
Hormones,	Enzymes,
&	Cell	Signaling





REVIEW:	Endocrine	System



When	(and	how)	did	the	study	of	endocrinology	begin?

REVIEW:	Endocrine	System



EpinephrineNeuroendocrinology	refers
to	the	interaction	of	the	two
“organs	systems”.	

What	regulates	X?

REVIEW:	Endocrine	System



Short	range	vs.	long	range
Chemical	messenger:	compound	that	transmits	a	message.	

Hormones	are
long	range

Neurotransmitters
are	communication	
to	adjacent	cells.

communication.

REVIEW:	Endocrine	System



REVIEW:	Endocrine	System

Different	types	of	secretion	and	transportation
Autocrine	secretion: cell	releases	a	hormone	that	binds	to	itself.		It	never	
really	leaves	home.		MGF	can	be	stimulated	by	muscle	activity,	be	released	
by	the	muscle	cell,	and	autocrine	signal	itself.

Paracrine	secretion: hormone	gets
released,	acts	with	adjacent	cells,	
doesn’t	need	to	enter	circulation	
to	get	there.		Example:	Fibroblast	
growth	factor	(and	other	growth
and	clotting	factors,	like	TGFs).



Autocrine	secretion: cell	releases	a	hormone	that	binds	to	itself.		It	never	
really	leaves	home.		MGF	can	be	stimulated	by	muscle	activity,	be	released	
by	the	muscle	cell,	and	autocrine	signal	itself.

Paracrine	secretion: hormone	gets
released,	acts	with	adjacent	cells,	
doesn’t	need	to	enter	circulation	
to	get	there.		Example:	Fibroblast	
growth	factor	(and	other	growth
and	clotting	factors,	like	TGFs).

Endocrine	secretion: almost
every	hormone	you	think	of:
insulin,	glucagon,	hGH,	leptin,	
ghrelin,	androgens,	estrogens,
epinephrine,	etc.

REVIEW:	Endocrine	System

Different	types	of	secretion	and	transportation

Some	hormones	have	multiple	actions.		
Myostatin	is	classically	thought	of	as	
autocrine,	but:



Peptide Steroid
- Made	in	cells	from	amino	acids					
(just	like	all	peptides/proteins)

- Water	soluble	(so	they	can’t	
diffuse	across	sarcolemma)

- Usually	act	through	second	
messenger	on	cell	surface

- Fast	initiation,	temporary	action

Anterior	pituitary:	ACTH	and	growth	
hormone.	Posterior	pituitary:	vasopressin	
and	oxytocin.		Heart:	atrial-natriuretic	
peptide.		Pancreas:	glucagon,	insulin,	and	
somatostatin.		Adipose	tissue:	leptin.

- Made	from	cholesterol

- Fat	soluble	(so	they	can	diffuse	
across	sarcolemma)

- Adrenal	cortex,	testes,	ovaries

- Nuclear	or	cytosolic	receptors

- Slow	initiation,	long	action

Different	types	(based	on	different	types	of	
receptors	they	bind	to):	glucocorticoids,	
mineralocorticoids,	androgens,	estrogens,	
and	progestogens.	

REVIEW:	Hormone	Classifications



Steroid	hormones	are	synthesized	
from	cholesterol	and	are	fat	soluble.

REVIEW:	Steroid	Hormones



Steroid	hormones	are	synthesized	
from	cholesterol	and	are	fat	soluble.

REVIEW:	Steroid	Hormones



REVIEW:	Steroid	Hormones



Figure 3.3
REVIEW:	Polypeptide	Hormones



Binding	proteins: These	carry	hormones	through	circulation,	prolonging	the	
(otherwise	brief)	half-life	of	the	hormone.		Major	role	in	endocrine	function.

REVIEW:	Binding	Proteins



REVIEW:	IGF	Binding	Proteins



Androgens
Steroidhormones that bind	
to	androgen	receptors,	e.g.,	
testosterone,	dihydrotest.,	
and	androstenedione.

Testosterone	is	the	primary	androgen	interacting	with	
skeletal	muscle.

Witnesses	(that	testify to,	
provide	testimony for,	or	
write	a	testament about)
a	man’s	virility.

REVIEW:	Androgens



Androgens
Steroidhormones that bind	
to	androgen	receptors,	e.g.,	
testosterone,	dihydrotest.,	
and	androstenedione.

Testosterone	is	the	primary	androgen	interacting	with	
skeletal	muscle.

Men	have	much	higher	levels	than	women	(15-20x);	
women’s	serum	concentrations	don’t	vary	much
throughout	the	day.

In	men,	LH	stimulates	testosterone	production;
in	women,	LH	triggers	ovulation.

REVIEW:	Androgens



Follistatin
Glycoprotein	(binding	
protein)	that	binds	to	
TGF-β	proteins
(transforming	growth	factor).

It	inhibits	Akt (PKB),	inhibiting	protein	synthesis	through	the	mTOR signaling	cascade,	
and binds	to	the	activin II	receptor, which initiates a cell signaling cascade that prevents
myoblasts from	differentiating	into	mature	muscle	fibers.	

Myostatin is	a	myokine
(little	protein) produced	
by	muscle	cells	that	acts	
locally.

REVIEW:	Follistatin



It	inhibits	Akt (PKB),	inhibiting	protein	synthesis	through	the	mTOR signaling	cascade,	
and binds	to	the	activin II	receptor, which initiates a cell signaling cascade that prevents
myoblasts from	differentiating	into	mature	muscle	fibers.	

Myostatin is	a	myokine
(little	protein) produced	
by	muscle	cells	that	acts	
locally.

REVIEW:	Follistatin



Figure 3.7
Growth	Hormone	release	is	initiated
by	the	hypothalamus.

Growth	hormone-releasing	hormone	
stimulates	the	anterior	pituitary	to	
release	GH.

GH	stimulates	the	liver	to	produce	
both	IGF-1	and	IGFBP-3.

Much	of	the	anabolic	effect	of	GH	is	
mediated	through	IGF-1.

REVIEW:	hGH



Growth	Hormone	does	not	just stimulate	
IGF-1	production.

It	also	facilitates	gene	transcription	via	
the	JAK/STAT	signaling	pathway.

*	JAK	=	Janus	kinase

*	STAT	=	Signal	Transducer	and	Activator	of	Transcription

Growth	Hormone	does	not	just stimulate	
IGF-1	production.

It	also	facilitates	gene	transcription	via	
the	JAK/STAT	signaling	pathway.

GH	binds	to	external	receptor	and	uses	a	
secondary	messenger	(STAT)	to	enter	the	
cell’s	nucleus,	where	it	promotes	
transcription.

REVIEW:	hGH



…	but	pharmacological	GH	doesn’t	seem	to	be	very	effective.		
It’s	certainly	not	predictable	(in	terms	of	muscle	properties).

GH	does	a	lot:
• Preservation	of	glycogen	stores
• Increase	lipolysis	and	use	of	fatty	acids
• Decreased	amino	acid	degradation
• Increase	amino	acid	transport	across	cell	membranes
• Increase	protein	synthesis	(and	muscle	mass)
• Increase	collagen	synthesis
• Cartilage	growth,	bone	growth
• Enhance	immune	cell	function

REVIEW:	hGH



REVIEW:	Thyroid	Hormones



What	is	an	ergogenic	aid?
What	is	a	hormone?
What	is	a	steroid?

A	thing	that	helps	an	athlete	perform	better.

Three	classes:

Mechanical	Aids	– Better	cleats,	pre-bent	fiberglass	vaulting	pole,	alloy	bat
Psychological	Aids	– Positive	self	talk,	hypnosis,	cheering,	music
Physiological	Aids – Tylenol,	caffeine,	steroids,	creatine,	water,	vitamins

*	Nutritional	aids	and	performance-enhancing	drugs	are	sometimes	regarded
as	separate	classes	of	aids.		They	aren’t.

REVIEW:	Anabolic	Steroids



What	is	an	ergogenic	aid?
What	is	a	hormone?
What	is	a	steroid?

Chemical	Messengers

Neurotransmitters
A	chemical	messenger	is	a	compound	
that	transmits	a	message.

Hormones	=	long	range	communication.

Neurotransmitters =	communication	to	
adjacent	cells.

REVIEW:	Anabolic	Steroids



What	is	an	ergogenic	aid?
What	is	a	hormone?
What	is	a	steroid?

“Steroids”	usually	refers	to	“anabolic-androgenic	steroids”.
Androgens.		What	are	androgens?

A	bunch	of	things.
Aldosterone is	a	steroid	(mineralocorticoid)		

Cortisol is	a	corticosteroid (hydrocortisone)

REVIEW:	Anabolic	Steroids



1: The	athlete’s	health.

2: Unnecessary	risk	for	harm,	undue	social	coercion.	

3:	Steroids	are	unfair.	

4:	Steroids	strip	the	soul	from	the	sport.			

5: Natural	vs.	unnatural.	

6: Rules.	

7: Harm	to	other	people.		

8:	The	purported	effects	are	unproven.	

9:	Paying	one’s	dues:	Steroid	users	are	getting	something	for	nothing.

REVIEW:	Anabolic	Steroids

The	arguments:



REVIEW:	Anabolic	Steroids

Physiological	effect:	Increasing	myonuclei.



REVIEW:	Anabolic	Steroids



“Oral	administration	of	
stanozolol reduced	HDL-
cholesterol	concentrations	
33%	after	only	one	week	of	
treatment.		Testosterone,	in	
contrast,	induced	comparably	
little	change.”

REVIEW:	Anabolic	Steroids



REVIEW:	Anabolic	Steroids



Blood-filled cysts can form; if they
rupture, you bleed into your gut.
If you bleed into your muscle, the
muscle will compress the bleed
and ultimately stop it. You don’t
have that safety net in your gut.

REVIEW:	Anabolic	Steroids



Just	remember:	Tylenol	is	worse.

REVIEW:	Anabolic	Steroids



REVIEW:	Anabolic	Steroids



Methods:

“The	total	amount	of	anabolic	steroids	
reportedly	used	by	the	athletes	was	very	
large,	amounting	to	10	to	20	times	that	
which	would	be	normally	recommended	
by	a	pharmaceutical	manufacturer.”

Results:	They	didn’t	find	any	
differences	in	cardiac	function.		
No	meaningful	differences	of	
any	kind	relative	to	controls.

REVIEW:	Anabolic	Steroids



Other	studies	with	similar	outcomes:

Urhausen A,	Holpes R,	KindermannW.	(1989).	One- and	
two-dimensional	echocardiography	in	bodybuilders	using	
anabolic	steroids.	European	Journal	of	Applied	Physiology	
and	Occupational	Physiology,	58(6):	633-640.

Palatini P,	Giada F,	Garavelli G,	Sinisi F,	Mario	L,	
Michieletto M,	Baldo-Enze G.	(1996).	Cardiovascular	
effects	of	anabolic	steroids	in	weight-trained	subjects.	
Journal	of	Clinical	Pharmacology,	36(12):	1132-1140.

It’s	unlikely	that	steroids	are	ruining	hearts…

Same	basic	study,	18	years	later,	same	findings.	A	quotation	from	the	discussion:

“In	the	current	study	there	was	not	any	statistically	significant	difference	in	LV	systolic	and	diastolic	
dimensions	between	cases	and	control	groups.	Systolic	and diastolic	function	in	all	groups	was	relatively	
similar	and	it	is	suggestive	of	no	effect,	or	minimal	effect	of	chronic	anabolic	steroid	abuse	on	size,	function	
and	stiffness	of	the	heart.”	

REVIEW:	Anabolic	Steroids



After	~9	consistent	years	of	monstrous	
doses,	your	heart	might	not	“squeeze”	
quite	as	well.		Regarding	the	subjects:	
“The	AAS	users	were	remarkable	for	both	
their	steroid	dose	and	duration	of	use.”

REVIEW:	Anabolic	Steroids











Downstream	from	
the	insulin	receptor,	
PI3K	or	PKB	will	
phosphorylate	
(activate)	PDE.



Connecting
PKB and PKA





Three	ligands	for	this	pathway:	Desert	hedgehog,	
Indian	hedgehog,	and	Sonic	hedgehog.		Mostly	has	
embryonic	roles	(teeth	and	stuff).		Adult	stem	cells.	



COMPLEX	ONE
mTOR enzyme
Raptor	(regulatory	associated	protein	of	target	of	rapamycin)
MLST8	(mammalian	lethal	with	SEC13	protein	8)

COMPLEX	TWO
mTOR enzyme
Rictor (rapamycin-insensitive	companion	of	target	of	rapamycin)
MLST8	(mammalian	lethal	with	SEC13	protein	8)
MSIN1	(mammalian	stress-activated	protein	kinase	interacting	protein	1)

Differences between Complex 1 and Complex 2REVIEW:	mTOR



COMPLEX	ONE
mTOR enzyme
Raptor
MLST8

TSC1/2
Rheb
4EBP1
P70S6K
rpS6

DEPTOR
PRAS40

Complex 1REVIEW:	mTOR



mTORC2 regulates: protein translation,
organization of actin cytoskeletons,
ion transport, and metabolism.

mTORC2 phosphorylates: PKB, SGK,
and PKCα.

SGK1 (serum-and-glucocorticoid-induced
protein kinase 1) regulates ion and solute
transport in epithelia (e.g., inhibits
inhibitors of epithelial sodium channel).

mSin1 recruits SGK1 (but not PKB) to the
mTOR complex to be phosphorylated.
mSin1 is required for mTORC2 formation.

Protor-1 also seems necessary for SGK1
to be phosphorylated (doesn’t seem to do
anything else).

REVIEW:	mTOR Complex 2



REVIEW:	mTOR Complexes 1 and 2

Linking	complex	1	to	complex	2:



REVIEW:	mTOR



REVIEW:	mTOR



REVIEW:	mTOR



REVIEW:	mTOR



REVIEW:	mTOR
Cynthia	Villalobos



REVIEW:	mTOR
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REVIEW:	mTOR
Alex	Roque



PI3K	(phosphatidylinositol	3	kinase)
gets	activated	by	something.

This	phosphorylates	PIP2	(to	PIP3).

PIP3	docks	PKB	where	it	is	phosphorylated	(activated)	by	PDK.		PKB	does	a	lot.		
One	thing:	inhibit	the	Tsc complex.

Tsc1/2	(2	is	tuberin) normally	turns	off	Rheb by	hydrolyzing	its	GTP.		Rheb-GTP
binds	to	mTOR,	turning	it	on.

mTORC1	phosphorylates	p70s6k	(or	S6K1;	ribosomal	protein	S6	kinase,	70	kDa,	polypeptide	1)
and	4E-BP1	(eukaryotic	translation	initiation	factor	4E-binding	protein	1) and,	downstream	from	
that,	eIF4G	(eukaryotic	initiation	factor	4G) binding.

p70s6k	phosphorylation	positively	regulates	rpS6	(ribosomal	protein	S6).	That	leads	to	
translation	of	mRNAs,	increasing	translation	capacity.

When	4E-BP1	is	phosphorylated,	it	is	deactivated,	which	leads	to	increased	rates	of	
translation	initiation,	increasing	translational	efficiency.

Translation:	ribosomes	synthesize	protein	using	mRNA	transcript.

Result: hypertrophy	(as	a	result	of	translational	capacity	and efficiency).

The	mTORC1	Relay	Race



1. Chemicals.		

2.	Mechanical	tension.		

3.	Endocrine	system.

What	are	the	things	that	turn	on	mTOR (and	induce	hypertrophy)?

Big
ictureP

Explain…		What	are	five	examples?		
How	do	those	things	signal	mTOR?

What	are	three	examples?		
What’s	mechanotransduction?

What	are	five	examples?	



1.	Prostaglandins
2. Specific	interleukins	(IL-2,	IL-15)
3. Interferon	γ
4. TNF-α
5.	Wnt proteins
6.Myostatin (negative)
7.	Reactive	oxygen	species	(depending	on	dose)

REVIEW:	mTOR Chemical Signaling of Complex 1



REVIEW:	mTOR Mechanical Signaling of Complex 1



PI3K	pathway
MAPK	pathway

REVIEW:	mTOR Mechanical Signaling of Complex 1



PI3K	pathway
MAPK	pathway
DGK	pathway

REVIEW:	mTOR Mechanical Signaling of Complex 1



1.	Insulin
2. IGF/MGF	(i.e.,	mechano growth	factor)
3. Thyroid	hormones	(T3/T4)
4. Growth	Hormone	(largely	through	IGF)
5.	Testosterone
6. Estrogen

REVIEW:	mTOR Hormonal Signaling of Complex 1



Chemicals

Mechanical	tension

Endocrine	system

What	are	the	things	that	turn	on	mTOR (and	induce	hypertrophy)?

Big
ictureP

Prostaglandins,	IL-2,	IL-15,	interferon	γ,	reactive	oxygen	species,	Wnt,
TNFα, myostatin (negative).		Works	through	MAPK	and	PI3K	pathways.

Mostly	integrins,	titin,	cadherens.
Works	through	lots	of	pathways	(PI3K,	MAPK,	DGK-PA,	SAC,	probably	more).

Insulin,	IGF/MGF,	thyroid	hormones	(T3,	T4),	hGH,	testosterone,	estrogen.
Aside	from	steroid	hormone	effects,	works	through	PI3K	pathway.



Vs.

REVIEW:	mTOR Exogenous mTOR Inhibitors



REVIEW:	mTOR Exogenous mTOR Inhibitors



Tendons	don’t	have	inflammation.
So	how	does	a	tendon	heal?

REVIEW:	mTOR Tendon Remodeling



REVIEW:	AMPK Metabolic Sensor and “Master Switch”



“AMPK	is	considered	as	a	key	enzyme	in	conditions	of	cellular	energy
deficit	and	is	able	to	inhibit	metabolic	pathways	that	consume	energy
and	reciprocally	to	increase	mechanisms	that	produce	energy.”

REVIEW:	AMPK Metabolic Sensor and “Master Switch”



AMP-activated protein	kinase.

Under	normal	conditions,	you	don’t	have	a	bunch	of	AMP,	
so	AMPK	is	inactive.

REVIEW:	AMPK Activation of AMPK



ATP	Hydrolysis:

REVIEW:	AMPK Activation of AMPK



Now	you	have	lots	of	AMP.

AMPK	has	α,	β,	and	γ subunits;	α	is	catalytic;	β	and	γ are	regulatory.
The	interacting	domains	for	ATP,	ADP,	and	AMP	are	on	the	γ units.		

AMP	binds	to	AMPK;	that	activates	it.
When	ATP binds	to	AMPK,	that	inhibits	it.
ATP	and	AMP	compete	for	AMPK	γ subunits.

REVIEW:	AMPK Activation of AMPK



REVIEW:	AMPK Upstream & Downstream



REVIEW:	AMPK mTOR



REVIEW:	AMPK Protein Degradation



REVIEW:	AMPK Activation of AMPK



Metformin	inhibits	AMP	deaminase.
What	would	that	cause?

Cytokines	and	drugs	can	also	activate	AMPK.

REVIEW:	AMPK Metformin’s Activation of AMPK



AMPK	is	trying	to	turn	off	ATP	consumption	and	
turn	on	ATP	synthesis.

If	something	is	costing	the	body	ATP	(e.g.,	
protein	synthesis) it	gets	turned	off.

At	the	same	time,	if	something	helps	ATP	
production/generation	(e.g.,	glycolysis	and	
mitochondrial	biogenesis),	it	gets	turned	on.

REVIEW:	AMPK Energy Consumption



“For muscle growth to occur, the rate of protein synthesis must exceed that of protein
breakdown. Since protein synthesis can account for up to 30–50% of the cellular
energy expenditure, a reduction in protein synthesis seems an efficient mechanism to
save energy. One critical signaling pathway controlling protein synthesis during
skeletal muscle growth involves the mammalian target of rapamycin (mTOR) kinase.”

REVIEW:	AMPK Energy Consumption



Mice	who	are	deficient	in	AMPK	get	huge	(in	a	relative	sense).

Developing	musculature	is	about	1.5	times	larger:

They’re	more	responsive	(hypertrophically) to	mechanical	loading:

REVIEW:	AMPK Effect on Skeletal Muscle Mass



Increasing AMPK	activity	facilitates	muscle	atrophy:

REVIEW:	AMPK Effect on Skeletal Muscle Mass



AMPK	in	the	hypothalamus:

If	something	is	inhibiting food	intake	
(e.g.,	leptin),	it’s	inhibiting	AMPK.

If	something	is	stimulating intake	
(e.g.,	cannabinoids),	that	thing
is	stimulating	AMPK.

REVIEW:	AMPK In the Hypothalamus



Lots	of	stuff	in	the	hypothalamus																		
…and	in	other	cells	(e.g.,	muscle)

REVIEW:	AMPK



mTOR.		Activation.		Inhibition.
REVIEW:	Nutrition	and	mTOR



CaM. Calcium/Calmodulin.		

Vps34.		Class	III	PI3K	human	vacuolar	
protein-sorting-associated	protein	34

Rag	GTPases. These	bind	to	Raptor	and	
facilitate	interaction	between	mTOR	and	
Rheb.

REVIEW:	Nutrition	and	mTOR



REVIEW:	Nutrition	and	mTOR



REVIEW:	Nutrition	and	mTOR



Nutrition:

LKB1=Liver Kinase B1
LKB1	activates	AMPK
(among	other	things)



Applications	/	Considerations



Lifespan…



mTOR–Muscle	Adaptation	Relationship

Vs.

What	causes	hypertrophy?



Heavy	lifting,	using	multiple	
(or	at	least	large)muscle	groups.

Why?

Maximizing	Activation:
What	causes	hypertrophy?

What	conditions	maximize	the	chemical,	
mechanical,	and	endocrine	responses	in	
the	body?



Maximizing	Activation:
What	causes	hypertrophy?

What	conditions	maximize	the	chemical,	
mechanical,	and	endocrine	responses	in	
the	body?

vs.

Chemical.			The	presence	(and	action)	of	the	
inflammatory	response	is	proportionate	to	
the	amount	of	damage	sustained.		



Maximizing	Activation:
What	causes	hypertrophy?

What	conditions	maximize	the	chemical,	
mechanical,	and	endocrine	responses	in	
the	body?

Mechanical.		When	load	is	the	stimulus	
for	signal	transduction,	the	only	fibers	
that	benefit	from	those	signals	are	those	
that	produce	them.			(Size	principle!)



Maximizing	Activation:
What	causes	hypertrophy?

What	conditions	maximize	the	chemical,	
mechanical,	and	endocrine	responses	in	
the	body?

Hormonal.		Using	more	tissue	affects	
androgen	production	and binding.

Muscle	mass	involved,	intensity,	duration
affect	the	amount	of	T	and	IGF	in	circulation.

Recruitment	of	type	II	fibers	appears	to	
upregulate ARs	more	than	type	I	fibers	
and	the	activation	of	muscle	cells	appears	
to	enhance	AR	binding.		(Size	principle!)



Maximizing	Activation:
What	causes	hypertrophy?

What	conditions	maximize	the	chemical,	
mechanical,	and	endocrine	responses	in	
the	body?



Discrepant	interpretations	and	applications	
of	size	principle	and	its	relationship	with
mTOR signaling	and	hypertrophy.

The	mere	activation of	motor	units	is	not	the	whole	story.

Maximizing	Activation:
Applications	for	the	weight	room



Maximizing	Activation:
Concentric vs.Eccentric Forces

Which	is	better	for	mTOR activation?



Maximizing	Activation:
Concentric vs.Eccentric Forces Stretch-activated	channels	(SACs).

mTOR seems	to	be	sensitive	to
levels	of	intracellular	calcium.

Introducing	SAC	inhibitors	while
loading	the	muscle	=	attenuation
of	PKB	activation.

One explanation	for	increased	mTOR
signaling	in	eccentric	muscle	actions.
*	Eliasson et	al.	(2006)	in	humans.		
*	Nader	and	Esser (2001)	in	rodents.



Maximizing	Activation:
Concentric vs.Eccentric Forces



Maximizing	Activation:
Concentric vs.Eccentric Forces

MAPK activation based on
different types of muscle
activity.



Eccentric	muscle	activation	also	seems	to	activate	IGFs	
and	especially	MGF	(mechano-growth	factor) more.

Exercise-induced	muscle	damage	seems	to	be	a	major	trigger	for	the	
increase	in	MGF	levels	and	eccentric	stress	is	what	causes	the	damage.

Maximizing	Activation:
Concentric vs.Eccentric Forces



Maximizing	Activation:
Concentric vs.Eccentric Forces



Maximizing	Activation:
Concentric vs.Eccentric Forces

Eccentric	muscle	activation	also
seems	to	decreasemyostatin.



Slow	eccentric	stress	may	generate
more MGF than fast eccentric stress
(30° per second vs. 210°per second).

Maximizing	Activation:
Concentric vs.Eccentric Forces



Some	of	the	mechanical	pathways	are	still	pretty	hazy.

Maximizing	Activation:
Concentric vs.Eccentric Forces



Maximizing	Activation:
Type Ivs.Type IIMuscle Fibers

Which	is	better	for	mTOR activation?



Maximizing	Activation:
Type Ivs.Type IIMuscle Fibers

Which	is	better	for	mTOR activation?

Some	mechanical	stimuli	activate	PKB-mTOR-S6K1;	others	don’t.

Workloads	that	involve	a	low	load	and	high	duration	don’t.
Workloads	that	involve	a	high	load	and	short	duration	do.

Greater	mechanical	intensity	(larger	stimulus)	seems	necessary:

1.	Atherton	et	al.	(2005).	Selective	activation	of	AMPK- PGC-1alpha	or	PKB-TSC2-mTOR	signaling	can	explain	specific	
adaptive	responses	to	endurance	or	resistance	training-like	electrical	muscle	stimulation.	FASEB	J.,	19:	786–788.	

2.	Dreyer	et	al.	(2006).	Resistance	exercise	increases	AMPK	activity	and	reduces	4E-BP1	phosphorylation	and	protein	
synthesis	in	human	skeletal	muscle.	J	Physiol.,	576:	613–624.

3.	Sakamoto	et	al.	(2002).	Contraction	regulation	of	Akt in	rat	skeletal	muscle.	J	Biol Chem,	277:	11910–11917.



Maximizing	Activation:
Type Ivs.Type IIMuscle Fibers

Which	is	better	for	mTOR activation?

Type	II	fibers	are	more	susceptible	to	mTOR-signaled
hypertrophy	than	type	I	fibers.

Phosphorylation	of	p70s6k	is	less	dramatic	in	a	muscle	group	
that	contains	a	higher	concentration	of	type	I	fibers.

If	you	want	more	signaling,	recruit	higher	threshold	motor	units.

*	Baar and	Esser (1999).				
Henneman! 



If	lower	intensity	resistance	training	is	combined	with	reductions	of	blood	
flow	to	the	working	tissue	(via	vascular	occlusion),	p70s6K	was	activated	
and	protein	synthesis	increased.

Fujita	S,	Abe	T,	Drummond	MJ,	Cadenas JG,	Dreyer	HC,	Sato	Y,	Volpi E,	
Rasmussen	BB.	(2007).	Blood	flow	restriction	during	low-intensity	
resistance	exercise	increases	S6K1	phosphorylation	and	muscle	
protein	synthesis.	Journal	of	Applied	Physiology,	103:	903–910.

Maximizing	Activation:
Type Ivs.Type IIMuscle Fibers



Maximizing	Activation:
CombiningAerobic-Anaerobic?

Yes	or	no?

And	why?





Maximizing	Activation:
Specificity	of	adaptation





Alfredson protocol
If	all	you	do	is	stretch,	this	signal	probably	gets	filtered	out.

If	there’s	an	increase	in	tension (i.e.,	load)	at	the	same	time,	
the	signal	seems	to	be	amplified.	

Thus	remodeling	and	repair	and	regeneration	and	
restructuring	of	the	tissue	that	produced	the	signal.		

Specificity	of	Adaptation



Other	components	of	the	FITT	principle	(in	addition	to	type)	matter	too:	
Frequency,	intensity,	and	duration	affect	signaling	responses.

Resistance	training	stimuli	(especially	eccentric	and	high	force	stresses)	
causes	mTOR/p70s6k	to	be	activated.

Aerobic/oxidative	stimuli	promote	mitochondrial	biogenesis;	they	do	not	
activate	mTOR and	p70s6k.

Discrepant	interpretations	and	applications	
of	size	principle	and	its	relationship	with
mTOR signaling	and	hypertrophy.

The	mere	activation of	motor	units	is	not	the	whole	story.

Specificity	of	Adaptation



Specificity	of	Adaptation

Specificity	of	Adaptation

Mechanotransduction:



Tryptophan	and	Central	FatigueMuscle	Burning	&	Fatigue



SOME	REVIEW	QUESTIONS



When	and	how	did	the	study	of	endocrinology	get	started?
Neuroendocrine:	what	does	that	mean?
Chemical	messengers:	short	range	vs.	long	range?
What	are	the	different	classifications	of	hormones?
What	are	the	differences	between	them	(synthesis,	function,	etc.)?
Anabolic	vs.	catabolic	hormones?
Hormone	receptors:	how	do	those	work?
Autocrine,	paracrine,	and	endocrine:	what	are	those	and	what’s	an	example	of	each?
Binding	proteins:	what	do	they	do	and	what	are	two	examples?
Earl	Wilbur	Sutherland,	Jr.	discovered	something	in	Carl	Cori’s	lab.		What	was	it?
What	does	adenylate cyclase do?		What	gets	created	and,	downstream	from	that,	

what	gets	activated?		And	what	does	that	thing	do?		Phosphorylase kinase?
Perilipin?		Hormone-sensitive	lipase?		Know	those	signaling	cascades.

What	is	GLUT4	translocation?		It’s	downstream	from…?
How	does	insulin	affect	lipolysis?		What’s	PDE?
How	does	insulin	activate	it?		What’s	adipose
triglyceride	lipase?		What	is	insulin’s	effect	on	it?

Questions	you	should
be	able	to	answer	



What	cell	types	are	multinucleated?		Why	is	that	important?		What’s	a	nuclear	domain?
What’s	myostatin?		What’s	follistatin?
What’s	IGF?		It	has	its	own	receptors,	but	what	else	can	it	bind	to?
Where	and	how	is	most	of	it	produced?
What	is	the	primary	androgen	interacting	with	skeletal	muscle?
How	is	that	produced	(what	“axis”)?
On	the	subject	of	“axis”,	what	regulates	x?		(What	is	the	starting	line	of	just	about

every	axis?		And	what	are	some	other	axes?)
What	is	a	“diurnal	rhythm”?		What	does	it	apply	to	(example)?
GHRH	vs.	somatostatin?		Where	are	those	released	and	what’s	the	difference?
What	is	the	main	way	hGH exerts	its	metabolic	effects	on	muscle	tissue?
What	general	actions	does	(and	doesn’t)	growth	hormone	do?
What	is	“protein	turnover”?

Questions	you	should
be	able	to	answer	



Questions	you	should
be	able	to	answer	

What’s	the	difference	between	PKA	and	PKB?		
Where	do	PKA	and	PKB	interact?

What	is	hypertrophy?
What	changes	in	the	muscle?
Why	does	hypertrophy	happen?
How	does	hypertrophy	happen?
What’s	a	cell	signaling	cascade?

Why	are	they	important	(what’s	the	point	of	having	them)?
What	types	of	things	get	these	cascades	started?
During	transduction,	what	generally	activates	or	deactivates	
the	intermediates?

Where	do	these	cascades	generally	end?
What’s	an	upstream	variable?		Downstream?



What	is	metabolism?
What	are	enzymes?		
How	do	enzymes	work?
How	do	enzymes	affect	your	metabolism?
What	happens	when	an	enzyme	is	activated	/	positively	modulated?
What	happens	when	an	enzyme	is	deactivated	/	negatively	modulated?
What	is	allosteric	control?
What	is	competitive	inhibition?
What	is	noncompetitive	inhibition?
What	is	uncompetitive	inhibition?
What	is	mixed	inhibition?
What	is	suicide	inhibition?
What	is	enzyme	inhibition	via	accumulation	of	product?
What	is	enzyme	activation/deactivation	by	phosphorylation?
What	is	the	pathway	regulating	glycogen	synthase	/	phosphorylase	activity?

Questions	you	should
be	able	to	answer	



Questions	you	should
be	able	to	answer	
What	is	an	androgen?
What	do	exogenous	and	endogenous	mean?
Name	an	endogenous	steroid.		Name	an	exogenous	one.
What	is	the	problem	with	“natural”	as	a	description	of	an	athlete?
Anabolic steroids	and	the	heart?		What	do	we	know	about	that?
Anabolic	steroids	and	the	liver?		What	are	two	problems?		

Can	they	be	avoided?
What’s	the	leading	cause	of	liver	toxicity?
How	is	does?		Ha	ha	ha!		Pork	hank	burrow!
Steroids	in	sport:	yes	or	no	(I	leave	this	up	to	you)?
We	talked	about	nine	arguments	against	

anabolic	steroids.		What	are	they?
What	is	“first	pass	hepatic	metabolism”?
Androgens	and	myonuclei?



Questions	you	should
be	able	to	answer	
Be	able	to	talk	about	cell	signaling	responses	from	the	
perspective	of	specificity	of	adaptation.



Questions	you	should
be	able	to	answer	
Be	able	to	talk	about	cell	signaling	responses	from	the	
perspective	of	fitness.



What’s	the	difference	between	insulin	and	steroid	hormones?		
What	about	thyroid	hormones;	what’s	weird	about	those?
What	is	insulin’s	main	function?		How	does	it	accomplish	that	function?
What	do	I	draw	in	insulin	signaling?

Questions	you	should
be	able	to	answer	



What	is	mTOR?		What	does	the	m	stand	for?		What	about	the	TOR?	

What’s	the	target?		And	what’s	targeting	it?

What’s	the	difference	between	mTORC1	
and	mTORC2?
What	do	I	draw	for	mTORC1?

Is	mTOR good	or	bad?		
Do	you	want	it	

turned	on?

Questions	you	should
be	able	to	answer	



How	do	proteins	signal	mTOR	different	from	carbohydrates?

What	amino	acids	do	the	bulk	of	the	signaling?

Why	does	a	lysosome	appear	in	these	pictures?
Can	you	turn	on	mTOR’s	anabolic	kinase
activity	with	just amino	acids	or	just
growth	factors?

Where	are	amino	acids	sensed
(note:	arginine	has	two	sensory
locations)?

Questions	you	should
be	able	to	answer	



What’s	AMPK?		How	is	it	activated?

What	is	adenylate	kinase (as	opposed	to	cyclase)?

What	is	the	relationship	between	glycogen	and	AMPK?
What	is	AMPK’s	role	in	mTOR signaling?

What	is	AMPK’s	role	in	the	hypothalamus?
What	does	AMPK	do	to	lipolysis	and	glycolysis?

What’s	the	relationship	between	AMPK	and	mitochondria?

How	does	Metformin	interact	with	mTOR?
What	muscle	fiber	type	signals	mTORmore?		Why?

mTOR	activation:	Concentric,	isometric,	or	eccentric?

Questions	you	should
be	able	to	answer	



What	are	transcription	and	translation?

Mechanotransduction,	FAK,	PI3K,	and	non-PI3K	mTOR	signaling…?

Upstream,	downstream,	and	“midstream”:	phosphorylation	cascades?
Where	does	a	signaling	cascade	usually	begin	and	end?

Men	vs.	women.		Know	the	hypertrophic	hormonal	differences.

What	is	the	liver’s	role	in	hypertrophic	signaling?
What	is	the	role	of	prostaglandins	in	hypertrophic	signaling?

What’s	upstream	and	downstream	from	PKA?		From	PKB?

Primary	endogenous	and	exogenous	inhibitors	of	mTOR?
Activating	muscle	fibers:	effect	on	sensitivity	of	androgen	receptors	

to	circulating	androgens?

Questions	you	should
be	able	to	answer	



What	enzyme	stiffarms mTOR?

Why does	AMPK	do	that?
How does	AMPK	do	that?

How does	AMPK	get	activated?



AMPK	has	α,	β,	and	γ subunits.
α	is	catalytic;	β	and	γ are	regulatory.

What	binds	to	the	β subunits?
What	effect	does	that	have?

What	binds	to	the	γ subunits?
What	effect	does	that	have?



How	do	you	eliminate	AMP?
What’s	a	medication	that	
inhibits	AMP	deaminase?



The	End.		Be	ready…


