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Exercise mitigates obesity-associated pathologies; however, there is controversy regarding optimal exercise interventions. Autophagy, is known to decrease during obesity and is an important moderator for exercise
adaptations.
Purpose: To investigate individual and combined effects of different exercise interventions and autophagy inhibition on exercise adaptations during obesity.
Methods: C57BL/6J mice initiated 45% high fat diet at 8 weeks of age. After 6 weeks of diet, animals were divided
into moderate (MOD) or high intensity interval training interventions (HIIT), animals were further divided into
autophagy inhibition or vehicle conditions (n ¼ 10/group). Animals exercised and autophagy was inhibited 3X/
week by NSC185058 injections, thereby blocking autophagosome formation. Interventions continued for 4 weeks.
Results: High fat diet impaired glucose handling ~17%; exercise interventions normalized glucoregulation to prehigh fat diet levels, without differences between any interventions. High fat diet induced ~25% decrease in
aerobic capacity, which returned to baseline after exercise interventions, with no differences between any interventions. No effects of autophagy inhibition were noted.
Conclusions: HIIT and MOD training confer similar health-related adaptations.

Introduction
Obesity, metabolic syndrome, and type 2 diabetes mellitus (T2DM)
remain signiﬁcant maladies in Western society.1 Insulin medication costs
have more than doubled, causing signiﬁcant economic burdens and a
reduction in overall quality of life for millions of patients.2 Exercise is
known to decrease T2DM-associated insulin resistance (IR) and mortality
regardless of weight loss.3 Recently, controversy surrounding the relative
effectiveness of high intensity interval training (HIIT) compared to
moderate intensity continuous training (MOD) has emerged.4 HIIT has
become exponentially more popular over the past decade, ﬁnishing in the
top three ﬁtness trends in each of the last ﬁve years.5 Clinically, HIIT has
become increasingly widespread as an exercise intervention across a
greater breadth of populations, including those with metabolic
impairments.4,6–9 More so, recent meta-analyses suggest HIIT to be more
effective compared to traditional moderate intensity continuous training
(MOD) to improve insulin sensitivity.10 However, mechanisms that may
correspond to the purported augmented beneﬁts have yet to be

elucidated. More so, it is difﬁcult to draw strong conclusions regarding
any potential additional beneﬁts associated with HIIT compared to MOD,
as many “comparative” protocols in the past did not match total work
completed or average intensity of exercise.7,11,12
One cellular mechanism recently implicated in the development of
exercise adaptations is autophagy.13–15 Autophagy is a process that
removes dysfunctional cellular components by sequestering organelles
within an autophagosome and degrading them by lysosomal reaction.16
Previous research has demonstrated reductions in autophagy during
IR.17,18 and transgenic models blocking autophagy initiation demonstrate diminished glucose handling capacity compared to healthy controls.19 Additionally, inhibition of Beclin-mediated autophagy impairs
exercise training adaptations in otherwise healthy mice.20 Conversely,
exercise interventions are known to increase autophagy.20–22 Yet, the
precise stimuli needed to activate autophagy with exercise training and
the subsequent effects on IR remain uninvestigated, speciﬁcally the exercise intensity or volume necessary to induce adaptations. For example,
a signiﬁcant proportion of research investigating autophagy activation in
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relation to exercise adaptations utilized wheel running20,22,23 or swimming24,25 models in rodents. While these studies provide excellent evidence for a general relationship between exercise and autophagy
activation, these models inherently cannot control for intensity or volume of exercise across all animals. These limitations restrict our ability to
understand how intensity or volume moderate autophagy activation and
subsequently, exercise adaptations. Additionally, the role of autophagy
to metabolic health has primarily been investigated utilizing genetic
knock down models.19,20,25 These genetic models however, determine
the inﬂuence of lifelong autophagy inhibition, and do not assess the effect of obesity mediated, acute autophagy inhibition, on exercise adaptions. Arguably, this approach therefore yields potentially confounding
interpretations. We have recently found evidence of a correlational
relationship between LC3II/I ratio (indicative of autophagosome formation) and glucose handling in exercised mice.22 potentially suggesting
a mechanistic role for LC3 activation and glucose handling. However, to
date, this precise mechanism has not been directly investigated. As
autophagy activation is believed to moderate some exercise adaptations,
and HIIT is postulated to provide superior beneﬁts compared to MOD, it
is plausible that HIIT induces greater increases in autophagy activation
compared to MOD, allowing for augmented exercise adaptations such as
improved protection from insulin resistance.
Therefore, the purpose of this study was two-fold: (1) to determine if
HIIT exhibits additive effects compared to MOD on adaptions to glucose
handling and exercise capacity when matched for volume and intensity
during high fat diet-induced obesity. (2) Determine if LC3-mediated
autophagy is necessary for these exercise induced adaptations. We hypothesized that HIIT would provide additional protections against
metabolic pathologies in high fat fed mice compared to MOD, and that
autophagy inhibition would hinder exercise-induced adaptations to
glucose tolerance and exercise capacity in high fat fed mice. Herein, we
demonstrate that MOD and HIIT training are equally efﬁcacious to
improve glucose handling and exercise capacity in obesity so long as
volume and intensity of exercise are matched. These data suggest that
autophagosome inhibition at the level of LC3 does not appear to directly
moderate exercise induced adaptations.

Methods
Animal interventions
All methods and procedures were approved by the University of
Arkansas Institutional Animal Care and Use Committee (AUP Approval
#18053). The overall animal protocol is depicted in Fig. 1A. 40 male
C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor,
ME) and housed on a 12:12 light—dark cycle. At 6 weeks of age, C57BL/
6J mice were transfected in the ﬂexor digitorum brevis muscle (FDB)
with pMitoTimer to assess mitochondrial quality as we have previously
described (More thoroughly described below).26
After 1 week of recovery (7 weeks age) animals underwent baseline
glucose tolerance tests (GTTs) and graded exercise tests (GXTs), which
served as healthy control conditions to compare physiological phenotypes throughout the duration of the study. The following week (8 weeks
age) all animals began high fat diet interventions. Animals were switched
from 17% fat, 54% CHO, and 29% protein diet (3.0 kcal/g, Teklad,
Indianapolis, IN, Product #8640) to 45% fat, 35% CHO, and 20% protein
diet (4.7 kcal/g Research Diets, New Brunswick, NJ, Product #D12451)
to induce obesity and glucose intolerance. Animals continued high fat
diets for the remainder of the study. After 5 weeks of high fat diet (13
weeks age) animals underwent a second series of glucose tolerance and
graded exercise tests to assess the effects of high fat diet. Following 6
weeks of high fat diet (14 weeks old) animals began treadmill exercise
interventions using either moderate intensity exercise (MOD) or high
intensity interval training exercise (HIIT) via treadmill (interventions
described below). Additionally, animals were further divided into either
peanut oil injections as vehicle control (VEH) or autophagy inhibition
drug (NSC185058) injections (AI), described below. This experimental
design created 4 conditions: MOD-VEH, MOD-AI, HIIT-VEH, HIIT-AI (n
¼ 10/group) with all animals receiving high fat diet. Animals continued
interventions for an additional 4 weeks. After 3 weeks of exercise interventions (17 weeks age) animals underwent a ﬁnal series of glucose
tolerance and graded exercise tests to investigate the effects of the exercise interventions and the autophagy inhibition. At 18 weeks age (6

Fig. 1. Pictorial description of animal protocols for the present study. A: Animal experimental protocol from the present study. B: Animal exercise protocols for each
exercise session from the present study. MOD ¼ Moderate intensity continuous exercise, HIIT¼High intensity interval training exercise, VEH ¼ vehicle control (peanut
oil), AI ¼ autophagy inhibitor NSC185058 (dissolved in peanut oil).
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weeks of high fat diet þ 4 weeks of exercise and drug interventions), 48 h
after the ﬁnal exercise bout, animals were anaesthetized using 3% isoﬂurane. Hindlimb muscles, livers, and epididymal fat were excised,
weighed using a scientiﬁc scale, and snap frozen in liquid nitrogen for
analysis of autophagy activation and insulin cascade signaling. Animals
were then euthanized while anaesthetized by thoracotomy. The selected
tissues were collected to investigate potential contributions of each tissue
to overall whole body glucose handling. 10 min prior to euthanasia,
animals were intraperitoneally injected with insulin at a concentration of
5 units/kg of bodyweight to speciﬁcally investigate tissue response to
insulin stimulation in experimental animals. Animals were in the fed
state for tissue harvest to prevent potential insulin shock from the insulin
stimulation. For the purpose of this study our “sedentary control” condition was animals’ pre-high fat diet glucose tolerance and exercise capacity as repeated measures variables. Prior works have established high
fat feeding to result in aberrations to many of our outcome variables
relative to chow-fed or sedentary control animals.21,27–31 Therefore, we
opted for a longitudinal experimental design to determine effects of high
fat feeding and experimental conditions of exercise modality and autophagy inhibition on physiological parameters of glucose and exercise
tolerance. This allowed us to more precisely investigate the research
questions, including: 1. Are there additional beneﬁts with HIIT training
compared to MOD during high fat feeding and 2. Does autophagy inhibition affect exercise adaptations during high fat feeding.

m/min) for 5 min. This acclimation procedure was repeated on consecutive days at least 3 times before GXTs. For GXTs, mice began at a speed
of 13.4 m/min and 5% incline, every 3 min the speed was increased 2.7
m/min with no change in incline. Mice ran until they reached volitional
exhaustion, which was deﬁned as refusal to continue exercise for at least
10 s. Exercise capacity was determined based on the speed and grade at
exhaustion and expressed as workload/min*g body weight (workload ¼
speed (m/min)*bodyweight(g)*incline of the treadmill), similar to other
measures of aerobic capacity measurements in humans (e.g. VO2max,
mlO2/min/kg).
Exercise interventions
Exercise Interventions began after 6 weeks of high fat diet (14 week
old animals). All animals exercised 3 days/week with 48–72 h between
each exercise bout (Exercise performed Monday, Wednesday, Friday).
This protocol was designed as a murine analog to ACSM Guidelines.33
speciﬁcally completing ~30 min of aerobic exercise 3–5 days/week. This
protocol allowed for the investigation of these modalities when following
commonly utilized exercise protocols for humans. For MOD groups, animals exercised at 70.0% of their overall exercise capacity (corresponding to 16.1 m/min and 5% incline) for 20 min. For HIIT groups, animals
competed 20 min of repeating intervals of 30 s at 95% of overall exercise
capacity (21.5 m/min) and 60 s of 57% of overall exercise capacity
(13.4 m/min). Both groups completed a 5 min warm up and cool down at
57% of exercise capacity (13.4 m/min) and 5% grade. Exercise capacities
were based on 13 week GXTs. All groups were matched on exercise capacity and glucose handling before the initiation of exercise interventions. This protocol matched both MOD and HIIT animals on
average exercise intensity throughout the bout (69.0% of work capacity
during the workout and 57% of work capacity during the cool down) and
on total work and distance throughout the bout (455.4  1.6 m). A
pictorial description of the exercise protocol can be found in Fig. 1B.

pMitoTimer transfection
To transfect pMitoTimer, animals were anaesthetized with 3% isoﬂourane. The plantar side of the right foot was then injected with 10 μL of
0.36 mg/ml hyaluronidase dissolved in sterile saline. 60 min after hyaluronidase injection, the right foot was then injected with 20 μg of pMitoTimer dissolved in 10 μL sterile saline. After 15 min of recovery,
animals were anaesthetized a ﬁnal time and the ﬂexor digitorum brevis
(FDB) underwent electroporation, with 10 pulses at 75 V/cm, 1 Hz and
20 ms/pulse. Post-transfection, pMitoTimer becomes incorporated into
the (FDB) and changes from green to red ﬂuorescence with mitochondrial
damage.27 Conversely, pMitoTimer is also responsive to adaptions to
mitochondrial and metabolic health with favorable stimuli such as exercise.27 The FDB muscle is a small thin muscle that can be ﬁxed and
mounted on a microscope slide immediately following tissue harvest.
Additionally, prior works have conﬁrmed the FDB's sensitivity to exercise
training27 As such, the FDB muscle is ideal for this imaging method. It
was recently demonstrated that autophagy protects and promotes mitochondrial function in muscle following exercise.32 Due to the closely tied
mechanisms of autophagy, mitochondrial health and overall cellular
health.27 this method was used to more thoroughly quantify cellular
metabolic health after interventions.

Autophagy inhibition
To inhibit autophagy at the level of LC3, autophagy inhibition was
implemented concurrently with exercise interventions by intraperitoneal
injections of N-(pyridin-2-yl)pyridine-2-carbothioamide (also referred to
as NSC185058, purchased from Enamine Ltd., Kiev, Ukraine cat#EN300214523) at a concentration of 100 mg/kg body weight as previously
described.34 The drug was dissolved in sterile peanut oil at a concentration of 0.025 mg/μL and mixed overnight on a rocking plate. N-(pyridin-2-yl)pyridine-2-carbothioamide blocks the conversion of LC3I →
LC3II, thereby blocking the formation of autophagosomes.34 This method
was chosen over genetic models or other drugs, such as chloroquine,
because N-(pyridin-2-yl)pyridine-2-carbothioamide allows for direct
investigation of the research question; speciﬁcally, the relationship between LC3 activation and glucose regulation. Control animals (VEH)
received sterile peanut oil intraperitoneal injections as vehicle control.
All animals received injections 3 days/week, which prior works have
demonstrated sufﬁcient to inhibit autophagy in vivo.34 Injections were
performed within 1 h of completing exercise to ensure the drug or the
injection did not impede the animals’ ability to complete the exercise
session.

Glucose tolerance tests
Glucose Tolerance Tests (GTTs) were performed as we previously
described.22,31 Brieﬂy, animals were fasted for 6 h, after which fasting
baseline glucose was measured using a Relion® Ultima diabetic glucometer (Abbott Diabetes Care, Alameda, CA). Animals were then intraperitoneally injected with a bolus of glucose dissolved in saline (1.0 g
glucose/kg of bodyweight). Glucose was measured at 0 min (baseline),
30 min, 60 min, and 120 min. Data were analyzed as area under the curve
(AUC). All glucose tolerance tests were completed at least 48 h s after
most recent session of exercise to wash out effects of the most recent
exercise session.

Histology
pMitoTimer analysis was completed as we have previously
described.26 At tissue harvest FDB muscles were excised, ﬁxed in 4%
paraformaldehyde solution for 20 min, washed in phosphate buffered
saline (PBS) for 5 min and then mounted on a gelatin coated microscope
slides with 10% glycerol/PBS. During ﬁxing and mounting samples were
kept under aluminum foil to minimize light exposure. Slides were imaged
using a Nikon Ti–S inverted epiﬂourescent microscope (Melville, NY) and
associated computer software. Red and Green ﬂuorescence was measured

Graded exercise test (GXTs)
Mice were ﬁrst acclimated to the treadmill by placing mice on a
customized treadmill with apparatus for mouse lanes (detailed in our
prior works31) and allowing mice to walk at the slowest speed (13.4
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using TRITC ﬁlters (excitation/emission 543/572 nm) and FITC ﬁlters
(excitation/emission 488/518 nm). Data were collected using highly
controlled acquisition parameters such as exposure time and intensity
based on preliminary experiments. All images were collected on the day
of tissue harvest. Once images were collected, Red and Green ﬂuorescence were quantiﬁed using MATLAB programing (generous gift of Dr.
Zhen Yan, University of Virginia) as we previously described.26 Red:Green ratio as well as number of red puncta (degenerated mitochondria
tagged for autophagosomal degradation) were quantiﬁed.

Results
High fat diet induced weight gain across mice, however exercise
interventions blunted weight gain
All groups experienced similar weight gain throughout the 6 weeks of
45% high fat diet (Fig. 2A). With the introduction of exercise interventions
and autophagy inhibition interventions, weight gain appeared to plateau
(Fig. 1A). Interestingly, AI animals appeared to experience weight loss
(Fig. 2A–C). This pattern was corroborated by AI animals overall weighing
~3 g less at the ﬁnal timepoint compared to VEH animals (Main effect AI
F(1,33) ¼ 7.44, p ¼ 0.010, Fig. 2B). More so, differences in weight were
due to weight loss in AI animals, not additional weight gain in VEH animals, as AI animals lost ~2.5 g of body weight between the start of autophagy inhibition interventions and the completion of the study (Main
effect AI F(1,34) ¼ 11.47, p ¼ 0.002, Fig. 2C). Interestingly, this weight
loss was not attributed to muscle loss, as most of hindlimb muscles did not
demonstrate any differences between groups (Table 1). However, AI animals did have ~20% less epididymal fat compared to VEH animals
(~1696 mg v. 1285 mg, Main effect AI F(1,33) ¼ 4.43, p ¼ 0.043, Fig. 2D),
suggesting a majority of weight loss differences were attributed to fat mass
loss. These differences did not appear to be moderated by differences in
duration of exercise completed or food intake, as no differences in volume
of exercise were noted (F(3,34) ¼ 1.84. p ¼ 0.158, Fig. 2E). Whereas all
animals had a mean decrease in food consumption following onset of interventions (week 13 to week 17, Main effect Time F(7,71) ¼ 166.14,
p < 0.0001, Fig. 2F).

Immunoblotting
Western blotting for autophagy and insulin signaling cascade were
completed as previously described.31 Primary antibodies included: LC3
A/B (Cell Signaling, Danvers, MA 4108), Akt (Cell Signaling 9272), and
p-Akt (Cell Signaling 9271, Ser473). Bands were imaged using infrared
(IR) secondaries (Li-Cor, Lincoln, NE) as appropriate for the primary
antibodies and Li-Cor Odyssey Fc Imaging System (Li-Cor, Lincoln, NE).
Bands were quantiﬁed using Image Studio Lite software (Li-Cor) and
normalized to Ponceau Stain which was used to ensure equal loading
across the membrane.

Statistics
All physiological data (longitudinal data from GTTs and GXTs) were
analyzed by repeated measures ANOVA with factors of time (7 weeks v.
13 weeks v. 17 weeks), drug intervention (CON v. AI) and exercise
protocol (MOD v. HIIT). Cross sectional data (tissue weights, histology
and cellular signaling data) were analyzed by 2X2 ANOVA with factors of
drug intervention and exercise protocol. When signiﬁcant F ratios were
found, a Tukey post-hoc was used to determine differences between
means. Signiﬁcance was denoted a p < 0.05, all data were analyzed using
the Statistical Analysis System (SAS, version 9.3, Cary, NC) and are
presented as mean  SEM.

Exercise interventions restored high fat diet-induced impaired glucose
handling and aerobic capacity without differences between interventions
Animals were matched for body weight, glucose tolerance and aerobic capacity at baseline (7 weeks old) and after high fat diet interventions
and then assigned to experimental conditions (13 weeks old) (Fig. 3A, B).
High fat diet consumption resulted in ~17% increase in Glucose Area
Under the Curve (AUC), indicative of impaired glucose tolerance (Main

Fig. 2. Phenotypic data from the present study. A: Body weight growth curves with the initiation of 45% high fat diet. B: Body weight at tissue harvest C: Body weight
loss from initiation of exercise and drug interventions to tissue harvest. D: Epididymal fat mass at tissue harvest. E: Average minutes of exercise completed each
session, with a maximum time of 30 min. F: Average food consumption from pre-exercise and drug interventions to post-exercise and drug interventions. ME denotes a
Main Effect. * denotes p < 0.05.
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Table 1
Tabulated tissue weights from each group from the current study.
Tissue

MOD-VEH

MOD-AI

HIIT-VEH

HIIT-AI

Gastrocnemius (mg)
Plantaris (mg)
Soleus (mg)
EDL (mg)
TA* (mg)
Liver (mg)
Heart* (mg)

141.3  1.7
22.3  0.7
10.9  0.3
12.1  0.5
57.4  1.1
1141.6  63.6
140.7  2.6

144.3  3.5
20.5  1.0
10.8  0.5
12.6  0.9
58.6  1.48
1169.4  35.3
137.4  3.5

139.5  2.2
20.6  0.8
10.9  0.3
11.7  0.5
53.7  0.9
1065.5  22.5
130.9  3.14

140.4  1.1
21.0  0.5
11.0  0.4
11.9  0.5
54.6  1.26
1171.7  47.9
127.8  3.8

MOD ¼ Moderate intensity continuous exercise, HIIT¼High Intensity Interval Training, VEH¼Vehicle control, AI ¼ Autophagy inhibition, through the drug
NSC185058. * ¼ Main effect of AI.

effect Time F(2,70) ¼ 24.21, p < 0.001). After exercise and autophagy
inhibition interventions, glucose AUC values were restored to pre-high
fat levels, with no signiﬁcant differences noted between any groups or
between 7 week and 17 week time points (p ¼ 0.080, Fig. 3A). Similarly,
high fat diet consumption resulted in an ~25% decrease in exercise capacity (Main effect Time F(2, 58) ¼ 31.24, p < 0.0001, Fig. 3B). Exercise
interventions restored exercise capacity, with no signiﬁcant effect of
intervention or autophagy inhibition (p ¼ 0.177 and p ¼ 0.49 respectively, Fig. 3B). Additionally, there were no statistical differences between the 7 week and 17 week time points for exercise capacity
(p ¼ 0.512).

Fig. 5A, E). However, this appeared to be largely driven by a mean lower
LC3 content in the HIIT-VEH animals, with the interaction effect
approaching statistical signiﬁcance (Interaction F(1,30) ¼ 3.64,
p ¼ 0.066, Fig. 5A, E). Moreover, LC3II content did reach statistical signiﬁcance (F(3,29) ¼ 3.65, p ¼ 0.024, Fig. 5B). Speciﬁcally, an effect of AI
was noted (Main effect F(1,29) ¼ 7.01, p ¼ 0.013), with AI animals
having ~60% lower LC3II compared to VEH animals (Fig. 5B, E). No
signiﬁcant differences in total LC3 content were noted in muscle
(F(3,29) ¼ 1.60, p ¼ 0.21, Fig. 5C and D). However, the effect of exercise
type approached statistical signiﬁcance (Main effect Exercise
F(1,29) ¼ 3.25, p ¼ 0.068, Fig. 5C, D), with MOD animals having ~50%
greater mean total LC3 content compared to HIIT animals (Fig. 5C, D).
In the liver, LC3II/I ratio was approximately 50% lower in AI animals
compared to VEH (Main effect AI F(1,30) ¼ 4.36, p ¼ 0.045), with AI
animals having ~50% less LC3II/I compared to VEH animals (Fig. 4E, H).
However, no differences were noted in LC3II content between AI and
VEH (F(3,29) ¼ 2.10, p ¼ 0.122), (Fig. 5F). Interestingly, LC3II content
was ~30% greater in HIIT compared to MOD animals (Main effect Exercise F(1,29) ¼ 5.52, p ¼ 0.026, (Fig. 5F, H). Total LC3 content followed
a similar pattern to LC3II content (Global statistic F(3,30) ¼ 3.12,
p ¼ 0.041), with HIIT animals having ~45% more LC3 content compared
to MOD animals (Main effect F(1,30) ¼ 8.38, p ¼ 0.007, (Fig. 5G, H).

Neither exercise intervention nor autophagy inhibition demonstrated
differences in muscle metabolic health as measured by pMitoTimer
pMitoTimer was analyzed in the FDB muscle as a surrogate measure
of muscular metabolic health. Mitochondrial quality as assessed by
pMitoTimer has previously been demonstrated to improve with exercise
training in high fat fed animals compared to sedentary controls in the
FDB muscle.27 Here, we utilized pMitoTimer to determine if either mode
of exercise or AI demonstrated distinct effects on mitochondrial and
intramuscular health in exercise-trained high fat fed animals. Neither
exercise interventions nor autophagy inhibition exhibited different
Red:Green ratios (F(3, 27) ¼ 1.68, p ¼ 0.195, Fig. 4A, C), compared to
any other groups. Additionally, number of red puncta, a measurement of
completely degenerated mitochondria, was also not statistically different
between groups (F(3,29) ¼ 1.64, p ¼ 0.202, Fig. 4B, C).

Drug interventions differentially affected insulin signaling between muscle
and liver
Using Akt phosphorylation as a marker for insulin signaling, we noted
no signiﬁcant differences in total Akt protein content. However the main
effect of AI approached signiﬁcance (F(1, 36) ¼ 3.77, p ¼ 0.062) with
VEH animals having approximately 100% greater Akt content compared
to AI animals (Fig. 6A, D). Total Akt phosphorylation (P-Aktser473) in the
muscle was ~1.5-fold lower in AI compared to VEH animals
(F(1,29) ¼ 6.37, p ¼ 0.017, Fig. 6B, D). With regards to the p-Akt ser473/
Akt ratio in the muscle an interaction between AI and exercise intervention was noted (F(1, 29) ¼ 10.23, p ¼ 0.003), with HIIT-VEH animals
exhibiting 100% greater p-Akt ser473/Akt ratios compared to MOD-VEH

AI interventions appeared to block autophagosome formation although these
effects appear tissue and exercise dependent
In order to thoroughly understand what tissues may be contributing
to the alterations in whole body glucose handling, both muscle and liver
were analyzed as both tissues can greatly contribute to glucose handling
and insulin resistance. With regards to LC3 in the muscle, LC3II/I ratio
differences did not reach statistical difference (F(3,30) ¼ 2.30, p ¼ 0.097,

Fig. 3. Longitudinal data for glucose handling and aerobic capacity. A: Glucose handling data measured by glucose tolerance tests. B: Aerobic capacity measured by
graded exercise tests. ME denotes a Main Effect. * denotes p < 0.05.
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Fig. 4. Intramuscular metabolism measured by pMitoTimer. A: Red/Green pMitoTimer ratio. B: Red Puncta a measure of completely degenerated mitochondria. C:
Representative images. ME denotes a Main Effect. * denotes p < 0.05.

handling and reduced exercise capacity.22,31,35 Prior works have
extended exercise interventions for 8–12 weeks19,23,25 or had much
larger exercise volumes.20 Yet, despite these differences in running volume compared to prior studies, animals restored both exercise capacity
and glucose handling to pre-high fat levels following 4 weeks of exercise
training, strongly supporting our and others prior ﬁndings in murine and
human models that small amounts of physical activity can be sufﬁcient to
improve glucose handling and exercise tolerance capabilities during
obesity.22,31,36,37 Importantly, this reduction in insulin resistance occurs
despite no weight loss in VEH animals, strongly demonstrating the sufﬁciency of exercise as a therapeutic modality for insulin resistance.
However, our ﬁndings contradict prior works suggesting HIIT is superior
to MOD exercise for maximizing favorable adaptations to insulin sensitivity.10,36,38 Importantly, many prior works examining these two modalities have not matched exercise volume or average intensity.7,11,12,36
Arguably this could have resulted in HIIT groups working at either a
higher intensity or completing more total work; therefore yielding confounding insights into the relative beneﬁts of each. With the current
study, no differences for physiologic adaptations were noted when exercise workloads and average intensities are precisely matched. We
should acknowledge this study was conducted in mice and not humans;
therefore, the possibility of underlying physiological differences between
murine and human models that could account for these discrepancies
cannot be ruled out. Therefore, it is important for similar experiments to
the current study be repeated in human models to ensure translational
efﬁcacy of the current results. However, while we did not see differences
in systemic glucose handling (AUCs) it is interesting to note that in the
muscle we did ﬁnd that VEH-HIIT animals had substantially greater

and MOD-AI (p ¼ 0.031 and 0.020 respectively) and 5-fold greater pAktser473/Akt ratio compared to HIIT-AI animals (p ¼ 0.0007, Fig. 6C and
D).
In the liver, no signiﬁcant effects were observed for total Akt
(F(3,32) ¼ 1.11, p ¼ 0.361, Fig. 6E, H). However, for total p-Aktser473 a
main effect of AI was noted (F(1,30) ¼ 10.57, p ¼ 0.003) with AI animals
having ~2-fold greater total p-Aktser473 compared to VEH animals
(Fig. 6F, H). However, despite a signiﬁcant interaction between exercise
and AI (F(1,31) ¼ 5.06, p ¼ 0.032), pairwise comparisons for the ratio of
p-Aktser473/Akt did not reach statistical signiﬁcance (p values range
0.15–0.96, Fig. 6G and H).
Discussion
To our knowledge, this is one of the ﬁrst studies to directly investigate
the mechanistic role of exercise-induced autophagy activation in mediating adaptations to variable exercise training regiments. We ﬁnd when
exercise volumes and average intensities are matched following
hypercaloric-induced obesity, there does not appear to be any differences
in training mediated improvements to exercise capacity or glucose
handling between exercise MOD and HIIT based exercise regimens,
suggesting there are not necessarily additive beneﬁts of HIIT compared to
MOD with regard to these outcomes. More so, we ﬁnd pharmacological
autophagy inhibition at the level of LC3 does not inﬂuence these physiologic exercise adaptations, suggesting the mechanistic role of autophagy
in mediating these events likely occurs upstream of LC3 lipidation.
Similar to our prior investigations, we ﬁnd a 45% high fat diet sufﬁcient to stimulate lipid-induced pathologies, such as impaired glucose
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Fig. 5. LC3 Western blot data from the present
study in muscle and liver tissue. A: LC3II/I ratio
in muscle. B: LC3II content in muscle. C: Total
LC3 content in muscle. D: Representative images
of LC3 Western blot data from muscle tissue. E:
LC3II/I ratio in liver. F: LC3II content in liver. G:
Total LC3 content in liver. H: Representative
images of Western blot data from liver tissue. ME
denotes a Main Effect. * denotes p < 0.05. All
immunoblot data are arbitrary units and represented as percent difference relative to MODVEH.

experienced a mean decrease in Red:Green ratios after exercise interventions compared to pre-exercise high fat diet interventions. However due to methodological considerations of pMitoTimer, longitudinal
measurement of Red:Green ratio multiple times throughout the study is
not feasible.
Contrary to our hypothesis, we found no inﬂuence of autophagy inhibition on exercise adaptations. While our insulin signaling data may
indicate alterations to insulin sensitivity to speciﬁc tissues by AI, total body
glucose tolerance and aerobic capacity were unaffected by AI. This ﬁnding
of no effect of autophagy inhibition at the whole body level contradicts
prior reports ﬁnding autophagy inhibition by other methods, such as genetic knockdowns or chloroquine, decreases exercise capacity and glucose
tolerance in mice.19,20,25,32,39 Our data may suggest that the point where
autophagy is inhibited may be important for such outcomes, speciﬁcally
NSC185058 prevents the lipidation of LC3I to LC3II, thus inhibiting
autophagosomal formation.16 Inhibition at this step of autophagy was
speciﬁcally selected in the current study due to our prior ﬁndings of a
correlational relationship between LC3 lipidation and glucose tolerance. In
contrast, chloroquine, acts downstream of autophagosomal formation by

p-Akt/Akt ratios (indicative of enhanced insulin-stimulated signaling),
whereas in the liver we observed no such effect. This may suggest that
HIIT may have greater capacity to increase muscular insulin sensitivity,
however this does not appear to correspond to global differences in
glucoregulation.
We also found no differences between exercise interventions and
autophagy inhibition on intramuscular metabolic health measured by
pMitoTimer. Similar to other outcome variables, this largely seems to
suggest no differences between HIIT and MOD when volumes are
matched. It is important to note that prior works using pMitoTimer to
assess mitochondrial quality have demonstrated improved Red:Green
ratios, demonstrating improved muscle metabolic and mitochondrial
health, with exercise training in high fat fed mice.27–30 Based on the prior
establishment by Laker et al. that exercise restores intramuscular health
in high fat fed animals.27 we speciﬁcally focused on the comparison of
MOD v HIIT exercise trained animals. Comparing MOD to HIIT allowed
us to investigate the primary research question regarding MOD and HIIT
exercise; however, we acknowledge this design did not allow for and did
not include sedentary control animals. It is likely that all animals
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Fig. 6. Akt Western blot data from the present
study in muscle and liver tissue. A: Akt content in
muscle. B: p-Aktser473 content in muscle. C: p-Akt
ser473
/Akt ratio in muscle. D: Representative images of Western blot data from muscle tissue. E:
Akt content in liver. F: p-Aktser473content in liver.
G: p-Akt ser473/Akt content in liver. H: Representative images of Western blot data from liver
tissue. ME denotes a Main Effect. * denotes p <
0.05. All immunoblot data are arbitrary units and
represented as percent difference relative to
MOD-VEH.

inhibiting the binding of the autophagosome to the lysosome.16 Prior
works have found chloroquine itself to induce reductions in exercise capacity.25 suggesting point of autophagy blockade may largely inﬂuence
overall physiological implications. Conversely, recent works have found no
alterations to autophagy in the soleus muscle of high-fat fed rat that
completed 10 weeks of treadmill training, potentially suggesting autophagy activation is not necessary for exercise adaptions40; however this
may vary between muscle ﬁber types. Other approaches have utilized
heterozygous knockout of Beclin, which blocked training adaptations with
exercise interventions in normal chow fed animals.20 Since these different
models appear to produce different effects, manipulation of speciﬁc points
in the autophagy process may exert varying impacts on overall health.
Additionally, to our knowledge this is one of the ﬁrst studies to initiate
autophagy interventions concurrently with exercise interventions. As exercise is known to increase autophagy activation (including LC3 content),
it is possible that the exercise interventions were sufﬁcient to “protect”
autophagy and subsequent LC3 levels despite the drug treatment. For the
purpose of this study our “sedentary control” condition was animals'
pre-high fat diet glucose tolerance and exercise capacity as repeated
measures variables. We must acknowledge this lack of a “sedentary

control” limits our ability to make strong inferences on the inﬂuence of our
interventions on the outcome variables. However, the overall purpose of
this study was to compare the effect of different exercise interventions, not
necessarily exercise vs. no-exercise. As such, we opted for a longitudinal
experimental design to have animals’ baseline values serve as a “sedentary
control”. We believe this design maximized our statistical power to detect
differences between “sedentary controls” (7wk time point), high fat diet
(13wk time point) and interventions (17wk time point), while minimizing
the animal number required. However, this longitudinal design cannot
account for outcomes that inherently are cross-sectional data (e.g. tissue
weights, pMitoTimer, and Western Blot data), and must be noted as signiﬁcant limitation of our study. Future works investigating this drug or
exercise interventions would beneﬁt from stronger control groups to more
fully elucidate possible exercise/drug interactions during high fat feeding.
Another interesting ﬁnding from our study was the reduction in body
and fat mass in AI animals despite no differences in overall exercise time
or food consumption compared to VEH animals. To our knowledge, this is
the ﬁrst report using this drug to report body weight alterations, which
may support this drug as useful for weight loss as it did not appear to
generate negative side effects when used in combination with exercise.
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