating cfDNA still remains unknown, increased cfDNA
concentrations have been observed in response to various modes of
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acute intense exercise, including short-duration maximal exercise [6],
long-duration aerobic exercise [4,8,20], and resistance exercise [5] in
healthy normal-weight individuals. The mechanisms of exercise-in-
duced cfDNA response may potentially be due to increased oxidative
stress, thereby leading to leukocyte and skeletal muscle cell damage
[5,17,29]. Importantly, research has previously shown a greater IL-6
response in obese individuals than normal-weight individuals following
acute traditional continuous moderate-intensity exercise [14]. How-
ever, high-intensity interval exercise (HIIE) has gained popularity as a
time-efficient exercise strategy, offering similar physiological benefits
as traditional continuous moderate exercise, especially in patients with
cardiometabolic disorders (e.g., obesity and metabolic syndrome) [26].
Therefore, the primary purpose of this study was to examine whether or
not acute HIIE could be utilized as a practical model to explore the
cfDNA response in obese and normal-weight subjects. It was hypothe-
sized that obese subjects would exhibit a greater expression of plasma
cfDNA in conjunction with increased IL-6 following acute HIIE com-
pared to normal-weight subjects. Furthermore, this exercise-mediated
cfDNA response would be positively correlated with elevated IL-6.

2. Materials and methods

2.1. Subjects

Fourteen (7 obese and 7 normal-weight) healthy male subjects
18–45 years old were recruited to participate in the study. Subjects with
a body mass index (BMI) above 30 kg/m2 were classified as obese, and
those with a BMI between 18.5 and 24.9 kg/m2 were classified as
normal-weight. All subjects completed an informed consent form, a
medical history questionnaire, and 7-day physical activity record prior
to data collection. The study was approved by the University's
Institutional Review Board.

Subjects were excluded from the study if they have any known or
suspected cardiovascular, metabolic, rheumatologic, or other in-
flammatory disease. Subjects were also excluded from the study if they
were taking any medication or supplements, users of tobacco products
(cigarettes, cigars, chewing tobacco, vapors), or if they consume an
average of more than ten alcoholic beverages per week. Subjects were
asked to fast overnight for at least eight hours and to abstain from al-
cohol, caffeine intake, and intense physical activity for at least 24 h
prior to each lab visit. To limit the effect of training on physiological
responses to acute exercise, those who reported>150min of moderate
and vigorous physical activity per week were excluded from partici-
pation [24].

2.2. Experimental protocol

Two exercise testing sessions comprised the data collection, with a
minimum of one week transpiring between each session. Subjects ar-
rived at the Exercise Biochemistry Laboratory between 7:00–7:30 AM.
During the first visit, following completion of the informed consent
form, medical history questionnaire, and 7-day physical activity ques-
tionnaire, height and weight were measured (SECA 769, Chino, CA),
along with hip and waist circumference. Additionally, following 20min
of sitting, resting heart rate (HR) was recorded using a HR monitor
(Polar T31, Polar Electro, Kempele, Finland) and blood pressure was
measured using a sphygmomanometer (752M-Mobile Series, American
Diagnostic Corporation, Hauppauge, NY). Immediately following the
assessments above, subjects participated in a graded exercise test (ap-
proximately 12 to 15min) on a treadmill (Norditrack X11i) designed to
assess maximal oxygen consumption (VO2max) measured by open-cir-
cuit spirometry (ParvoMedics Metabolic Measurement System
(ParvoMedics, Sandy, UT, USA) and maximal heart rate (HRmax). The
maximal exercise protocol began with a three-minute warm-up at 60%
age-predicated HRmax, followed by an increase in speed until 80% of
HRmax. Subsequently, the grade was increased by 2% every 2min until

attainment of VO2max. Rating of perceived exertion (RPE, based on the
6–20 Borg scale) and HR were obtained one time during each stage of
the VO2max protocol. The validation of VO2max was determined by ei-
ther the primary criterion of a plateau in VO2 or two of the three sec-
ondary criteria being achieved. The secondary criteria were: [1]
reaching predicted HRmax, [2] achieving a respiratory exchange ratio
of> 1.15, and [3] an RPE≥ 19.

During the second visit, subjects participated in an acute HIIE fol-
lowing a previously published treadmill protocol [34,39]. To equate the
total caloric expenditure between two groups, HIIE consisted of 30-
minutes of total exercise, including a 5-min warm-up period of
walking/jogging (50–60% of VO2max), followed by 4 intervals of 4min
each at an intensity that elicited 80–90% of VO2max. Between the in-
tervals of HIIE protocol, all subjects performed 3min of active recovery
(walking/jogging) at 50–60% VO2max. Blood collection was performed
by a trained phlebotomist prior to (Pre), immediately post (Post), and
one hour after the conclusion of acute HIIE (recovery 1 h [R1h]) with a
closed IV catheter system (BD Nexiva 20GA, REF 383516, Franklin
Lakes, NJ, USA) inserted in the superficial vein of the upper arm.
During each blood collection, a 10mL sample of whole blood was
collected into an EDTA coated tube for analysis of plasma IL-6 and
cfDNA and centrifuged for 15min at 2000 x g at 4 °C. All samples were
stored at −80 °C for further analyses.

2.3. Measurements of plasma IL-6 and cfDNA

Plasma IL-6 was analyzed in duplicate using high sensitivity en-
zyme-linked immunosorbent assays (R&D Systems Inc. Minneapolis,
MN, USA). cfDNA was extracted from 200 μL of plasma (QIAamp DNA
Blood Mini-Kit, Qiagen, Hilden, Germany) and eluted into 50 μL of
Qiagen Buffer AE (10mM Tris-Cl, 0.5 mM EDTA, pH 9.0). The plasma
concentration of cfDNA was quantified by real-time PCR (Bio-Rad CFX
Connect Real-Time PCR System, Hercules, CA, USA) with the following
primers: forward, 5′-AGG TGA ACG TGG ATG AAG TT-3′ and reverse,
5′-AGG GTA GAC CAC CAG CAG CC-3′, using SYBR Green method (iTaq
Universal SYBR Green Supermix, Bio-Rad, Hercules, CA, USA). The
target sequence was a 189-bp fragment of the β-globin gene. Real-time
PCR started with a 2-min denaturation step (95 °C) followed by 40 cy-
cles at 95 °C (5 s) and 60 °C (30s); a melting curve analysis was also
included at the end with 95 °C (5 s), 65 °C (5 s), and 95 °C (5 s), with a
temperature ramp of 0.5 °C/s. Samples were loaded into a 96-well plate
(Bio-Rad, Hercules, CA, USA) and analyzed in duplicate. Each plate
included a calibration curve consist of six 4-time serially diluted
(26.7 pg/μL to 6.8 ng/μL) human genomic DNA standards (Roche
Diagnostics GmbH, Cat. No. 11691112001). DNA values were ex-
pressed in pg/uL.

2.4. Statistical analyses

Data analysis was performed using the Statistical Package for the
Social Sciences (SPSS version 24.0). Differences between obese and
normal-weight groups in baseline variables were conducted by in-
dependent t-tests. A 2 (group)× 3 (time points: Pre, Post, and R1h)
repeated measures analyses of variance (ANOVA) were utilized to ex-
amine the effect of acute HIIE on the levels of plasma cfDNA and IL-6.
The Greenhouse-Geisser correction of degrees of freedom was used
when sphericity assumptions were violated. Significant effects were
further analyzed with Bonferroni post hoc comparisons. Furthermore,
Pearson's product-moment correlations were used to examine the re-
lationship of plasma cfDNA with IL-6 at baseline and following acute
HIIE protocol. Finally, normality of the data was confirmed with a
Shapiro-Wilk test. A post-hoc power analysis was conducted using the
program G*Power (version 3.1.9.2) for primary outcome measures.
Based on the difference of mean and standard deviation (baseline to
immediately post-exercise) with an alpha level of 0.05 for plasma
cfDNA and IL-6, the overall sample size of 14 subjects in this study
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achieved an adequate power (> 80%) for all outcome variables.
Statistical significance was set at p≤ 0.05.

3. Results

3.1. Anthropometric and metabolic measurements of the study participants

Baseline anthropometric and metabolic characteristics of obese and
normal-weight participants are reported in Table 1. Differences be-
tween obese and normal-weight groups at baseline were statistically
significant for weight, BMI, relative VO2max, systolic and diastolic blood
pressures, HR, and waist/hip circumferences and ratio. HR, respiratory
exchange ratio, oxygen consumption during acute HIIE were recorded
(Figs. 1-3).

3.2. Measurement of plasma cfDNA and IL-6

At baseline, our analysis did not observe a difference in plasma level
of cfDNA between obese and normal-weight groups, whereas obese
subjects exhibited a significantly higher level of plasma IL-6 compared
to normal-weight subjects (P=0.004). Furthermore, repeated mea-
sures ANOVA demonstrated a significant increase in the level of plasma
cfDNA immediately following acute HIIE in both groups [F [2,
24]= 3.470, P=0.047] (Fig. 4). A comparable elevation in the con-
centration of plasma IL-6 was also found between obese and normal-
weight subjects in response to acute HIIE protocol [F [2, 24]= 9.213,
P=0.001] (Fig. 5). Finally, the plasma level of cfDNA was not

correlated with IL-6 either at baseline (obese group: r=0.590,
P=0.163; normal-weight group: r=0.064, P=0.892) or in response
to acute HIIE (percent change [baseline to immediately following ex-
ercise]) (obese group: r=−0.227, P=0.625; normal-weight group:
r=0.524, P=0.286).

4. Discussion

This study examined the effect of acute HIIE on plasma cfDNA and
IL-6 responses in obese and normal-weight subjects. Our results rejected
the hypothesis, showing that both groups increased cfDNA concentra-
tions to a similar extent following acute HIIE. Furthermore, the ten-
dency of increased IL-6 following acute HIIE was similar to the cfDNA
response, with no difference between obese and normal-weight sub-
jects. To the best of our knowledge, this study is the first to examine the
modulatory role of obesity on exercise-induced cfDNA release and to
utilize an acute HIIE protocol as a practical model to examine the
phenomena of cfDNA release in both obese and normal-weight subjects.
These findings may support the utilization of HIIE as a time-efficient
exercise protocol to understand the obesity-associated cfDNA and in-
flammatory responses.

This study observed a significantly greater baseline level of plasma
IL-6 in obese versus normal-weight individuals; however, this baseline
difference was not mirrored in cfDNA concentrations. These results are
in contrast to previous literature demonstrating a positive correlation
between BMI and levels of circulating cfDNA [22]. One possible ex-
planation for the absence of significance in baseline cfDNA concentra-
tions between the two groups may be attributed to the relatively low
sample size. Nevertheless, increased cfDNA concentrations have been
observed in healthy normal-weight subjects in response to various
modes of exercise, including acute aerobic exercise [8]. The literature
has proposed several mechanisms of exercise-mediated cfDNA release,
including apoptosis of myocytes and leukocytes in response to increased
oxidative and mechanical stress [10]. Atamaniuk et al. [4] have further
demonstrated that the source of exercise-mediated cfDNA is due to
apoptosis of mononuclear cells while postulating that oxidative stress
and cytokine responses may also originate from damaged skeletal
muscle cells following exercise. Importantly, obesity has been asso-
ciated with increased oxidative stress and immunological modulation
[25,40], which is suggestive of increased proneness to exercise-induced
oxidative stress and cfDNA release. However, the results of this study
demonstrated a similar level of cfDNA concentrations following acute
HIIE in both obese and normal-weight subjects. Although increased
circulating cfDNA may play an upstream role in the obesity-associated
inflammatory environment via activation of TLR9 in adipocyte mac-
rophages [31], our findings indicate that HIIE may be an effective ex-
ercise strategy for improving health outcomes, without exacerbating
the obesity-associated inflammatory state. Nonetheless, caution should

Table 1
Participant anthropometric and metabolic characteristics.

Variable Obese (N=7) Normal-weight
(N=7)

P value

Age (years) 26.0 ± 5.63 22.71 ± 1.60 0.181
Height (cm) 176.14 ± 6.76 179.07 ± 4.80 0.368
Weight (kg) 112.60 ± 17.34 71.51 ± 10.03 * < 0.001
BMI (kg/m2) 36.09 ± 3.20 22.21 ± 2.0 * < 0.001
HIIE rSBP (mmHg) 133.47 ± 13.16 114.29 ± 8.04 * 0.006
HIIE rDBP (mmHg) 81.14 ± 5.52 73.14 ± 6.62 * 0.030
HIIE rHR (BPM) 71.22 ± 5.52 64.71 ± 7.20 0.082
VO2max (mL/kg/min) 38.17 ± 5.48 50.51 ± 5.46 * 0.001
Waist circumference

(cm)
108.89 ± 12.91 80.04 ± 7.35 * < 0.001

Hip circumference (cm) 115.79 ± 6.73 95.50 ± 5.10 * < 0.001
WHR 0.94 ± 0.09 0.84 ± 0.06 * 0.027

The * indicates the difference between obese and normal-weight groups. Data
are presented as means± standard deviation (SD). BMI=Body Mass Index;
rSBP=Resting Systolic Blood Pressure; rDBP=Resting Diastolic Blood
Pressure; rHR=Resting Heart Rate; VO2max=Maximal Oxygen Consumption;
WHR=Waist/Hip Ratio.

Fig. 1. Heart rate during acute HIIE in obese and normal-weight subjects. Data are presented as means ± SD.
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be used when interpreting the utility of our findings to promote HIIE as
a time-efficient strategy to reduce inflammation in obese individuals as
additional markers (IL-10, IL-8, and others) showing a similar response
as cfDNA to HIIE would assist in confirming this interpretation.

Recent research has demonstrated that acute HIIE increased the
circulating level of IL-6 in healthy normal-weight subjects [12,16]. To
elucidate exercise-mediated inflammation in obesity, the current results
showed that obese subjects exhibited a similar increase in IL-6 com-
pared to normal-weight subjects following acute HIIE. This result is in
agreement with a recent study by Dorneles et al. [19], demonstrating a
comparable acute HIIE-induced IL-6 response between obese and
normal-weight individuals. Importantly, the HIIE protocol utilized in
the present study differs from that of Dorneles et al. [19] with regards
to work-to-rest ratio. For example, the present study utilized 4× 4 min
(80–90%VO2max) interspersed with 3min of recovery (50–60%
VO2max), while Dorneles et al. (2016) utilized 10×60 sec (85–90%
Pmax) interspersed with 75 s of recovery (50%Pmax). Although acute
HIIE protocols utilized differing work-to-rest ratios did not alter the
inflammatory response in healthy normal-weight subjects [23], the
literature has yet to indicate whether the relative importance of work-
to-rest ratio is similar in obese individuals. Additionally, Atamaniuk
and colleagues [3] demonstrated that increased cfDNA is associated
with the production of IL-6 in human monocytes; however, a relation-
ship with IL-6 was not observed following acute HIIE in the present
study. Thus, future research should aim to elucidate the impact of
varying HIIE work-to-rest ratios on obesity-associated inflammation,
including the potential effects of cfDNA to determine a uniquely op-
timal protocol for obese populations.

One limitation of this study is that the source of the cfDNA and IL-6
responses may, in large part, be skeletal muscle; however, genes asso-
ciated with the skeletal muscle response were not currently

Fig. 2. Respiratory Exchange Ratio during acute HIIE in obese and normal-weight subjects. Data are presented as means ± SD.

Fig. 3. Oxygen consumption during acute HIIE in obese and normal-weight subjects. Data are presented as means ± SD.

Fig. 4. The expression of plasma cfDNA following acute HIIE in obese and
normal-weight subjects. The concentration of plasma cfDNA significantly in-
creased flowing acute HIIE in both obese and normal-weight groups. The #
indicates a significant increase from the baseline in plasma cfDNA. Data are
presented as means ± SD.

Fig. 5. The expression of plasma IL-6 following acute HIIE in obese and normal-
weight subjects. Acute HIIE exhibited an elevation in plasma IL-6 across time in
both obese and normal-weight groups. The ⁎ indicates a significant difference at
baseline (PRE) between groups. The # indicates a significant increase from the
baseline in plasma IL-6. Data are presented as means ± SD.
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investigated. A second limitation is that treadmill exercise is associated
with a greater muscle damage than cycling. However, treadmill ex-
ercise was utilized, despite the associated muscle damage, due to it
being the primary mode of exercise in clinical settings. In addition,
although this study did not fully control for aerobic fitness, an exclusion
criteria of> 150min of moderate and vigorous physical activity per
week was included to limit the effect of training on physiological re-
sponses to acute exercise. Importantly, it seems unlikely that the dis-
parity in relative VO2max between both groups is solely due to fitness.
While fitness may account for some of the difference, lower weight
individuals tend to have higher relative VO2max values. Furthermore,
HR data in the present study indicates that acute HIIE induced a similar
relative exercise intensity between both groups. Our previous study also
demonstrated no difference in plasma IL-6 response between obese and
normal-weight subjects following 30min of acute continuous aerobic
exercise [36]. Thus, aerobic fitness likely had little to no influence on
the findings of this study, with no difference in cfDNA and IL-6 re-
sponses between both groups.

5. Conclusion

This study demonstrated that acute HIIE elicited comparable plasma
levels of cfDNA and IL-6 between obese and normal-weight subjects.
Monitoring circulating cfDNA may provide a greater understanding of
obesity-associated inflammation and/or complications along with the
measurement of inflammatory cytokines to reveal a more detailed
picture of the exercise-induced alteration to the inflammatory profile in
obese individuals. Future research with a large sample size is warranted
to understand the clinical benefits of obesity-associated cfDNA to po-
tentially predict the effectiveness of exercise interventions. Finally,
since skeletal muscle may be the primary source of cfDNA release, other
muscle-specific measures such as creatine kinase should be examined to
determine whether or not muscle damage is a driver of the cfDNA re-
sponse.
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