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From Physiology to Biology: Why do 
we need to understand the cellular 

mechanisms underlying the effect of 
exercise?



300 years ago…

Physiology

The study of how living 
organisms function including 
such processes as nutrition, 
movement, and reproduction.

Anatomy: Shape and form

Physiology: Function



A summary

Physiology allows you to understand body functions.

If you think of all the process occurring now:

- your heart pumps blood 

- your intestines digest

- your kidneys clear waste

- your lungs bring O2

- your muscles allow you to seat down

- your brain concentrates on this slide



What is Exercise Physiology?

At rest your body is already quiet active

Exercise is the most potent stress

How your body respond to the high 
demands of exercise?

Including:

Respiratory system

Cardio-vascular system

Musculoskeletal system

Metabolism

Endocrinology



Biology

A younger sister…

The last century has 
revolutionized our knowledge 
and understanding.

The development of new 
experimental approaches has 
permitted fascinating insights 
into the structure and function of 
living cell: 

the smallest functional unit of 
the body.



Goal

The same advances that have made possible 
enormous progress in human biology have/will 
affect our knowledge in exercise science.

For the first time in the history of exercise 
physiology, we are able to assess cellular and 
molecular mechanisms involved.



Some example:

-How does exercise improve glucose metabolism at the cellular 
level?

-Why does skeletal muscle produce less CO2 in response to the 
same stimulus after endurance training?

-How can exercise training modulate the immune system?

-Why exercise is recognized for treatment of diabetes, obesity, 
cancer or dementia…?



Role of Genetics in Exercise Science?



Chronic 
exercise

Physiology: body 
function adaptation

-Increase in maximal oxygen 
capacity
-Lactate utilization
-Metabolic consequences 
(glucose, ATP…)
-Muscle hypertrophy

Biology: Cellular 
mechanisms????

-Gene expression
-Proteins signaling
-Cell cycle …



As example, the HERITAGE study about inter-individual differences 
in VO2max.

-Subjects performed 20 weeks of endurance training.

-All subjects performed the same level of physical activity (measured 
by heart rate monitors).

-They underwent an incremental-load exercise before and after 
training. 

Role of Genetics

Bouchard et al. 1999



You are looking at the improvement 
of the VO2max at 4 different 
locations:

Indiana
Minnesota
Quebec
Texas

Dramatic differences in the change 
of VO2max in response to exercise 
was found.
They found an increased average of 
400ml/min.

At all 4 locations, several subjects 
has not improved after 20 weeks!!

Bouchard et al. 1999



If you look at the deviation of the 
data, the improvement is going from 
0 to 1000 ml/min

Question could be:
Is this extreme variability among 
individuals a typical phenomenon 
for other trait or is it specific to 
VO2max?



The answer is NO, variability to exercise adaptation is common.
Few example:

- blood pressure
- heart rate
- HDL (Bouchard and Rankinen 2001)

Role of Genetics



Since HDL is the “good” cholesterol, we expect that it increases after 
exercise.
But this study show variability among subject, from decreased to 
increased HDL level after 20 week of training.

To conclude and answer the question:

Variability among subject to exercise stimulus is normal.

Why do we see variation in a physical trait in response to exercise?

Role of Genetics



3 main sources of variability:
1) Experimental errors

2) Environmental factors
3) Genetic factors

Let’s go back to the VO2max study.

1) Experimental errors

- Need to be accurate when you assess VO2max

Role of Genetics



- Control the measurement and improve accuracy.
For the VO2max, an excellent protocol can be inefficient if the gas 
analyzer is poorly calibrated

-Such problem can result in variability

That’s why there is established calibration and standard operating 
procedure.

Thus in most case, we ignore this measurement error because it is 
typically small.

Role of Genetics



2) Environmental factors:
This could be:

- exercise training history
- body size
- medical condition
- medication
- diet
- room temperature

Researchers could control those factors by inclusion and exclusion 
criteria.

For example focusing subjects recruitment on fasted, older 
postmenopausal, sedentary women in a climate controlled setting.

Role of Genetics



3) Genetic factors

Even if you do an excellent job of measuring VO2max accurately and 
accounting for know environmental factors, you will see inter-
individual variability.

Is there something unique to a given person’s physiology that results in 
that person’s unique phenotype response?

Yes! The genetic background.

Role of Genetics



In the 40’s, Beadle and Tatum were the first to show that gene leads to 
proteins and enzymes expression.

Experimentation on simple organism: 

the Neurospora

Genes expression
Genes and proteins: overview



Neurospora is a bread mold who needs only sugar, salts and vitamin B to 
grow.

They speculate that this organism should be able to synthesize all other 
metabolites (substance produced by the metabolism).

-Metabolites such as CO2 are produced by enzymes, so if genes are 
responsible for enzymes production, mutation of genes should induce 
enzymatic deficiencies.

Genes expression
Genes and proteins: overview



Genes expression
Genes and proteins: overview

Induce DNA damage



Genes expression
Genes and proteins: overview

As a control they incubated the mold in a 
minimum medium, did not grow
-On the supplemented medium, mold grow
Showed that it needs vitamins to grow



They compare the minimum medium with medium supplemented with 
coenzymes.

Genes expression
Genes and proteins: overview

If the neurospora grow, 
that means it lack this 
particular enzyme and 
by giving it you re-
establish the genetic 
defect.

This experiment leads to 
the theory of “one-gene, 
one-enzyme”



Pioneer studies and the role of ACE in 
sport performance



ACE and Performance

Acute and chronic exercise induce several metabolic responses that 
necessitate increased protein synthesis.

- Gene activation is require to replenish proteins that are 
catabolized during exercise.

- Studies on the Human Genome Project argued that the human 
genome evolved especially over a period where physical activity 
was fundamental for survival.

- First studies that hypothesized a link between exercise and gene 
expression.



In 2001 Rankinen et al. start an Annual Report on the Human 
Gene Map for Performance and Health-Related Fitness 
phenotypes.

ACE and Performance

The majority of the gene-related studies utilized a candidate gene 
approach.
-A gene is targeted because of its known physiological 
consequences.
-Statistical tests for an association are based on the comparison of 
allele and genotyping frequencies.



A clear favorite gene among exercise scientists has been the 
angiotensin-converting enzyme (ACE) gene.
-It has been investigated in dozens of reports.

ACE and Performance

Angiotensin I

Angiotensin II

Vasocontriction Cell Growth

ACE gene

Adapted from Roth, 2007 



A 287 bp polymorphism in intron 16 of the ACE gene has been 
reported to be more frequent in endurance athletes.

For example:
-The I allele has been reported to be more frequent in Australian 
rowers and Spanish endurance athletes compare to sedentary
subjects (Gayagay et al 1998, Alvarez et al. 2000).

- The I allele was also associated with a greater increase in 
muscular endurance and efficiency after 10 weeks of training in 
British Army recruits (Woods et al 2002).

ACE and Performance



-Performance is a multifactorial and oligogenic trait (produced by 
2 or more genes).

VO2max depends on too much trait:
- cardiac output
- O2 transport capacity
- capacity of the working muscle…

Multiples genes contribute to each of those traits.

ACE and Performance



Myostatin and Skeletal Muscle Growth:  

Example of Genetic Factor Importance



An example of importance of this genetic factor:
Myostatin is a repressor of muscle growth so if a mutation occurs 
muscles don’t have the signal to stop growing.

First natural mutation described with the Belgian Bull: double-
muscling phenotype 

Myostatin and muscle



This dog with Myostatin mutation
developed an increased muscle mass he
is also able to run 2 time faster than 
average

Myostatin and muscle



First and unique case of human Myostatin mutation, 
a German baby.

Genetic mutation that boosts muscle growth

The boy's mutant DNA segment was found to block 
production of myostatin that limits muscle growth. 

He is now 6 years old and able to do an ‘iron 
cross’!

New England Journal of Medicine June 23, 2006.

Myostatin and muscle



Scientists were able to confirm the effect of Myostatin 
repression with transgenic mouse.

Implication for muscular dystrophies like Duchene 
disease.

Control KO mouse

Lee S-J, Annu Rev Cell Dev Biol. 2004;20:61-86. 

Myostatin and muscle



Joulia-Ekaza and Cabello, Exp Cell Res. 2006.



Fedoruk and Rupert Scand J Med Sci Sports. 2008 Apr

Myostatin inhibition: a potential performance enhancement strategy?

What could happen if someone 
use Myostatin inhibitors and 
train?

Myostatin pharmaceutical inhibitors
are under analysis and clinical trials 
are soon expected for myopathies.

What about performance?

“Gene Doping” as a vanguard doping



The “super mouse” PEPCK-cmus



Phosphoenolpyruvate Carboxykinase, PEPCK is a well established enzyme. Involved in 
gluconeogenesis and pyruvate metabolism

Role of PEPCK



Genetics of Exercise sciences
Supermouse PEPCK

Phosphoenolpyruvate Carboxykinase, PEPCK is a well 
established enzyme.
-Involved in gluconeogenesis.

1) Why did the authors choose to assess PEPCK in the muscle?
2) How did they overexpress PEPCK in the muscle?
3) What are the obvious effects of the PEPCK overexpression?
4) What is the principal advantage of the PEPCK overexpression 
compare to PPAR overexpression in the muscle?
5) How did they explain the hyperactivity of this transgenic mouse?
6) Why is not possible to do the same in human?



Genetics of Exercise sciences
Supermouse PEPCK

1) Why did the authors choose to assess PEPCK in the muscle?

A) No evidence of gluconeogenesis in skeletal muscle. 
Skeletal muscle do not make glucose.
Skeletal muscle has a important role in metabolism

B) Link with glyceroneogenesis in skeletal muscle.
Possible role in the triglycerides metabolism, important in muscle



Genetics of Exercise sciences
Supermouse PEPCK

1) How did they overexpress PEPCK in the muscle?

Expression Plasmid

- The construct is directed by a-actin.

- Cell recognized as messenger

- Translocate and binds the DNA

- Express PEPCK

Hakimi et al. 2007



Genetics of Exercise sciences
Supermouse PEPCK

1) How did they overexpress PEPCK in the muscle?

-1st colony of animal express 1.5 
to 3 units of PEPCK

-Compare to a level in the liver of 
a fasting mouse: 2 to 3 units/g

- Breed the mouse again to 
increase PEPCK activity: 9 units

Hakimi et al. 2007



Genetics of Exercise sciences
Supermouse PEPCK

3) What was the 1st obvious effects of the PEPCK 
overexpression?
Hyperactivity and the ability to run long distance (5 km compare to 
200m)
-So obvious that no need of genotyping
-Not as large as the control
-MRI showed no adipose tissue 
-Biochemical studies showed high level of triglycerides in skeletal 
muscle.
-Many more mitochondria to support the increased metabolism.



Obvious effects of the PEPCK overexpression?
Hyperactivity and the ability to run long distance (5 km compare to 
200 m) video

- MRI showed dramatic decrease
in adipose tissue 

“Super mouse” PEPCK



Obvious effects of the PEPCK overexpression?
- Lipid inclusion in the muscle of PEPCK mouse

“Super mouse” PEPCK

Hakimi et al. 2007



Obvious effects of the PEPCK overexpression?
- Increase mitochondria numbers and activity

“Super mouse” PEPCK

Hakimi et al. 2007



Genetics of Exercise sciences
Supermouse PEPCK

4) What is the principal advantage of the PEPCK 
overexpression compare to PPAR overexpression in the 
muscle?

What is the difference between a transcription factor and an 
enzyme?

The transcription factors is going to induce expression of several 
genes

PPAR NFAT1NFAT1

PPAR



Genetics of Exercise sciences
Supermouse PEPCK

5) How did they explain the hyperactivity of this transgenic 
mouse?

PEPCK mice are hyperactive very early in life, at 10 days.
-The change should occur in utero.
-A-actin becomes the main form of actin in the muscle after 14 
days of fetal life.
-Enough to alter mitochondria biogenesis.
-Coupled with the high fat rodent milk that sustain the energy for 
an hyperactivity.



Genetics of Exercise sciences
Supermouse PEPCK

6) Why is not possible to do the same in human?

2 main reasons:
- Increase agressivity
- impossible to reach the level of PEPCK necessary to 

produce those physiological effects without introducing the gene 
into the genetic background.


