


Correlations with Measures of Exercise Intensity

METhours were found to act as the best correlate for human Hsp70 activity
during the first 24 hours post exercise (r = 0.61), considerably outperforming either
METs (r = 0.09), or exercise duration (r = 0.37) alone. This relationship between
METhours and Hsp70 activity was attenuated by 48 hours post exercise (r = 0.41), but
remained stronger than the relationship with either METs (r = 0.03), or exercise duration
(r=10.25) alone.

The maximum LC3 response reported for each study included in this project was
also best predicted by METhours (r = 0.92), though exercise duration performed almost
identically (r = 0.91), and both offered a sizable improvement over METs alone (r =
0.74). These relationships were found to be significantly impacted by a single study
involving >18 hours of nearly continuous exercise,”’ with exclusion of this study from
calculations strengthening the correlation between METhours and maximum measured
autophagy (r = 0.97), while concomitantly weakening the relationship with exercise
duration (r = 0.51), and improving the relationship METs alone (r = 0.83).

Graphical representations of these relationships can be found with other

supplemental information in the appendix (p. 53-58).
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Chapter 5

Discussion

Primary Findings

The results of our analysis reveal that rodents and humans display striking
similarities in the successive peaking behavior of autophagic and heat shock systems
following acute exercise. The time course response of these systems was considerably
accelerated in rodents as compared to human subjects, yet the ratio of time to estimated
peak activity for these pathways (time-to-peak autophagy : time-to-peak HSR) was
conspicuously similar between models, at 0.16 for animals and 0.25 for humans,
particularly given the simplistic predictive methodology employed. In addition, the
magnitude of the projected peak activity was similar for both responses in both models,
with projected peak autophagy reaching 182% of baseline in animals and 194% of
baseline in humans, while peak heat shock activity was projected to reach 231% and
240% of baseline in animals and humans, respectively. This general homogeneity across
species lends welcome credence to the veracity of our simplistic predictive model,
offering an indication that these rough estimations are reliable, if not altogether accurate
in imposed symmetry.

Our projections reinforce the suggested regulatory model, indicating that
autophagic activity dominates the proteostatic environment in the immediate post-
exercise window, but then diminishes rapidly as HSP expression escalates, returning to
baseline well before peak heat shock activity. Consistency in the relationship between
time-to-peak activity level in these systems, despite the interspecies differential in

absolute time-to-peak activity, adds particular cogency to the proposed paradigm, as
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enzyme kinetics are understood to vary between species,'*' yet the sustained relationship
we were able to observe helps to negate the possibility that any connection detected
previously was an artifact of coincidental timing.

These analyses were also able to detect a differential in tissue-specific responses
following exercise, particularly in Hsp70 expression. This has important ramifications for
research attempting to extrapolate the easily-obtained data from peripheral blood-borne
immune cells to predict proteostatic responses in muscle or other tissues, which can be
more difficult to sample, and indicates that results from muscle tissue may not accurately
represent proteostatic activity in immune cells. Our pooled indications of a tissue-specific

34899 and are conceptually

response are in agreement with several individual projects,
quite sensible, as the mechanism and extent of proteostatic challenges are likely to vary
considerably from tissue to tissue, according to the nature of the insult.

This is particularly true with regard to exercise and skeletal muscle, as the cellular
stress and proteostatic challenge that is imposed by exercise will vary in degree and
localization according to the intensity and modality of the exercise performed, being
utmost in the specific muscles, and the specific muscle fibers, most activated by a
particular exercise.”” In support of this notion, recently published research has shown that
exercise training leads to increased autophagy in a fiber-type specific fashion, with
aerobic exercise training preferentially upregulating autophagy in aerobic muscle
fibers.'*

Indications of a divergence in proteostatic activity along these lines has important

implications for research design and implementation, arguing for considered care in the
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selection of tissue type and measurement location according to the nature of proteostatic
challenge induced, and the physiological system(s) of interest.

The scaled response to exercise intensity that we observed in both the autophagic
and heat shock systems has also been reported elsewhere in the literature,”™”" and, like
the tissue-specific responses we observed, is conceptually plausible given current
understanding of the relationships between muscle damage, anabolic stimulus, and

143,144 - - ‘o "
" Essentially, higher exercise intensities provoke a greater

exercise intensity.
proteostatic disturbance in the activated muscle fibers by escalating production of heat,
reactive oxygen species, and hydrogen ions, leading to increased protein damage and
increased demand for the autophagic and heat shock pathways.”>**”! At the same time,
higher intensity exercise is known to produce a greater anabolic stimulus, upregulating
muscle growth and remodeling subsequent to activity.'**

We saw a clear distinction in the projected activity level of each proteostatic
system according to exercise intensity in both humans and rodents, with evidence of
layering in the Hsp70 response for human subjects according to several intensity levels,
hinting at a titrated heat shock response. Interestingly, the low intensity grouping in
human autophagy research was projected to experience decreased autophagic activity
following exercise, while low intensity activity seemed more than sufficient to activate
the heat shock response. This may indicate that the anabolic stimulus of exercise, likely
effected through Akt/mTOR and mediated by Hsp70, was able to overwhelm the

concomitant activation of catabolic processes like autophagy at a particular level of

intensity, as has been suggested elsewhere.” If verified through further research, this
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phenomenon may be of considerable interest to athletes focused on optimizing muscular
anabolism.

Regular participation in physical activity is frequently linked to benefits in health
and longevity.” Similarly, autophagic activity and the HSR have both also been
independently linked to life span.*®*** Accordingly, the scaled upregulation of these
systems in response to exercise of increasing intensity helps establish another plausible
mechanistic link to the long term benefits observed with routine activity, and may help
shed light on the dose-response relationship. In line with Selye’s general adaptation
syndrome,'* some extreme exercise intensities may actually overwhelm available
proteostatic mechanisms, while minimal effort activity may provoke insufficient cellular
insult to activate these systems, with either case likely leading to suboptimal adaptation
and exercise benefit. Indeed, recent epidemiological research suggests that the most avid
participants in physical activity face morbidity and mortality outcomes comparable to the
most sedentary members of the population.”® This offers evidence of an upper limit to
exercise benefit, while the risks of chronic inactivity have long been established, and
continue to be illuminated.'*® Exercise-mediated activation of these proteostatic pathways
offers a plausible route of inquiry into the molecular behaviors underlying these
epidemiological observations, and may eventually help shed light on the optimal level of
activity required to obtain certain health benefits.”

Given the modulating effect that exercise intensity seems to exert over autophagy
and the HSR, the strong performance of METhours as a correlate of proteostatic
responses has definite value for researchers developing exercise interventions intending

to stimulate these systems. Some of the research currently available may not have been
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able to precipitate the intended proteostatic challenge, simply because the exercise
intervention selected proved of insufficient intensity.'*> Moreover, care must be taken in
attempting to directly compare the response of these systems from research efforts
employing different exercise protocols. Finally, considering that our combinatory metric,
METhours, was able to robustly outperform exercise duration and raw MET estimates as
a correlate for both Hsp70 and autophagic activity, it is important to carefully evaluate
both duration and absolute intensity when designing exercise protocols intended to
stimulate these systems.
Limitations
LC3 as a measure of autophagic activity:

While the use of LC3 expression as a sole marker for autophagic activity is
widespread in existing literature, the evaluation of this measure has come to be

147-199 The concentration of

complicated by an increasing number of known limitations.
conjugated LC3 has been shown to correlate well with the total number of intracellular
autophagosomes; however, a portion of this marker is also destroyed with the
autophagosome upon reaching the lysosome, which seriously complicates the
interpretation of measured LC3 concentrations in times autophagic flux.'*’ Moreover,
LC3 has been shown to readily interact with aggregated protein structures, independent
of autophagy.'*” While some authorities have recommended using the LC3-II/LC3-I
ratio, this method also presents difficulties, as LC3 immunoreactivity has been found to
increase upon conjugation, leading to exaggerated comparative measures of LC3-IL.'*

Unfortunately, previously published work cannot be expected reflect modern wisdom,

and LC3 proved to be the only measure of autophagic activity with sufficient prevalence
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in the available literature to allow a pooled analysis; however, these values and the
resultant projections should be interpreted with care.
Estimating intensity

The use of metabolic equivalents as an estimate of intensity is a widely accepted
scientific convention with considerable known limitations. 1 MET is intended to
approximate a standard level of resting energy consumption, though the accepted value of
VO, = 3.5 ml/kg/min seems to have been derived from the resting measures of a single 70
kg, 40 year-old man."”® Subsequent research using larger groups supports the idea that
this value is significantly lower for most people.'*® Moreover, exercise intensity is
relative to individual athletic conditioning, and modality-specific training status.'*"'
The Compendium of Physical Activities was utilized to locate the majority of research
data used to fix intensity in this project, and the creators of the Compendium highlight
that while the resource confers a valuable ability to estimate exercise cost for large
groups, extrapolation cannot precisely estimate energy cost for individuals.'® Given that
the METhours estimated in this project considerably outperformed exercise duration as a
correlate to measurements of autophagic and heat shock activity, the value of this group
approximation capacity seems clear. Despite this apparent utility, the estimations of
intensity employed herein likely contain considerable inaccuracy, and our relevant
conclusions must be cautiously interpreted.
Combined tissues

It is important to note that several of our projections include combined data from
PBMCs and muscle tissue, despite our observation that these tissues display a divergent

magnitude in the response of proteostatic systems following exercise. In light of relative
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scarcity, all available data was pooled for analysis in this project, and it is our hope that
future research efforts will allow for more specifically targeted analyses. In the
meantime, these combinatory projections are limited by the incorporated variability.
Forced symmetry in the parabolic model

It is also important to understand that the basic parabolic model used herein to
predict the activity of autophagic systems and the HSR is simplistic, reductive, and
fundamentally acts to impose unnatural symmetry on complex biological processes.
These projections should not be strictly interpreted, and are intended only to give a broad
view of the focal proteostatic processes, in the hope that this will help to highlight the
most obvious relationships, and call attention to gaps in existing research.

Recommendations

Clearly, further research into the regulatory coordination of these systems seems
warranted, and this analysis helps illuminate areas in the existing research where data are
lacking. We found that many measurement time points for Hsp70 and LC3 following
acute exercise are duplicated with considerable redundancy, while limited data are
available to cast light on the behavior of these systems in the 24 to 48 hour window post-
exercise, with even less information available after 48 hours.

More research projects focusing on comparative activation of these systems
following exercise of various intensities would also be helpful in determining the level of
activity required to achieve robust activation of these systems, and animal research may
allow us to explore an upper limit to healthy activation through physical activity. It may
also be interesting to evaluate how exercise employing different intensities, and different

quantities of muscle mass differentially impact the proteostatic processes in activated
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tissues, as well as ancillary systems (e.g. vascular), that may be affected by the
concentrated waste products of vigorous exercise.
Conclusion

In summary, our pooled analysis reinforces the proposed regulatory model for
coordination between heat shock and autophagic pathways, offering interspecies support
for an Hsp70-moderated transition away from the presiding catabolic influence of
autophagy in the immediate post-exercise window, eventually allowing the molecular
chaperones to begin a phase of restoration and remodeling. This relationship has been
demonstrated with direct humans cellular research following exercise,* and further
investigation into the intricacies of this regulatory coordination seems highly meritorious.
The differential responses we observed in these two primary proteostatic systems
according to exercise intensity and tissue of origin may also have important implications

for research design, and perhaps eventually for exercise prescription.
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Appendix
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Supplemental Figure 1: Correlation between human Hsp70 protein expression
in the 24h post-exercise window and estimated METhours
R? = coefficient of determination, r = Pearson product-moment correlation coefficient.
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Supplemental Figure 2: Correlation between human Hsp70 protein expression
in the 24h post-exercise window and estimated METs
R? = coefficient of determination, r = Pearson product-moment correlation coefficient.
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Supplemental Figure 3: Correlation between human Hsp70 protein expression
in the 24h post-exercise window and exercise duration
R? = coefficient of determination, r = Pearson product-moment correlation coefficient.
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Supplemental Figure 4: Correlation between human Hsp70 protein expression
in the 48h post-exercise window and estimated METhours
R? = coefficient of determination, r = Pearson product-moment correlation coefficient.
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Supplemental Figure 5: Correlation between human Hsp70 protein expression
in the 48h post-exercise window and estimated METs
R? = coefficient of determination, r = Pearson product-moment correlation coefficient.
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Supplemental Figure 6: Correlation between human Hsp70 protein expression
in the 48h post-exercise window and exercise duration
R? = coefficient of determination, r = Pearson product-moment correlation coefficient.
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Supplemental Figure 7: Correlation between maximal human LC3 protein expression
and estimated METhours
R? = coefficient of determination, r = Pearson product-moment correlation coefficient.
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Supplemental Figure 8: Correlation between maximal human LC3 protein expression
and estimated METS
R? = coefficient of determination, r = Pearson product-moment correlation coefficient.
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Supplemental Figure 9: Correlation between maximal human LC3 protein expression

and exercise duration
R2 = coefficient of determination, r = Pearson product-moment correlation coefficient.
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Supplemental Figure 10: Correlation between maximal human LC3 protein expression

and estimated METhours
ref 81 excluded, see p. 44
R2 = coefficient of determination, r = Pearson product-moment correlation coefficient.
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Supplemental Figure 11: Correlation between maximal human LC3 protein expression
and estimated METs
ref 81 excluded, see p. 44
R? = coefficient of determination, r = Pearson product-moment correlation coefficient.
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Supplemental Figure 12: Correlation between maximal human LC3 protein expression
and exercise duration
ref 81 excluded, see p. 44
R? = coefficient of determination, r = Pearson product-moment correlation coefficient.
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