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Abstract

Excessive adipose tissue mass underlies much of the metabolic health complications in obesity.
Although exercise training is known to improve metabolic health in individuals with obesity,

the effects of exercise training without weight loss on adipose tissue structure and metabolic
function remain unclear. Thirty-six adults with obesity (BMI = 33+3 kg/m?) were assigned to

12 wks (4d/wk) of either moderate-intensity continuous training (MICT; 70% HR max, 45min;
n=17) or high-intensity interval training (HIIT; 90% HR max, 10 X 1min; n=19), maintaining
their body weight throughout. Abdominal subcutaneous adipose tissue (aSAT) biopsy samples
were collected once before and twice after training (1 day after last exercise and again 4 days
later). Exercise training modified aSAT morphology (i.e., reduced fat cell size, increased Collagen
type 5a3, both p<0.05, increased capillary density, p=0.05), and altered protein abundance of
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factors that regulate aSAT remodeling (i.e., reduced matrix metallopeptidase 9; p=0.02; increased
angiopoietin-2; p<0.01). Exercise training also increased protein abundance of factors that regulate
lipid metabolism (e.g., hormone sensitive lipase and fatty acid translocase; p<0.03) and key
proteins involved in mitogen-activated protein kinase pathway when measured the day after the
last exercise session. However, most of these exercise-mediated changes were no longer significant
4 days after exercise. Importantly, MICT and HIIT induced remarkably similar adaptations in
aSAT. Collectively, even in absence of weight loss, 12 weeks of exercise training induced changes
in aSAT structure, as well as factors that regulate metabolism and inflammatory signal pathway in
adults with obesity.
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3-month of MICT or HIT without weight loss induced similar structural and metabolic
adaptations in subcutaneous adipose tissue in adults with obesity.
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INTRODUCTION

Abdominal subcutaneous adipose tissue (aSAT) in obesity is usually characterized by
hypertrophic adipocytes, accumulation of fibrotic collagen proteins in extracellular matrix
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(ECM), and relatively low capillary density (Summers et al., 1996; Sun et al., 2011;

Chun, 2012), all of which are tightly linked with insulin resistance, cell necrosis, and
inflammatory macrophage infiltration (Després, 1993; Clément et al., 2004; Cinti et al.,
2005). The increased inflammation in aSAT is considered an important contributor to many
systemic metabolic health complications (Hotamisligil et al., 1993; Shimomura et al., 1996;
Kern et al., 2001). In addition, these aSAT abnormalities in obesity can limit fat storage
capacity, resulting in the high rates of fatty acid release into the systemic circulation that
underlies metabolically harmful ectopic lipid deposition commonly found in tissues such
as the liver and skeletal muscle of many adults with obesity (McQuaid et al., 2011).
Therefore, strategies aimed at remodeling aSAT to create more smaller adipocytes (i.e.,
adipogenesis), modify the content and compaosition of the ECM, increase capillarization
(i.e., angiogenesis), reduce inflammatory pathway activation, and increase lipid storage
capacity could lead to improved metabolic health outcomes, even in the absence of weight
loss.

Exercise is one of the first-line strategies for treating of obesity-related health complications,
but how exercise “works” to improve metabolic health in obesity is still incompletely
understood. Exercise training increases skeletal muscle mitochondria and oxidative capacity
in adults with obesity (Tremblay et al., 1994; Menshikova et al., 2005; Ryan et al., 2020).
But, increasing muscle oxidative capacity, per se, is often found to do rather little to

improve insulin sensitivity and other key markers of metabolic health in adults with obesity
(Dstergard et al., 2006; Hutchison et al., 2012). Alternatively, evidence from our lab and
others suggest exercise triggers responses in aSAT that may lead to ECM remodeling,
increased angiogenesis, and alterations in the inflammatory profile (Cullberg et al., 2013;
Kawanishi et al., 2013; Van Pelt et al., 2017; Ludzki et al., 2018). High-intensity interval
training (HIIT) has garnered considerable attention because of its time efficiency and distinct
physiological responses compared with more “conventional” moderate-intensity continuous
training (MICT) (Little et al., 2014; Weston et al., 2014). However, whether and/or how

the intensity of an exercise training program may modify adaptive responses within aSAT
remains unclear. Differential effects of HIIT vs. MICT on circulating adipokine levels

and adipocyte size in rodent models suggests a possibility that HIIT may induce more
robust adaptations in aSAT morphology and metabolism compared with MICT (Shirvani &
Arabzadeh, 2020; Sun et al., 2020).

The primary aims of this study were to compare the effects of 12 weeks of MICT vs.

HIIT on subcutaneous aSAT structure and whole-body fatty acid mobilization in adults
with obesity. This project also examined the effects of MICT and HIIT on the factors that
regulate aSAT remodeling (i.e., adipogenesis, ECM remodeling, angiogenesis), metabolism
(i.e., lipolysis, esterification, mitochondrial adaptation) and inflammatory signal pathway.
Importantly, because even modest changes in body weight and fat mass can induce some
aSAT remodeling (Clément et al., 2004; Kos et al., 2009; Magkos et al., 2016), this

study was designed to require participants to maintain their body weight throughout the
training intervention. We hypothesized that even without weight loss, 12 weeks of exercise
training would induce detectable modifications to aSAT structure and metabolic regulation.
Moreover, we hypothesized that these training-induced effects would be more pronounced in
response to HIIT compared with MICT.

J Physiol. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahn et al.

Page 4

METHODS & MATERIALS

Subjects

Thirty-six adults with obesity (BMI: 30-40 kg/m?) participated in the study. All participants
were sedentary, and reported to have had a stable body weight at least 6 months before
their first pre-training clinical measurement. Subjects were not taking any medications

or supplements known to affect their metabolism except contraceptive medications for
some female participants (n=16 out of 24). Eligible participant also had no history of
cardiovascular or metabolic disease. All female participants were premenopausal and

not pregnant or lactating. All participants completed a detailed medical history survey

and resting electrocardiogram, which were reviewed by a physician before any testing.
Subjects participating in this study also participated in a related study from our laboratory,
focused primarily on the effects of 3 months of exercise training in whole-body insulin
sensitivity and muscle lipid metabolism (Ryan et al., 2020). Some of the methods (e.g.,
exercise training protocols) and results describing the basic responses to training (e.g.,
anthropometric characteristics, peak oxygen uptake) have been reported elsewhere (Ryan et
al., 2020) but are repeated here for convenience. Written informed consent was obtained
from all subjects before the study. This study conformed to the standards set by the
Declaration of Helsinki, except for registration in a database. This study was approved by
the University of Michigan Institutional Review Board (reference no. HUM00106883) and
registered at clinicaltrials.gov (NCT02706093).

Study Design

Enrolled subjects were assigned to either moderate-intensity continuous training (MICT;

n = 17) or high-intensity interval training (HIIT; n=19) groups in a counter balanced

manner to optimize matching of sex and baseline anthropometric characteristics and aerobic
fitness between training groups. Before training, subjects underwent one “clinical trial” (i.e.,
hyperinsulinemic-euglycemic clamp, [1-13C]palmitate tracer infusion to measure whole-
body fatty acid mobilization, aSAT biopsies; see details in Clinical trial section, below).
After 12-weeks of MICT or HIIT, subjects underwent two clinical trials, one conducted

the day after the last exercise session (1d-Post training) and the other conducted after
subjects refrained from exercise for 4 days (4d-Post training) to wash out potential influence
of the acute exercise effects. Importantly, subjects were required to maintain their body
weight throughout the intervention (see details in Training intervention section, below). A
schematic of the study design is presented in Figure 1.

Body composition and aerobic fitness testing

Before and after subjects completed the 12-week MICT or HIIT, body composition and
aerobic fitness (i.e., peak oxygen uptake; VOopeak) were measured. Fat mass and fat free
mass (FFM) were determined by dual-energy x-ray absorptiometry (Lunar DPX DEXA
scanner, GE, WI). VO,peak was assessed on a stationary cycle ergometer (Corvival, Lode,
Netherlands) using an incremental exercise protocol starting at 40 watts for 4min and was
increased 20 watts each minute until volitional exhaustion. The rate of oxygen consumption
was measured throughout this test using a metabolic cart (Max-I1, Physiodyne Inc, NY)
and VO,peak was determined as the highest 30-second average before volitional fatigue.
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Measurements of respiratory exchange ratio (RER) = 1.1 and maximal heart rate (HRnax) =
90% of age predicted values (i.e., 220-age) were used as secondary indices to help confirm
maximal effort during these tests.

Training interventions

Training protocol.—Subjects in both groups exercised 4 days per week for 12 weeks.
Each exercise training session for the MICT group consisted of continuous exercise for

45 minutes at 70% of their HRax. For the HIIT group, each training session involved

a 3-minute warm-up at ~65% HRpax and then 10 x 1-minute intervals at 90% HRpax
interspersed with 1 minute low-intensity active recovery. These high intensity intervals were
then followed by 3-minute cool-down at 65% HRy,«. Participants in both groups were
allowed to select their preferred mode of exercise among stationary cycling, treadmill,
elliptical or rowing ergometers. Exercise time (MICT,; 45 minutes, HIIT; 25 minutes)

and energy expenditure (MICT; ~250 kcals, HIIT; ~150 kcals) between groups were
considerably different to address the study goal of comparing the low-volume HIIT protocol
(Gibala et al., 2012) with a conventional and commonly prescribed steady-state exercise
training program.

Training familiarization/ramp-up.—Subjects in both training groups followed a strictly
regulated ramp-up protocol to gradually increase their exercise intensity and duration during
the first two weeks of training. During the first week, participants in both groups performed
4 sessions of continuous 25 minutes exercise at 65% HRpy,x. During the second week of

the ramp-up, subjects in the MICT group performed 4 sessions of continuous 35-minute
exercise at 70% HRmax, While participants in the HIIT group performed 4 sessions of
exercise progressively increasing the number of 1-minute intervals at 90% HRpyax (i.€., 2 X
1,4x1,6x1,8x1). Both groups began their full training prescription at the beginning of
week 3.

Monitoring of training adherence and weight maintenance.—Study staff
supervised all exercise sessions for the first 3 weeks of training (total 12 sessions). For

the remainder of the 12-week training program, subjects were required to be present for
two supervised training sessions each week, with two unsupervised sessions monitored
using downloadable telemetry heart rate devices (Polar, Finland) that were provided to

all participants, and were required to be worn during all exercise training sessions. Heart
rate data during all sessions were reviewed by study staff to ensure subjects’ appropriate
completion of all sessions at the assigned intensity and duration. In order to monitor weight
stability, participants were weighed several times each week and if body mass deviated by
1-2% from their baseline, our research dietitian provided nutritional guidance to adjust their
calorie intake to maintain their weight at their baseline levels.

Clinical trials

Subjects completed three separate clinical trials; Once before training (Pre-training) and
twice after training (1d-Post training and 4d-Post training; Figure 1). For each of these
three visits, subjects arrived at the Michigan Clinical Research Unit at 1730 h the evening
before the clinical trial. For the 1d-Post training visit, participants performed their usual

J Physiol. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahn et al.

Page 6

exercise session beginning at 1800 h (before dinner). Immediately after the exercise session,
participants ingested a nutritional supplement drink, which was individually determined to
replace the calories expended during their exercise session with their dinner (Boost Plus,
Nestle, Switzerland; 50% carbohydrates, 35% fat, and 15% protein) to prevent an exercise-
induced energy deficit state during the trial. During all trials, subjects were provided a
standardized dinner (30% of estimated total daily energy expenditure) and snack (10%

of estimated total daily energy expenditure) at 1900 h and 2200 h respectively. The
macronutrient composition of the meal and snacks was 55% carbohydrates, 30% fat, and
15% protein. Participants had access to water ad libitum, but after their evening snack they
remained fasted until completion of all measurements the next morning. Participants slept in
their hospital room overnight.

At ~0700 h the next morning, intravenous catheters were inserted into a hand/forearm vein
on each arm. A baseline blood sample was collected at ~0800 h. At ~0830 h we collected
aSAT biopsy samples 10-15cm lateral to the umbilicus, as previously described (Ludzki

et al., 2020). Briefly, we collected approximately 100mg of a core aSAT sample, which

was immediately fixed in 10% formalin for histological analyses of aSAT morphology and
structure (see details below), and another ~300mg of aSAT was collected via aspiration.
These samples were immediately frozen in liquid nitrogen and stored at —80°C for later
quantification of specific proteins using Western blot analyses (see details below). At ~0900
h, we began continuous infusion of [1-13C]palmitate (0.04 pmol/kg/min) to assess whole-
body fatty acid mobilization. Beginning at ~0950 h, we collected 3 arterialized (heated hand
technique) blood samples separated by 5 minutes each—these plasma samples were used

to assess overnight fasted fatty acid mobilization. At ~1000 h, a ~2-hour hyperinsulinemic-
euglycemic clamp began to determine anti-lipolytic sensitivity to insulin (DeFronzo et al.,
1979). Briefly, a primed, continuous infusion of insulin (40mU/m?2/min) was administered;
blood glucose was assessed every 5 minutes and 20% dextrose was infused at a variable

rate to accommodate changes in blood glucose to maintain blood glucose at the participants’
overnight fasted levels. After blood glucose concentration stabilized without further changes
in the rate of D20 infusion for = ~20 minutes (typically 100min after beginning the

clamp procedure), five arterialized blood samples were collected every 5 minutes for the
determination of steady state plasma fatty acid kinetics.

Analytical procedures

Histological assessment of aSAT morphology and structure—The core aSAT
samples that were fixed in 10% formalin at the time of the biopsy were later paraffin
embedded (Sakura Tissue Tek TEC, Japan). Embedded samples were sectioned in 10um
thickness by a microtome (#RM2235, Leica, Germany) and placed on a microscopy slide.
Histological analysis was performed on samples collected before the 12-week training
intervention and those collected 4d-Post training. To keep staining conditions consistent as
possible, samples from Pre-training and 4d-Post training visits were placed on the same
slide. Sections were prepared for staining by being deparaffinized and dehydrated with
xylene and series of ethanol respectively, as described previously (Parlee et al., 2014). To
minimize variance between subjects, staining was performed in several batches and all the
microscopy conditions (i.e., exposure time) were kept consistent.
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Adipocyte size: Histological sample sections were stained with Harris” hematoxylin
(#HHS16; Sigma Aldrich) and eosin (#318906; Sigma Aldrich) followed by dehydration
by ethanol. Xylene based permount was used to mount the slides. Images of the stained
sections were obtained with brightfield channel in 10x by Keyence BZ-X700 microscope
(Keyence, Japan). Adipocyte size was determined by using Image J (NIH, USA) as
described previously (Parlee et al., 2014). Proportion of small adipocytes were measured
by calculating the percentage of adipocytes with mean size larger than 1000pm?2 and lower
than 3000pm2.

Extracellular matrix fibrosis: Deparaffinized sections were stained with Picro Sirius red
(#36554-8; Sigma Aldrich) for 1 hour to determine total fibrosis in aSAT extracellular
matrix. Sections were then rinsed with acidified water, followed by dehydration with ethanol
and mounted with xylene based permount. To determine the abundance of subtypes of
collagen fibers in extracellular matrix, we performed fluorescence immunohistochemistry.
Deparaffinized sections were incubated in 0.5mM HCI-Glycine buffer (pH 3.0) at 90°C

for 20 min for antigen retrieval. Sections were subsequently blocked with 3% hydrogen
peroxide in methanol for 15 minutes followed by 5% normal goat serum in PBS for

1 hour. Sections were then incubated with primary antibodies overnight at 4°C, and

then incubated with appropriate secondary antibody in dark. Sections were mounted

with antifade mounting medium (Prolong Gold; Thermofisher Scientific). Images of the
stained sections were obtained by Keyence BZ-X700 microscope (10x; fluorescence)

and analyzed by using Image J. The proportions of each collagen were calculated by
dividing the positively stained area by the entire section area. Primary antibodies were
Collagen type 4 (Col4, #C1926, Sigma Aldrich), Collagen type 5a3 (Col5a3, #LS-C353420,
LifeSpan BioSciences), Collagen type 6 (Col6, # ab6588, Abcam). Secondary antibodies
were AlexaFlour 488 (# A11008, A21422, Thermofisher Scientific) and 555 (# A21428,
Thermofisher Scientific).

Capillary density: Sections were incubated with anti-von Willebrand Factor (#AB7356;
Abcam) primary antibody followed by incubation with HRP conjugated secondary antibody
and DAB substrate for visualization. Hematoxylin was used for counterstaining. Images
were obtained in 10x by Keyence BZ-X700 microscope (brightfield). Image J was used

to analyze capillary density (i.e., number of capillaries per section area and number of
capillaries per adipocytes) and capillary size.

Protein abundance of factors regulating aSAT remodeling, metabolism, and
inflammatory pathway.—A portion of each aspirated aSAT biopsy sample (~140mg wet
weight) was homogenized in ice-cold 1X RIPA buffer (#9806, Cell Signaling Technology,
MA) with freshly added protease and phosphatase inhibitors (P8340, P5726, and P0044;
Sigma Aldrich) using two 5 mm steel beads (TissueLyser II, Qiagen, CA). Homogenates
were rotated at 50 rpm for 60 min at 4°C and then centrifuged at 4°C for 3 x 15 minutes at
15,000q, disposing the lipid fraction between each centrifugation. Protein concentration was
assessed using the bicinchoninic acid method (#23225, Thermofisher Scientific). Samples
for Western blotting were prepared in 4x Laemmli buffer, heated for 5 minutes at 95°C,

and equal amounts of protein (15ug) were loaded onto handcast gels ranging from 8 to
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15%. Following separation by SDS-PAGE, proteins were transferred onto nitrocellulose
membranes. Membranes were blocked for 2 hours with 5% bovine serum albumin in
tris-buffered saline, 0.1% Tween 20 (TBST) at room temperature and incubated with
primary antibodies overnight at 4°C. After primary antibody incubation, membranes were
washed and incubated with appropriate secondary antibody (#7074 or #7076, Cell Signaling
Technology). All blots were developed using enhanced chemiluminescence (#1705061,
Biorad or #34095, Fisher) and imaged (Fluorchem E Imager, ProteinSimple, CA). Primary
antibodies were Adipose triglyceride lipase (ATGL, #2138, Cell Signaling Technology),
Hormone-sensitive lipase (HSL, #18381, Cell Signaling Technology), Comparative gene
identification-58 (CGI-58, ab183739, Abcam), Glycerol-3-phosphate acyltransferase 1
(GPAT1, PA5-20524, Thermofisher Scientific), Diglyceride acyltransferase 1 (DGAT1,
NB110-41487, Novus Biologics), CD36 (sc-9154, Santacruz biotechnology), Cytochrome
c oxidase subunit IV (COX-1V, #4844, Cell Signaling Technology), Peroxisome Proliferator
Activated Receptor Gamma (PPARYy, #2435, Cell Signaling Technology), CCAAT Enhancer
Binding Protein Alpha (CEBPa, #8178, Cell Signaling Technology), Fatty acid-binding
protein 4 (FABP4, sc-271529, Santacruz Biotechnology), Matrix metalloproteinase 2
(MMP2, #87809, Cell Signaling Technology), Matrix metalloproteinase 9 (MMP9,

#13667, Cell Signaling Technology), Tissue inhibitor metalloproteinase 1 (TIMP1, #8926,
Cell Signaling Technology), Tissue inhibitor metalloproteinase 2 (TIMP2, #5738, Cell
Signaling Technology), Vascular Endothelial Growth Factor A (VEGFa, ab46154, Abcam),
Angiopoietin 1 (HPA018816, Sigma Aldrich), Angiopoietin 2 (sc-74403, Santacruz
Biotechnology), p38 MAPK (#9212, Cell Signaling Technology), Phospho-p38 MAPK
(Thr180/Tyr182) (#9211, Cell Signaling Technology), p44/42 MAPK (Erk1/2, #4695, Cell
Signaling Technology), Phospho-p44/42 MAPK (Thr202/Tyr204) (phopho-Erk1/2, # 4376,
Cell Signaling Technology), SAPK/INK (#9252, Cell Signaling Technology), Phospho-
SAPK/INK (Thr183/Tyr185) (#9251, Cell Signaling Technology). To normalize proteins

to total protein level, Memcode (#24580, ThermoFisher Scientific) was used to stain total
protein in the membranes (Moritz, 2017). To reduce gel-to-gel variability, an internal
standard sample (IS; composite aSAT lysate from 8 obese individuals) was also loaded

onto each gel for normalization.

Circulating concentrations of adipokines and fatty acids—Plasma concentrations
of total adiponectin (DRP300, R&D Systems), high molecular weight (HMW) adiponectin
(DHWADO, R&D Systems) and leptin (EZHL-80SK, Sigma Aldrich) were assessed by
ELISA. Plasma concentrations of fatty acids (NC9517309, NC9517311, Fujifilm Medical
Systems) were measured using commercially available kits.

Plasma fatty acid kinetics.—Gas chromatography-mass spectroscopy (Agilent 5973
Networks, Mass Selective Detector, Agilent, DE) was used to determine the tracer-to-tracee
ratio (TTR) for plasma palmitate and fatty acid rate of appearance (Ra) into plasma was
calculated as we have reported previously (Newsom et al., 2010).

Statistical analysis—Non-normally distributed data were log-transformed before
statistical analysis. Linear mixed models were applied to examine the main effects of
training group (MICT vs. HIIT) and training status (pre training vs. 4d-Post training or
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pre training vs. 1d-Post training vs. 4d-Post training) and training group X training status
interactions (IBM Corp. Released 2019. IBM SPSS Statistics for Windows, Version 26.0.
Armonk, NY: IBM Corp). Fisher’s least significant different method was used for post

hoc comparisons when significant interaction effects (i.e., training group X training status
interaction) were observed. Pairwise comparisons were also conducted between different
training status (i.e., Pre-training vs. 1d-Post training vs. 4d-Post training). In the few
measurements where missing data were unavoidable due to inadequate tissue yield or tracer
availability, data for these measurements from all trials were excluded and specific sample
size is reported for these few outcomes. All data are presented as mean + SD.

Body weight, body composition, VO,peak, and blood parameters in response to training

A total of 36 subjects with obesity completed the exercise training interventions (MICT; n
=17, HIIT; n = 19; Table 1). Both MICT and HIIT significantly increased both absolute
(L/min) and relative (ml/kgFFM/min) VOypeak (p < 0.001), and there was a trend for the
increase in absolute VOypeak in HIIT (11+5%) to be greater than MICT (6+£8%) (p=0.1). As
designed, body mass and fat free mass did not change after training (Table 1), but there was
a trend for body fat mass to be slightly lower after both HIIT and MICT (p=0.06), which
was the result of very small (< ~0.5kg), yet the consistent reduction in total body fat mass
across subjects (Table 1).

Three months of exercise training without weight loss did not alter fasting plasma
concentrations of fatty acids. Interestingly, fasting plasma concentrations of total
adiponectin, HMW adiponectin and leptin were all significantly reduced after training
(p=0.001, p=0.03, p=0.03, respectively; Table 1) with no differences between MICT and
HIIT.

Morphological and structural aSAT remodeling in response to training

Adipocyte cell size.—Twelve weeks of MICT and HIT slightly (~10%), yet significantly
reduced mean adipocyte size (p=0.002; Figure 2A and 2B) and increased the proportion

of small adipocytes (p=0.018; Figure 2C). This was evidenced by a leftward shift in the
frequency distribution for 4d-Post training adipocyte size (Figure 2D). There were no
distinguishable differences between MICT and HIIT (Figure 2).

aSAT fibrosis and ECM collagen.—aSAT fibrosis (as assessed by Sirius Red staining)
was not altered after training in either MICT or HIIT (Figure 3A and 3B). Using
immunohistochemistry to assess potential changes in the abundance of some specific aSAT
ECM proteins, we found a small, yet significant increase in Col5a3 4 days after training
(p=0.04) with no differences between MICT and HIIT (Figure 3A and 3B). Conversely, the
abundance of Col4 and 6 were not significantly altered by exercise training (Figure 3A and
3B).

aSAT capillarization.—Exercise training increased capillarization when expressed as the
number of capillaries per mm? (Figure 4A and 4B; p=0.05). Conversely, the change of
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capillarization when expressed as the number of capillaries per adipocyte (Figures 4A
and 4C), did not quite reach statistical significance (p=0.1). There were no differences in
capillarization observed between MICT and HIIT. Additionally, capillary cross-sectional
area also did not change 4 days after training in either MICT or HIIT (Figure 4D).

Factors regulating aSAT remodeling

The morphological/structural measurements presented above were all measured in aSAT
samples collected 4 days after the last exercise training session. However, because many
longer-term adaptations to exercise training like these often stem from relatively short-
lived responses to exercise, we measured changes in factors that regulate these structural
adaptations both 1 day and 4 days after the last exercise training session.

Markers of adipogenesis regulation—The protein abundance of total PPARy was
not different after training in either group (Figure 5A). However, we found a significant
training group X training status interaction for CEBPa., another primary transcription factor
for adipogenesis. Post-hoc testing revealed that the protein abundance of total CEBPa was
significantly increased in aSAT 1 day and 4 days after the last exercise session in HIIT
(p=0.02 and p=0.03 respectively) but not MICT (Figure 5B). The protein abundance of
FABP4, a marker for differentiated/mature adipocytes was significantly increased when
measured 1 day after exercise (p = 0.01) and tended to remain elevated when measured 4
days after exercise (p=0.09) with no differences between MICT and HIIT (Figure 5C).

Extracellular matrix regulators—Although we did not find an effect of exercise training
on total aSAT fibrosis (as assessed by Sirius Red staining; Figure 3), we did find that
abundance of MMP9, one of the key proteins involved in ECM remodeling was reduced

4 days after exercise training (p=0.02; Figure 5E). There was no significant difference in
MMP9 abundance between MICT and HIIT. The protein abundance of MMP2, TIMP1, and
TIMP2 were not altered either 1 day or 4 days after exercise training (Figure 5D, F, and G).

Angiogenesis regulators—Aligning with the observed increase in aSAT capillarization
after both MICT and HIIT, protein abundance of the angiogenic regulator, Angiopoietin-2
was increased both 1 day and 4 days after exercise training (p<0.01) with no differences
between groups (Figure 5J). In contrast, we did not observe an increased abundance of
VEGFa, which is widely considered a “master regulator” of angiogenic activity (Figure
5H). Additionally, we found a significant training group X training status interaction for
Angiopoietin-1, another angiogenic regulator. Post-hoc testing revealed that Angiopoietin-1
was significantly reduced below pre-training levels when measured 4 days after training
after HIIT (p=0.006) but not MICT (Figure 5I).

Whole-body fatty acid mobilization

After an overnight fast, fatty acid release from adipose tissue into the systemic circulation
(fatty acid Ra) was not affected by either MICT or HIIT when measured either 1 day or 4
days after exercise training (Figure 6). During the insulin infusion, the potent antilipolytic
effects of insulin reduced fatty acid Ra to levels ~70% below basal levels in both training
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groups (p<0.001), but there was no effect of exercise training on the antilipolytic effects of
insulin when measured after 1 day and 4 days of exercise training (Figure 6).

Proteins regulating aSAT metabolism

In agreement with our observation that training did not affect fatty acid release from adipose
tissue, protein abundance of the main triacylglycerol lipase protein, ATGL and its primary
activator, CGI-58 also did not change after training (Figure 7A and B). Interestingly,
however, abundance of HSL, which hydrolyzes diacylglycerol to monoacylglycerol, was
significantly elevated above pre-training levels when measured 1 day after exercise (p
=0.01) and tended to remain elevated 4 days later (p=0.06; Figure 7C). The protein
abundance of the fatty acid trafficking protein, FAT/CD36 was significantly increased 1
day after exercise (p=0.03), which then returned to pre-training level 4 days later (Figure
7D). Neither of the primary fatty acid esterification proteins, GPAT1 and DGAT1 were
altered by training (Figure 7E and F). Exercise training significantly increased the protein
abundance of COX-1V, a classical marker of mitochondrial density (p<0.01; Figure 7G).
However, the protein abundance of SDHA, an enzyme involved in citric acid cycle and
electron transport chain, was not affected after exercise training (Figure 7H). Importantly,
we did not observe any differences between HIIT and MICT for any of these proteins that
regulate aSAT metabolism (Figure 7).

Key signal proteins involved in MAPK pathway

The protein abundance of phosphorylated P38 MAPK (Thr180 and Tyrl82) was significantly
increased 1 day after exercise training (p=0.02) with no differences between MICT and
HIIT (Figure 8A). However, this exercise-induced increase in phosphorylated P38 was no
longer evident when expressed relative to total P38 MAPK (Figure 8C). We also found the
total protein abundances of JINK and ERK1/2 to be significantly elevated 1 day after last
exercise session (both p=0.02) with no difference between MICT and HIIT (Figure 8D and
G). Importantly, when measured 4 days after the last exercise training session, we could

no longer detect significant changes in the abundance of any of these proteins (total or
phosphorylated forms) compared with pre-training levels.

DISCUSSION

The major findings of this study were that 12 weeks of exercise training, in absence of
changes in body weight and fat mass, reduced adipocyte size, modified the composition

of ECM and increased capillarization in aSAT. Accompanying the changes in ECM and
capillarization, we found some key factors that regulate extracellular matrix remodeling
(MMP9), and angiogenesis (ANGPTL2) were altered in response to exercise training.
Additionally, many of the modest exercise-induced changes in factors that regulate aSAT
metabolism (i.e., HSL and CD36) and inflammatory pathway activation (i.e., phosphorylated
P38 MAPK, JNK, and ERK1/2) were evident the day after the last session of exercise but
were reversed 4 days later. Importantly, despite the robust difference in training intensity and
volume, metabolic and aSAT adaptations in response to MICT and HIIT were remarkably
similar.

J Physiol. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahn et al.

Page 12

Adipose tissue with a greater proportion of smaller adipocytes is often considered to be
more metabolically favorable in terms of lower pro-inflammatory macrophage infiltration
(Weisberg et al., 2003), lower lipolytic rates (Laurencikiene et al., 2011), and enhanced
sensitivity to insulin (Olefsky, 1976, 1977). Some studies have reported adipocyte size to
be smaller after exercise training (Despres et al., 1991; Gollisch et al., 2009; Américo et

al., 2019), perhaps contributing to the exercise-induced improvement in metabolic health.
However, most of these reductions in adipocyte size after exercise training were also
accompanied by a meaningful amount of weight loss, thereby confounding the interpretation
of direct effects of exercise on adipocyte size. In contrast, by intentionally requiring our
participants to maintain body weight throughout the 12-week training program, we were
largely able to remove this confounding influence of weight loss on the effects of exercise
training on adipocyte size. We must acknowledge that despite weight maintenance in our
study, the very small, non-significant reduction in whole body fat mass (~0.5kg) may have
contributed to a portion of the ~10% reduction of adipocyte size we observed after training.
However, it seems unlikely that we would be able to detect this very small change in whole
body fat mass at the adipocyte-level. This is supported by our observation that the reduction
in adipocyte size in our study was not related to the reduction in fat mass (R = 0.005, P

= 0.7), suggesting factors other than loss of body fat (e.g., formation of more adipocytes)
may also underlie the reduction of adipocyte size we observed. Our findings that some of
adipogenic markers were increased after training (i.e., trend of increase in protein abundance
of FABP4 and significant increase in protein abundance of CEBPa. in HIIT) provides some
support for this notion. It is unclear why CEBPa. was only increased in HIIT, but perhaps,
expression of adipogenic transcription factors may be differentially regulated by exercise
intensity.

The potential role of exercise on aSAT ECM is important because ECM’s fibrotic content
is tightly associated with obesity-induced insulin resistance (Divoux et al., 2010; Spencer
et al., 2011). Because changes in body fat mass are known to induce remodeling of

adipose ECM (Divoux et al., 2010; Spencer et al., 2011), to accurately assess the effects

of exercise on aSAT ECM, once again it is critical to tightly control of body weight/body
fat mass during exercise interventions. To our knowledge, only one previous study has
examined the effects of exercise training on ECM remodeling independent of weight loss,
and it was reported that in high fat diet (HFD)-fed mice, four-months of exercise training
markedly attenuated the increase in epidydimal adipose tissue fibrosis despite identical
gains in body weight and body fat mass between exercised and non-exercised animals
(Kawanishi et al., 2013). In contrast, our findings suggest that three-months of exercise
training without weight loss may not induce meaningful modifications in aSAT fibrosis in
human subjects with obesity. We recognize that our three-month exercise interventions may
have been too short to induce meaningful changes in aSAT fibrotic deposition in humans.
An alternative possibility to explain the apparent discrepancy between our findings and those
of Kawanishi, et al (Kawanishi et al., 2013) is that exercise may be effective in attenuating
the increased fibrotic formation that often occurs in adipose tissue with weight gain but
may not be as effective in reducing existing fibrosis. Importantly, however, our observation
that exercise training modestly modified the composition of the collagens in aSAT samples
may have important clinical implications. Although the increase in Col5a3 abundance may
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seem to conflict with the notion that increased extracellular matrix deposition is negatively
associated with metabolic health, evidence suggest Col5a3 is a crucial signaling component
in glucose homeostasis (Huang et al., 2011). Huang et al reported that isolated adipocytes
from epididymal fat pads in Col5a3~/~ mice exhibited impaired glucose uptake compared
with that in wild type, suggesting the critical role of Col5a3 in adipose tissue glucose
metabolism. Therefore, increased abundance of Col5a3 in response to exercise training may
still reflect a metabolically favorable adaptation.

High capillary density in adipose tissue enhances capacity for oxygen and nutrient delivery
(and metabolic by-product removal), possibly preventing local hypoxia, which can lead to
increased fibrosis and inflammation (Halberg et al., 2009; Krishnan et al., 2012). Although
we found an increase in aSAT capillarization after exercise training (i.e., when expressed

as number of capillaries per mm?2) — this effect was rather modest and the increase in

the number of capillaries per adipocyte did not quite reach statistical significance. One
previous study reported that 12 weeks of endurance exercise training significantly increased
the number of capillaries per adipocyte in human aSAT (Walton et al., 2015). However, this
exercise-induced increase in aSAT capillarization was only found in their non-obese, insulin-
sensitive subjects (BMI: 26 + 0.72 kg/m?) while aSAT capillarization did not increase
significantly in their insulin resistant subjects with obesity (BMI: 35.1 + 0.9 kg/m?) (Walton
et al., 2015). This may help explain why we did not find a more robust increase in aSAT
capillarization in our subjects. It is possible that insulin resistance may blunt angiogenesis
by suppressing the expression of VEGFa. (Pasarica et al., 2009). Additionally, our finding
that Angiopoietin-2 protein abundance increased after both MICT and HIIT, suggests that
exercise training may upregulate components of the angiogenic pathway - but perhaps 12
weeks of exercise training was not long enough to induce a robust increase in capillarization
of the hypertrophied adipocytes in adults with obesity. While our finding that Angiopoietin-1
protein abundance in aSAT did not change after MICT is consistent with the previous
exercise training study in humans (Walton et al., 2015), the reduction in HIIT suggests

that aSAT Angiopoietin-1 may be differentially regulated by exercise intensity, although the
underlying mechanisms for this phenomenon are unclear. Accompanying our observed trend
for an increase in the number of capillaries per adipocyte in our study, the modest reduction
in adipocyte diameter we observed after training may represent a favorable adaptation in the
context of oxygen and nutrient delivery, by reducing diffusion distance in adipocytes.

Excessive fatty acid release/mobilization from aSAT into the systemic circulation that is
common in obesity, often results in ectopic fat deposition in other tissues (i.e., liver, skeletal
muscle, heart, etc.) which underlies many obesity-related cardiometabolic complications
(Ravussin & Smith, 2002; McQuaid et al., 2011). Our findings that 12 weeks of exercise
training without weight loss did not alter whole-body fatty acid mobilization rate is
consistent with previous reports (Horowitz et al., 1999; Horowitz et al., 2000). Our current
findings extend on these previous studies by demonstrating that the anti-lipolytic effects

of insulin were also not affected by 3 months of training. We acknowledge the possibility
that our dose of insulin during the clamp (40 mU/m2/min) may have been high enough to
mask potential improvements in anti-lipolytic sensitivity to insulin after training. But based
on previous work (Shojaee-Moradie et al., 2007), we do not believe this to be the case.

Our observations in this study are also specific to the conditions when exercise training
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is not accompanied by weight loss. We previously reported that when exercise training is
accompanied by weight loss, systemic fatty acid mobilization declines (Schenk et al., 2009).
In fact, the reduction in lipolytic rate and systemic fatty acid mobilization was identical
when adults with obesity lost 12% body weight with or without exercise training (Schenk
et al., 2009). Therefore, it appears that changes in systemic fatty acid mobilization are
particularly responsive to weight loss but not exercise training, per se. Our finding that

the protein expression of ATGL in aSAT was unaltered by training aligns with the lack

of change in fatty acid Ra. Although the trend of increase in aSAT HSL we found in
response to training may indicate increased lipolytic capacity, this may be only relevant
under conditions when energy expenditure is high (e.g., during exercise) because fatty acid
mobilization rate was not different while our subjects were at rest. Interestingly, we found
a transient increase in the abundance of the fatty acid transporter, CD36 in aSAT 1 day
after last training session, which supports the notion of an adaptive response to increase
the capacity of lipid handling in aSAT that the subjects experience during their regular
exercise sessions. However, our observation that aSAT CD36 protein abundance returned
to pre-training levels 4 days after the last session of exercise suggests this adaptation is
transient.

Mitochondrial biogenesis and function are often compromised in aSAT in obesity, which
has been associated with metabolic disturbances (Hammarstedt et al., 2003; Semple et al.,
2004; Heinonen et al., 2015). These metabolic abnormalities linked to low mitochondria
density in aSAT may attributed to increased endoplasmic reticulum stress, oxidative stress,
and inflammation in response to nutritional overload (Chen et al., 2010; Wang et al., 2010;
Marycz et al., 2018). Our finding that both MICT and HIIT increased the protein abundance
of COX-IV in our obese subjects expands on previous works that indicate that exercise
training may promote mitochondrial function and biogenesis in adipose tissue in both lean
rodents (Sutherland et al., 2009; Trevellin et al., 2014) and non-obese humans (Rénn et
al., 2014; Riis et al., 2019). Unlike many of the other regulatory proteins we measured in
our aSAT samples, the increase in COX-1V persisted at least 4 days after the last exercise
training session, suggesting this was more than an acute/transient adaptation. It is also
notable that the increase in aSAT COX-1V abundance was similar in both MICT and HIIT
despite the large difference in exercise stimulus. Although COX-1V protein abundance is
commonly used as a marker of mitochondrial content, we recognize that additional studies
are needed to more comprehensively determine the effects of exercise training on aSAT
mitochondrial adaptations in adults with obesity.

MAPK signaling in adipose tissue has been reported to be involved in adipogenesis,
inflammation, and lipolysis, raising the possibility of an active role of MAPK signaling

in aSAT remodeling (Hu et al., 1996; Camp & Tafuri, 1997; Greenberg et al., 2001; Trujillo
et al., 2006). The only previous study to our knowledge that examined the effects of
exercise training on MAPK signaling in human aSAT reported a reduced expression of
genes involved in the MAPK pathway after 6-month of exercise training healthy adults
(R6nn et al., 2014). In contrast, we found no change in our markers of MAPK activity

(i.e., abundance of phosphorylated forms of P38, ERK1/2, and JNK relative to the total
abundance of each protein) in response to training. Moreover, the transient increase in the
total protein abundance of ERK1/2 and JNK we observed the day after the last exercise
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session suggests a possibility of an increase in the capacity for MAPK activity in aSAT. But
this potential for increased MAPK capacity was transient since the abundance of JINK and
ERK all returned to pre-training levels after 4 days without exercise.

Leptin and adiponectin are two mostly well-studied peptides released from adipose tissue
(“adipokines”™). Obesity is often associated with high plasma leptin concentrations and low
plasma adiponectin concentrations, and while the effects of weight loss on leptin (decrease)
and adiponectin (increase) concentrations are quite consistent, evidence regarding the effects
of exercise training on these adipokines is equivocal. Some studies report systemic leptin or
adiponectin levels increase (Shadid et al., 2006; Markofski et al., 2014), decrease (Yatagai

et al., 2003; Ozcelik et al., 2004; Polak et al., 2006), while others report no change

after training (Hulver et al., 2002; Ligibel et al., 2009). An important confounder to the
interpretation of many of these exercise studies is the change in body fat mass that often
occurred during these training interventions. Our finding that 12 weeks of exercise training
without weight loss significantly reduced both systemic adiponectin and leptin level suggests
that these adipokines may be regulated by training independent of weight loss. However,

the underlying mechanisms that explains the reduction in both adiponectin and leptin after
training are unclear.

In contrast to our hypothesis, the metabolic and structural adaptations in aSAT were
remarkably similar between HIIT and MICT, despite marked differences in the exercise
stimulus. This finding may suggest that even though our MICT and HIT protocols represent
two rather distinct exercise training regimens — the difference in the exercise stimulus
between MICT and HIIT was not large enough to evoke meaningful differences in adaptive
responses to aSAT we measured in our study. Alternatively, it is possible that adaptations
stemming from the more “conventional” 45 min of continuous exercise in our MICT
protocol was closely matched by the brief high intensity stimulus during HIIT, despite
nearly 70% greater energy expenditure and 50% longer exercise time in MICT vs. HIIT.
Regardless, the similar adaptations in aSAT structure and factors that regulate metabolic
functions between HIIT and MICT were rather modest compared with previous findings that
reported metabolic improvements (i.e., increased insulin sensitivity and reduced whole body
inflammation) and functional modifications in aSAT (Marcell et al., 2005; Fabre et al., 2018;
Riis et al., 2019) after exercise training. We postulate the modest changes in aSAT structure
and markers of metabolic function in our study compared with these others were largely a
consequence of our study design to intentionally maintain body weight during our training
program to assess the effects of exercise training independent of weight loss.

Although this was a well-controlled study to compare the effects of HIIT vs. MICT on

lipid metabolism and aSAT structure and function independent of weight loss in obese
adults, there are some important limitations. Despite the modest modifications in aSAT
structure in response to exercise training even in the absence of weight loss, we acknowledge
that 12 weeks of training intervention may be too short to induce major structural and
morphological modifications given that aSAT remodeling may be a slow process (Arner

et al., 2010). However, our findings suggest that even 3 months of exercise training

may increase the capacity of tissue remodeling (i.e., adipogenesis, angiogenesis, ECM
remodeling) and it is possible that training-induced tissue remodeling may be even more
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robust after longer-term training. We did not tightly control dietary composition during
the 12-week training intervention and therefore cannot completely rule out the possibility
that the structural and metabolic adaptations in aSAT after training may be influenced by
daily variations in nutrient content and/or timing of intake. Although we note that diet
composition and meal timing could have some impact on aSAT metabolism (Shostak et
al., 2013; Hernandez et al., 2017), we closely monitored body weight fluctuations in our
participants enough to know that they didn’t experience wide variations in diet composition
or meal timing. Also, we successfully managed participants’ body weight to keep it
similar to their pre-training levels during the intervention period, which we contend to

be the most impactful on our outcomes (Sjostrom & Bjorntorp, 1974; Smith et al., 2001;
Eriksson-Hogling et al., 2015). As discussed in our previous report (Ryan et al., 2020),
we intentionally did not match total energy expenditure or exercise time between MICT
and HIIT to compare two distinct exercise prescriptions that are commonly implemented
in real-life environment. This allowed us to conclude that HIIT, even with lower energy
expenditure and time commitment compared with MICT induced similar adaptations in
aSAT.

In summary, our findings indicate that 12 weeks of exercise training, without weight loss,
induced some remodeling within aSAT, as evidenced by a reduction in adipocyte cell size,
altered ECM composition, and an increase in capillarization. However, these morphological/
structural adaptations in aSAT were quite modest and did not culminate in measurable
changes in whole body fatty acid mobilization, which is a major factor underlying insulin
resistance in obesity (Roden et al., 1996; Schenk et al., 2009). In line with this, in previously
published work from this same overall project (Ryan et al., 2020), we reported neither
MICT nor HIIT induced a persistent increase in insulin sensitivity after 12 weeks of
training. Therefore, perhaps adaptations to aSAT must be robust enough to lower systemic
fatty acid mobilization to manifest into a measurable improvement in whole body insulin
sensitivity. We acknowledge that changes to aSAT structure and function may require an
exercise intervention longer than 3 months. Alternatively, perhaps the independent effects
of exercise training on aSAT structure and metabolic function are relatively subtle when

not accompanied by weight loss, which is known to have a robust impact on many aspects
of aSAT metabolism and morphology (Rupnick et al., 2002; Clément et al., 2004; Larson-
Meyer et al., 2006; Kos et al., 2009). The transient nature in the expression of some key
factors that regulate aSAT fatty acid metabolism and inflammatory pathway activation (i.e.,
increased the day after the last exercise training session — but returned to pre-training levels
4 days later) supports the notion that the effects of exercise on aSAT metabolic function

and inflammation are largely affected by the most recent session of exercise, rather than

by longer-term adaptations to exercise training. Importantly, our findings also indicate that
the effects of MICT and HIIT on aSAT structure, metabolism and inflammatory pathway
were remarkably similar despite marked differences in the energy expenditure, duration, and
intensity of the exercise stimulus.
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KEY POINTS

Exercise training is well-known to improve metabolic health in obesity - but
how exercise modifies the structure and metabolic function of adipose tissue,
in absence of weight loss, remains unclear.

We report that 12 weeks of moderate-intensity continuous training (MICT)
and 12 weeks of high-intensity interval training (HIIT) both induced
modifications in adipose tissue structure and factors that regulate adipose
tissue remodeling, metabolism, and inflammatory signal pathway in adults
with obesity, even without weight loss (with no meaningful differences
between MICT and HIIT).

The modest modifications in adipose tissue structure in response to 12 weeks
of MICT or HIT did not lead to changes in the rate of fatty acid release from
adipose tissue.

These results expand our understanding about the effects of two commonly
used exercise training prescriptions (MICT and HIIT) on adipose tissue
remodeling that may lead to advanced strategies for improving metabolic
health outcomes in adults with obesity.
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Clinical measurements Clinical measurements
Pre-training 1day Post-training 4days Post-training
(1d-Post) (4d-Post)
12-week MICT vs HIIT

(Weight maintaining diet)

—

4 days without exercise

Figure 1. Schematic of study design.
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Figure 2. Changes in adipocyte cell size in response to training
A) Representative images of H&E stained aSAT. White scale bar refers to 100um. B)

Mean adipocyte area. C) Proportion of smaller adipocytes (1000um? < area < 3000um?). C)
Frequency distribution of adipocyte area. Sample sizes were MICT n = 16 and HIIT = 18.
*Significant main effect of training status (p < 0.05). ** Significant main effect of training
status (p < 0.01). There were no significant effects of training group or training group x
training status interactions.
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A) Representative staining images of Sirius Red, Col4, Col5a3, and Col6 in aSAT section.
White scale bar refers to 100um. B) Abundance of ECM proteins quantified from histology
images. Sample sizes were MICT n =14 and HIIT n = 17 for Sirius Red, MICT n = 14 and
HIIT n =16 for Col4 and Col5a3, and MICT n =16 and HIIT n = 18 for Col6. *Significant
main effect of training status (p<0.05). There were no significant effects of training group or

training group X training status interactions.
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Figure 4. aSAT capillarization in response to training.
A) Representative staining images of VWF in aSAT section. Capillaries are visible as dark-

brown puncta. Black scale bar refers to 100um. B) Number of capillaries per field area

(mm?). C) Number of capillaries per adipocytes. D) Mean capillary cross-sectional area
(m?). *Significant main effect of training status (p<0.05). Sample sizes were MICT n =
15 and HIT = 18. There were no significant effects of training group or training group x
training status interactions.
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Figure 5. Adaptations in aSAT remodeling factors in response to exercise training.
(A~C) Protein expression of factors/markers involved in adipogenesis. (D~G) Protein

expression of ECM regulators. (H~J) Protein expression of angiogenic regulators.
*Significant main effect of training status, with post-hoc analysis identifying a significant
difference compared with Pre-training (p<0.05). T Trend of main effect of training

status, with post-hoc analysis identifying a trend of difference compared with Pre-training
(0.05<p<0.1). There were significant training group x training status interactions in the
abundance of CEBPa (p=0.046) and Angiopoetin-1 (p=0.002).
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Figure 6. Whole body fatty acid mobilization rate in response to exercise training.
Sample sizes were MICT n = 14 and HIIT = 14. Fatty acid rate of appearance in the

systemic circulation after over-night fasting and insulin-stimulated conditions. #Significant
main effect of insulin (p<0.001). There were no significant main effects of training group,
training status, or training group x training status interactions.
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trafficking protein. (E and F) Protein expression of esterific enzymes. (G and H) Protein
expression of mitochondrial markers. *Significant main effect of training status, with

post-hoc analysis identifying a significant difference compared with Pre-Training (p<0.05).
T Trend of main effect of training status, with post-hoc analysis identifying a trend of
difference compared with Pre-Training (0.05<p<0.1). There were no significant main effects
of training group or training group X training status interactions
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Figure 8. Adaptations in aSAT MAPK proteins in response to exercise training.
Protein expression of A) total P38 and B) phosphorylated P38. C) The activity of P38

was measured by normalizing the abundance of phosphorylated P38 by total P38. Protein
expression of D) total JINK and E) phosphorylated JNK. F) The activity of JINK was
measured by normalizing the abundance of phosphorylated JNK by total INK. Protein
expression of G) total ERK and H) phosphorylated ERK. 1) The activity of ERK was
measured by normalizing the abundance of phosphorylated ERK by total ERK. *Significant
main effect of training status, with post-hoc analysis identifying a significant difference
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compared with Pre-Training (p<0.05). t Trend of main effect of training status, with post-
hoc analysis identifying a trend of difference compared with Pre-Training (0.05<p<0.1).
There were no significant main effects of training group or training group x training status
interactions.
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Table 1.
Subject characteristics and whole-body clinical biomarker measures before and after

training.

Data are presented as mean + SD. *Significant main effect of training status (p < 0.05). ***Significant main
effect of training status (p<0.001). There were no significant effects of training group or significant training
group X training status interactions. FFM = Fat Free Mass. HMW = High Molecular Weight.

MICT (n = 17) HIIT (n = 19)
Age (years) 30+6 31+7
Sex 12 Women, 5 Men 12 Women, 7 Men
Height (m) 1.71+0.09 1.70+0.08
Pre 4d-Post Pre 4d-Post
training Trained training Trained
Body mass (kg) 98.0+11.6 | 97.6+117 | 96.4+137 | 96.6+136
Fat mass (kg) 405+7.1 40.1+£7.2 42577 420+7.7
Fat free mass (kg) 555+9.3 55.6 +9.6 55.9+10.5 56.5+10.3
BMI (kg/m?) 33.7+3.2 33.4+3.2 33.0+29 33.1+31
Body fat % 4346 43.1+6.4* 421+54 41.6 +5.4*
VO,peak (L/min) 23+05 2.5+ 0.6%** 25+0.6 2.8 £ 0.6%**
VO,peak (ml/kgFFM /min) 419+77 | 449+7.7%%* | 438+6.1 | 485+ 5.3%*
Plasma fatty acids (uM) 392 + 159 408 + 118 433 + 156 387 £122
Plasma total adiponectin (ug/ml) 47+26 4.0 £2.3%** 4619 3.9+ 1.8%**
Plasma HMW adiponectin (ug/ml) 26+20 23+1.8* 24+13 20+1.3*
Plasma leptin (ng/ml) 53.2+£251 | 485+22.6% | 49.0+24.7 | 48.0+27.2*
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