Muscle glycogen repletion without food intake
during recovery from exercise in humans
By
Chee Yong Low

Bachelor of Science (Exercise and Health Science) (Honours)
PhD
Faculty of Life and Physical Science
School of Sports Science, Exercise and Health

This thesis was presented for the degree of Doctor of Philosophy at the
University of Western Australia
May 2010

Abstract
It is well established that fish, amphibians and reptiles recovering from physical
activity of near maximal intensity can replenish completely their muscle glycogen
stores in the absence of food. In contrast, the extent to which these stores are
replenished under these conditions in humans has been reported in all but one study
to be partial. This implies that a few consecutive bouts of intense exercise might
eventually lead to the sustained depletion of the muscle glycogen stores in humans if
food is unavailable, thus limiting their capacity to engage in fight or flight behaviors
unless mechanisms exist to protect muscle glycogen against sustained depletion. The
objective of Study 1 was to test this prediction. Eight participants performed three
intense exercise bouts each separated by a recovery period of 75 minutes. Although
only 53% of muscle glycogen was replenished after the first exercise bout (postexercise and post-recovery glycogen levels of 246 ± 25 and 320 ± 36 mmol.kg-1 dry
mass, respectively), all the glycogen mobilised during the second and third bouts was
completely replenished during the respective recovery periods, with glycogen
reaching levels of 319 ± 29 mmol.kg-1 dry mass after recovery from the third bout.
These findings show that humans are not different from other vertebrate species in
that there are conditions where humans have the ability to completely replenish
without food intake the muscle glycogen mobilised during exercise.
The results of our first study raise the intriguing possibility that humans have pre-set
muscle glycogen levels that are protected against sustained depletion, with the extent
to which muscle glycogen stores are replenished after exercise being dependent on
the amount of glycogen required to attain those protected levels. On this basis, we
hypothesised that glycogen repletion should be partial if pre-and post-exercise
glycogen levels are elevated, whereas low pre-exercise glycogen levels should lead
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to the complete repletion of muscle glycogen stores during recovery. In order to test
this hypothesis, Study 2 was performed with eight participants subjected to a
glycogen depleting bout of exercise prior to being fed on either a high carbohydrate
(HCHO) or low carbohydrate (LCHO) diet for 24 hours to manipulate their preexercise glycogen levels. Then, after a 16-hour fast, all participants performed a 3minute bout of intense exercise on a cycle ergometer, with muscle biopsies
performed before exercise and at time intervals during recovery. Before exercise,
muscle glycogen levels were 422 ± 17 and 204 ± 20 mmol.kg-1 dry mass for the
HCHO and LCHO, respectively. During recovery without food, all the muscle
glycogen broken down during exercise returned to pre-exercise levels in the LCHO
group (192 ± 17mmol.kg-1 dry mass), but only 52% of the glycogen mobilised during
exercise was replenished in the HCHO group, with glycogen reaching levels of 356 ±
14 mmol.kg-1 dry mass. The sustained activation of glycogen synthase early during
recovery in the LCHO group may have played some role in enabling the complete
replenishment of muscle glycogen stores in this group. These findings thus show that
under conditions where pre-exercise muscle glycogen levels are low, humans are not
exceptional compared to other species in that they have also the ability to replenish
completely their muscle glycogen stores without food intake after intense exercise.
Given that in study 2, some glycogen repletion also occurred without food despite
post-exercise muscle glycogen levels being elevated in the HCHO group, this raises
the question of whether glycogen repletion under these conditions resulted from the
post-exercise increase in lactate availability which may have provided a carbon
source for the accumulation of glycogen above their protected levels. In order to
address this issue, Study 3 was performed to determine whether the levels of muscle
glycogen play an important role in determining the amount of glycogen replenished
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under conditions of limited lactate availability. Eight participants were subjected to a
glycogen depleting bout of exercise prior to being fed on either a high carbohydrate
(HCHO) or normal carbohydrate (NORM) diet for 48 hours. Then, they cycled for
60 minutes at an intensity of 70% V&O 2 peak , with muscle biopsies and blood samples
being taken before exercise and at time intervals during recovery. Before exercise,
muscle glycogen levels were 620 ± 46 and 445 ± 42 mmol.kg-1 dry mass for the
HCHO and NORM group, respectively. During recovery, glycogen levels in the
NORM group increased by more than ~50% and reached levels close to those
alleged to be protected (189 ± 21 mmol.kg-1 dry mass), whereas no glycogen was
deposited in the HCHO group. The sustained post-exercise activation of glycogen
synthase, the transient fall in whole body carbohydrate oxidation rate, the increased
mobilisation of body proteins, and the prolonged elevation in NEFA levels most
probably played important roles in enabling glycogen synthesis in the NORM group.
In conclusion, this thesis shows for the first time that there are some conditions (e.g.
low pre-exercise muscle glycogen levels) where humans recovering from intense
exercise have the capacity, like other species, to replenish completely their muscle
glycogen stores from endogenous carbon sources. This study also suggests that
humans protect preset levels of muscle glycogen against sustained depletion and at
levels high enough to support at least one maximal sprint effort to exhaustion.
Evidence is also provided for the existence of a feedback mechanism whereby
glycogen below their protected levels mediate the activation of glycogen synthase to
restore the depleted muscle glycogen stores back to their protected levels. Our
findings, however, leave us with a number of novel unanswered questions which
clearly show that the regulation of glycogen metabolism is far from the simple
process generally depicted in most textbooks of biochemistry.
iii
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Chapter One – Review of Related Literature
1.1

1

Importance of glycogen as a fuel for exercise

Glycogen plays a major role in supporting the energy demands of skeletal muscle during
moderate and high intensity exercise and for this reason plays an important role in flight
or flight responses. The importance of this fuel is further shown by the reduced maximal
exercise capacity of patients who suffer from McArdle’s disease, a condition
characterised by the absence of glycogen phosphorylase in skeletal muscle (Lewis and
Haller, 1986). During the early stages of intense exercise, the rate of muscle glycogen
breakdown is at its fastest (Gollnick et al., 1974; Boobis et al., 1982), but declines in
parallel with a decrease in muscle glycogen availability as exercise continues (Gollnick
et al., 1974; Watt et al., 2002). In extreme circumstances, the depletion of muscle
glycogen can impair sprint performance (Balsom et al., 1999) and the capacity for
intense aerobic exercise (Bergström et al., 1967). Given that skeletal muscles store only a
small amount of glycogen and that this glycogen is a significant energy source for short
maximal sprint effort (Gaitanos et al., 1993), repeated bouts of maximal intensity
exercise (Rockwell et al; 2003) and prolonged exercise of moderate intensity (Hultman
et al., 1967), it is essential to rapidly replenish those depleted stores of glycogen during
recovery in order to maintain muscle capacity to engage in these types of activities.

1.2

Effect of exogenous carbohydrates on the resynthesis of muscle glycogen

post- exercise

Considering the importance of glycogen as an energy source, it comes as no surprise that
the replenishment of muscle glycogen stores is an important aspect of recovery. One
obvious way to achieve this is via the ingestion of food rich in carbohydrate (Ahlborg et
al., 1967, Burke and Deakin, 2000). Indeed, carbohydrate consumption during recovery
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from prolonged exercise of moderate intensity can elicit rates of glycogen synthesis that
are sufficient to replenish the depleted muscle glycogen stores to pre-exercise levels
within 24 hours (Maehlum et al., 1977; Price et al., 1994). However, a number of factors
can affect these rates of glycogen synthesis from dietary sources.

One such a factor affecting muscle glycogen repletion after exercise is the quantity of
carbohydrate ingested during recovery. The association between the amount of
carbohydrate ingested and the rate of glycogen synthesis is well illustrated by the work
of Blom (1989) who observed a doubling of the rate of muscle glycogen synthesis when
glucose intake was increased from 0.7 to 1.4 g of glucose per kg body mass every two
hours during the initial eight hours post-exercise. This finding corroborates those of
earlier studies (Costill et al., 1981; Ivy et al., 1988b) and formed the basis for the
recommendation that one should target an intake of about 1-1.5 g CHO·kg-1 body mass
over the first two hours of recovery and 7-10 g CHO·kg-1 body mass in the initial 24
hours after exercise to achieve maximal rates of muscle glycogen synthesis. However, a
recent study has challenged some of these recommended intakes by demonstrating that
the rate of glycogen synthesis increases further when carbohydrate ingestion rises from
0.8 to 1.2 g CHO·kg-1·h-1 ingested at 30 min intervals (van Loon et al., 2000a). It has
been argued that the ingestion of carbohydrate at 2-hour intervals in earlier studies may
not have been optimal to maintain elevated blood glucose and insulin levels (van Loon et
al., 2000a).

Several studies have shown that the pattern of muscle glycogen synthesis following
glycogen depletion occurs in a biphasic manner (Maehlum et al., 1977; Price et al.,1994;
2000), with the initial rapid synthesis of muscle glycogen (insulin-independent phase)
not requiring the presence of insulin (Piehl, 1974; Maehlum et al., 1977). Following this
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rapid phase of glycogen synthesis, muscle glycogen synthesis occurs at a slower rate.
However, in the presence of carbohydrate availability and high insulin levels, the rate of
synthesis can increased several fold (Ivy, 1991). This phase is known as the insulindependent phase and can last for several hours or days (Cartee et al 1989; Ivy, 1991)
depending on carbohydrate intake and glycogen content (Cartee et al., 1989).

On the basis of the different phases of glycogen synthesis, it comes as no surprise that
the timing of carbohydrate ingestion is another factor that affects the rate of glycogen
synthesis. The highest rate of glycogen synthesis in response to carbohydrate intake
occurs during the initial few hours of recovery from exercise. Then the rate of synthesis
decreases progressively with time (Ivy, 1991; Price et al., 1994; Pascoe and Gladden,
1996; Burke and Deakin, 2000). In this respect, Ivy and colleagues (1991) found a
marked attenuation in glycogen synthesis rates (45% lower) when carbohydrate ingestion
was delayed for two hours after exercise. As discussed later, the faster rate of muscle
glycogen synthesis early after exercise is most likely the result of an increased
recruitment of GLUT4 (McCoy et al., 1996, Thorell et al., 1999) at the surface of muscle
cells by prior exercise and the increased activation of glycogen synthase due to low
glycogen levels (Jentjens and Jeukendrup, 2003) in addition to the rise in both plasma
glucose and insulin concentrations associated with carbohydrate feeding (Terjung et al.,
1974; Conlee et al., 1978).

During the early nineties, Zawadzki and colleagues (1992) provided some evidence that
the addition of proteins to carbohydrate during recovery might enhance the rate of
glycogen synthesis (Zawadzki et al., 1992). However, recent studies failed to observe
any change in the rate of glycogen synthesis when optimal carbohydrate levels were
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present in carbohydrate protein supplements (Van Hall et al., 2000b; Jentjens et al.,
2001). The aforementioned findings of Zawadski and colleagues (1992) have been
explained on the basis that a suboptimal amount of carbohydrate (0.8 CHO·kg-1·h-1 body
mass) was given to their participants and the CHO/protein diet was not isoenergetic with
the CHO only diet. The benefit of adding proteins to carbohydrate in this study was
simply one of sparing carbohydrate from oxidation. Hence, when optimal amounts of
carbohydrate are ingested, the ingestion of proteins post-exercise has no further
stimulatory effect on the rate of glycogen synthesis (Burke and Deakin, 2000; Jentjens et
al., 2001; Roy et al., 2002).

Another variable that may affect glycogen synthesis after exercise is the type of
carbohydrates ingested. For instance, on the basis that simultaneous ingestion of glucose
and fructose increases carbohydrate delivery and oxidation during exercise (Jentjens et
al, 2004, 2006) due to increased intestinal absorption of carbohydrates via the
recruitment of different transporters for glucose and fructose (Jeukendrup et al., 2004), it
was proposed that increased systemic carbohydrate availability may increase the rate of
glycogen synthesis if glucose and fructose are ingested together after exercise. However,
a recent study by Wallis and colleagues (2008) reported no increase in the rate of postexercise glycogen synthesis when glucose and fructose are ingested simultaneously. In
contrast, the ingestion of carbohydrates with a high glycemic index has been associated
in many studies with higher rates of muscle glycogen deposition (Burke and Deakin,
2000).

Finally, one important factor that affects glycogen synthesis is the type of exercise
performed to deplete muscle glycogen stores. Unaccustomed exhaustive exercise or
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eccentric exercise can elicit muscle damage resulting in an impairment in post-exercise
muscle glycogen repletion (O’Reilly et al., 1987; Thompson et al., 2003). For instance,
Sherman and colleagues (1983) found that five days after a marathon, muscle glycogen
returned to only 67% of pre-exercise levels despite high levels of carbohydrate
consumption. One of the likely causes for the reduced rates of muscle glycogen
resynthesis associated with muscle damage is an interference with skeletal muscle
glucose transport as a result of damage to the sarcolemmal membrane (O' Reilly et al.,
1987).

1.3

Glycogen repletion in the absence of food

The importance of replenishing muscle glycogen after exercise raises the question of
whether it is possible to achieve this in the absence of food intake. This is an important
issue since there are conditions where food might not be immediately accessible after
intense physical activity, thus increasing the risk of depleting muscle glycogen stores if
forced to perform a few bouts of intense sprints. It is interesting to note that almost all
lower vertebrates studied to date including fish, amphibians and reptiles (Table 1.1;
Gratz and Hutchison, 1977; Glesson 1982, 1996; Milligan and Wood, 1986; Gleeson and
Dalessio, 1989; Pagnotta and Milligan 1991; Fournier and Guderley, 1992; Girard and
Milligan, 1992; Milligan, 1996, 2003; Milligan et al., 2000) unless recovery is too short
for muscle glycogen to reach stable level. have the capacity to replenish completely their
muscle glycogen stores in the absence of food after intense physical activity. Until
recently, however, the replenishment of muscle glycogen after exercise was generally
accepted to be only partial in mammals, including humans (Ahlborg et al., 1967;
Hultman and Bergström, 1967; Hermansen and Vaage, 1977; Maehlum and Hermansen
1978; Astrand et al., 1986, Futre et al., 1987; Bangsbo., 1991, 1997; Choi et al., 1994;
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Table 1.1

Reference

Gleeson (1982)
Miligan and
Wood (1986)
Gleeson and
Dalessio (1989)
Pagnotta and
Milligan (1991)
Founier and
Guderley (1992)
Scarabello et al
(1992)
Girard and
Milligan (1992)
Milligan et al
(2000)
Milligan (2003)

Species

Snake
(N. Rhombifera)
Lizard
(S. Occidentalist)
Fish
(S. Gairdnen)
Lizard
(D. Dorsalis)
Fish
(O.Mykiss)
Frog
(R. Pipiens)
Fish
(O.Mykiss)
Fish
(P.Americanus)
Fish
(O.Mykiss)
Fish
(O.Mykiss)

Fasting
before
exercise
(hours)

Before exercise
muscle glycogen
(mol·g-1w.w.)

After exercise
muscle glycogen
(mol·g-1w.w.)

Glycogen
utilised
(mol·g-1w.w.)

Muscle
glycogen at the
end of recovery
(mol.g-1w.w.)

Recovery
(minutes)

Glycogen
replenishment
(%)

720

65.4

23.1

42.0

77.8

420

130%

72

21.6

9.3

12.3

21.6

150

100%

24

13.3

1.3

12

13.3

1440

100%

96-144

46.8

32.8

14

58.2

120

181%

120

6.0

1.0

5.0

6.0

720

100%

168

100.0-113.3

70.0-75.0

30.0-38.3

90.0-103.3

240

66%-82%

24

5.7

1.7

4.0

6.0

360

108%

48

6.5

2.2

4.3

6.3

480

95%

48

13.8

2.1

11.7

15.0*

360

128%

48

9.0

1.7

7.3

4.9

240

44%
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Gratz and
Hutchinson
(1977)

Muscle glycogen synthesis following exhaustive exercise in lower vertebrates.

* Glycogen attained after active recovery
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Krssak et al., 2000 Price et al., 2000; Mascher et al., 2007; Medbø et al., 2006; Gusba et
al., 2008) and rats (Nikolovski et al., 1996; Peters et al., 1996; Bräu et al., 1997; Ferreira
et al., 2001).

In recent years, however, these differences between mammals and other animal species
have been challenged (Bräu et al., 1999; Raja et al., 2003, 2004), firstly, with the
demonstration that the Western Chestnut mouse has the capacity to replenish completely
its stores of muscle glycogen without food after exercise (Bräu et al., 1999). Then, Raja
and colleagues (2003) showed that repeated sprints fail to cause a progressive decrease
in the levels of muscle glycogen attained after each recovery episode in the rat. Indeed,
although this study showed that glycogen repletion after the first sprint was partial, all
the glycogen mobilised in response to the subsequent sprints was completely replenished
(Raja et al., 2003). These findings were taken as evidence that there are critical levels of
muscle glycogen in the rat that are protected against sustained depletion, and that the
amount of glycogen required to attain these levels determines the extent to which muscle
glycogen is replenished during recovery. This is an important finding since it was
generally assumed that the extent to which muscle glycogen is replenished depends on
post-exercise lactate availability (Raja et al., 2003, 2004). Also, it is interesting to note
that the levels at which muscle glycogen are alleged to be protected against sustained
depletion in the rat are high enough to support a little more than one bout of an intense
sprint effort to exhaustion (Raja et al., 2003). On the basis of these findings, it was
concluded that rats resemble non-mammalian vertebrate species in that, without food
intake, they can also completely replenish their glycogen stores, thus leaving humans as
one of the rare animal species incapable of completely replenishing their muscle
glycogen when food is not available post-exercise.
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Humans, unlike rats and the other animal species described above, can only achieve
partial replenishment of their muscle glycogen stores in the absence of food intake after
exercise of moderate intensity. This was first shown 30 years ago in humans recovering
from prolonged exercise of moderate intensity (Hultman and Bergström, 1967). These
findings were subsequently corroborated by the work of Maehlum and Hermansen
(1978) who reported that half of the glycogen mobilised during prolonged exercise of
moderate intensity is replenished after 14-15 hours. More recently, Price and colleagues
(2000) also reported some glycogen repletion after a bout of moderate intensity exercise.
One feature shared by all these studies is the small extent to which muscle glycogen
stores are replenished when food is not available after moderate intensity exercise (Table
1.2).

During recovery from high intensity exercise that results in the accumulation of large
amounts of lactate, humans also only partially replenish their muscle glycogen stores.
However, the extent to which these stores are replenished after high intensity exercise in
humans varies considerably across studies, with ~13-55% (Table 1.3) of muscle
glycogen being resynthesised in the absence of food in most studies (Hermansen and
Vaage, 1977; Macdougall et al., 1977; Astrand et al., 1986; Futre et al., 1987; Bangsbo
et al., 1991, 1997; Choi et al., 1994; Medbo et al., 2006), and only one study reporting
almost complete resynthesis of muscle glycogen post-exercise (Fairchild et al., 2003).
Given the aforementioned evidence from rat studies that skeletal muscles hold critical
levels of glycogen that are protected against sustained depletion, and that the extent of
glycogen repletion is determined, in part, by the amount of glycogen required to attain
these protected levels (Bräu et al., 1999; Raja et al., 2003), this raises the possibility that
muscle

glycogen

stores

in

humans

might

also

be

defended

against
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Table 1.2
Reference

Muscle glycogen repletion following prolonged exercise of moderate intensity in humans.
Fasting before
exercise
(hours)

Before exercise
muscle glycogen

After exercise
muscle glycogen

Glycogen utilised

Muscle glycogen Recovery
Glycogen
at the end of
(minutes) replenishment
recovery
(%)

12

340.0 mmol.kg-1 d.w 92.0 mmol.kg-1 d.w 248.0 mmol.kg-1 d.w

98.0 mmol.kg-1
d.w

60

Maehlum and
Hermansen
(1972)a

12-14

281.0 mmol.kg-1 d.w 86.4mmol.kg-1 d.w 194.6 mmol.kg-1 d.w

115.5 mmol.kg-1
d.w

720

2.4%

15.0%

Price et al
(2000)a

10

63.2-99.3 mmol.l-1

15.7-51.8 mmol.l-1

47.5 mmol.l-1

41.8-63.2 mmol.l-1

300

24-54.9%

Krssak et al
(2000)b,c

3

72.9 mmol.l-1

46.6 mmol.l-1

26.3 mmol.l-1

54.0 mmol.l-1

300

28.1%

Mascher et al
(2007)a
Gusba et al
(2008)a,c,d

overnight

381.0 mmol.kg-1 d.w 84.0 mmol.kg-1 d.w 297.0 mmol.kg-1 d.w

134.0 mmol.kg-1
d.w

180

16.8%

2

459.7 mmol.kg-1 d.w 73.4 mmol.kg-1 d.w 386.3 mmol.kg-1 d.w

101.1 mmol.kg-1
d.w

300

7.2%
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Hultman and
Bergström
(1967)a

a, single exercise bout; b, multiple exercise bouts; c, post-prandial state; d, biopsies from same incision site

9
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Table 1.3

Muscle glycogen repletion following high intensity exercise in humans.

Reference

Before exercise
muscle glycogen
(mmol.kg-1 d.w )

Not reported

375

163

212

2

342

98

Astrand et al (1986)a Not reported

412

Futre et al (1987)b,c

3

Bangsbo et al
(1991)a,c
Choi et al (1994)b,d

Hermansen and
Vaage (1977) b,c
Macdougall et al
(1977)b,c

Bangsbo et al
(1997)a,c
Fairchild et al
(2003)a
Medbø et al (2006)a

After exercise
Glycogen
Muscle
muscle glycogen
utilised
glycogen at the
(mmol.kg-1 d.w ) (mmol.kg-1 d.w ) end of recovery
(mmol.kg-1 d.w )

Recovery
(minutes)

Glycogen
replenishment
(%)

235

30

34.0%

244

137

120

16.0%

234

178

315

60

45.5%

537

109

428

273

90

38.3%

Not reported

517

401

116

465

60

55.2%

Not reported

676

457

219

553

60

43.8%

3

631

205

426

261

90

13.1%

~16

338

184

154

323

75

90.3%

overnight

368

288

80

330

30

52.5%

Chapter One - Review of related literature

Fasting
before
exercise
(hours)

a, single exercise bout; b, multiple exercise bouts; c, post-prandial state; d, biopsies from same incision site
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sustained depletion and that there might be some conditions where their muscles can
replenish completely their glycogen stores without food post-exercise. Alternatively, it is
possible that the partial replenishment of muscle glycogen stores after intense exercise in
humans might have to do with the fact that their muscle glycogen are stored at much
higher levels and mobilised to a far greater extent in response to intense exercise than in
rats and other vertebrates, thus making it more difficult for humans to replenish their
glycogen stores from endogenous carbon sources. As a result, successive exercise bouts
could lead to the eventual sustained depletion of their muscle glycogen stores. Whether
this is the case remains to be determined.

It is noteworthy that although glycogen repletion without food after exercise is only
partial in humans compared to other animal species (Hermansen and Vaage, 1977;
Macdougall et al., 1977; Astrand et al., 1986; Futre et al., 1987; Bangsbo et al., 1991,
1997: Choi et al., 1994), the rates of muscle glycogen synthesis under these conditions in
humans are among the highest reported in the literature (Pascoe and Gladden, 1996;
Fairchild et al., 2003). In fact, much faster rates of glycogen resynthesis have been
reported after a short bout of high intensity exercise without food (>15 mmol·kg-1 w.w.
hr-1; Hermansen and Vaage, 1977; Astrand et al., 1986; Futre et al., 1987; Bangsbo et al.,
1991, 1997; Choi et al., 1994; Fairchild et al., 2003) than in individuals fed with
carbohydrates after moderate intensity exercise, and this difference is even more
pronounced compared to the rates of glycogen resynthesis without food after prolonged
exercise of moderate intensity (0.3 - 4.0 mmol·kg-1 w.w. hr-1; Hultman and Bergström,
1967; Maehlum and Hermansen 1978; Mascher et al., 2007; Gusba et al., 2008).

1.4

Endogenous carbon sources for the replenishment of muscle glycogen

post-exercise

Chapter One – Review of Related Literature

12

The capacity that skeletal muscles have to replenish, at least in part, their muscle
glycogen stores even in the absence of food intake raises the question of the identity of
the carbon sources recruited to support this process. During recovery from prolonged
exercise of moderate intensity, lactate is unlikely to provide an important source of
endogenous carbons for glycogen synthesis, since this type of exercise is accompanied
by a marginal accumulation of muscle and plasma lactate. This prediction is
corroborated further by the findings that the metabolic fate of lactate during recovery
from prolonged exercise of moderate intensity is oxidation rather than glycogen
synthesis (Brooks et al., 1973; Minaire, 1973; Brooks and Gaesser, 1980). Considering
that both glycerol (Bangsbo et al., 1991; Nikolovski et al., 1996) and amino acids
(Wahren et al., 1973) have the capacity to contribute to the synthesis of muscle glycogen
after moderate intensity exercise, Favier and colleagues (1987) compared their relative
contributions and identified amino acids as being the major carbon source for the
resynthesis of muscle glycogen in the fasting state.

During recovery from high intensity exercise that results in large increases in lactate
concentrations, there is evidence that lactate is a major contributor to the replenishment
of muscle glycogen across all animal species investigated to date (Gleeson 1996;
Milligan, 1996; Fournier et al., 2002, 2004), with the other glycolytic intermediates
contributing little to the reysnthesis of muscle glycogen (Astrand et al., 1986; Nikolovski
et al., 1996). This is suggested in part by the close temporal and stoichiometric
relationship that exists between the disappearance of lactate and the synthesis of
glycogen during recovery from high intensity exercise in humans (Hermansen and
Vaage, 1977; Astrand et al., 1986) as well as in rats and other animal species (Gratz and
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Hutchison, 1977; Milligan and Wood, 1986; Glesson, 1991; Nikolovski et al., 1996)
despite some of the plasma lactate being oxidised (Hatta et al., 1988). In contrast, the
glycolytic intermediates do not play a major role in the replenishment of muscle
glycogen, since their limited build up in response to exercise indicates that this carbon
source could contribute only to a small extent to muscle glycogen synthesis (Astrand et
al., 1986; Nikolovski et al., 1996).

There is evidence that endogenous carbon sources other than lactate and the glycolytic
intermediates may also contribute to the synthesis of glycogen during recovery from high
intensity exercise. For instance, some net glycogen deposition occurs in skeletal muscles
late during recovery from high intensity exercise despite no changes in muscle and
plasma lactate and glycolytic intermediates concentrations (Bräu et al., 1997). Under
these conditions, the most likely carbon sources are the amino acids derived from
proteolysis and glycerol released from triglyceride breakdown (Fournier et al., 2002).
Unfortunately, the relative contribution of each of these carbon sources in comparison to
that of lactate is still unknown. Raja and colleagues (2004) showed that during recovery
from a sprint initiated after muscle glycogen stores had been partially depleted by
previous aerobic exercise, the levels of glycogen attained during recovery are equivalent
or in excess of pre-sprint levels and are not limited by the amount of lactate available.
Since the extent of glycogen accumulation exceeded the amount of glycogen that could
be synthesised from the accumulated lactate alone, this suggests that carbon sources
other than lactate were involved (e.g. amino acids derived from proteins).

Another condition where carbon sources other than lactate are recruited for glycogen
resynthesis after a bout of high intensity exercise in humans is that which occurs when
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mild activity is performed during recovery, a protocol of recovery known as active
recovery. Under these conditions, lactate is oxidised by skeletal muscle (Bangsbo et al.,
1994; Pascoe and Gladden, 1996), thus reducing the amount of lactate available for
glycogen resynthesis. The issue of whether this recovery protocol impairs glycogen
repletion in fasted individuals has been examined in several studies (Futre et al., 1987;
Nordheim and Vollestad, 1990; Bangsbo et al., 1994; Choi et al., 1994; Fairchild et al.,
2003). Some studies (Futre et al., 1987; Bangsbo et al., 1994; Fairchild et al., 2003)
report that active recovery has no effect on the replenishment of muscle glycogen,
whereas others support the view that active recovery inhibits glycogen resynthesis
(Nordheim and Vollestad, 1990; Choi et al., 1994). The problem with the findings of
Choi and colleagues (1994) is that the impact of active recovery per se on glycogen
resynthesis was not examined as no biopsy was performed at the end of the active
recovery period. More importantly, the sampling of consecutive muscle biopsies from
the same incision site in this study was another limitation as glycogen repletion can be
impaired in muscle areas close to sites freshly biopsied (Costill et al., 1988). The
problem with the study of Nordheim and Vollestad (1990) who concluded that active
recovery impairs glycogen synthesis was the absence of a control group subjected to
passive recovery as this makes it impossible to determine the extent to which active
recovery affects the pattern of glycogen synthesis in fasting participants. Finally, a major
limitation shared by all but one study (Fairchild et al., 2003) is that they have focused on
changes in total muscle glycogen levels rather than across individual muscle fibres. This
is a limitation because the pattern of change in average muscle glycogen levels can differ
greatly from those of individual muscle fibres as shown recently by Fairchild and
colleagues (2003). In this study, active recovery had no inhibitory effect on glycogen
synthesis in Type II muscle fibres but caused net glycogen breakdown in Type I fibres.
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Because the extent of net glycogen breakdown in Type I fibres matched that of the
synthesis of glycogen in Type II fibres, this resulted in the apparent lack of change in
total glycogen in muscle. Following active recovery, glycogen levels in the Type II
fibres returned rapidly to pre-exercise levels. Since lactate remains at stable low preexercise levels during active recovery, this suggests that carbon sources other than
lactate were recruited for the replenishment of glycogen in Type I muscle fibers. These
include glucose derived from hepatic glycogen, gluconeogenic amino acids, and the
glycerol released from triglycerides breakdown; however, their relative contributions
remain to be established. Finally, rats after active recovery have been shown to replenish
some of their muscle glycogen stores in the absence of any changes in lactate levels, thus
suggesting that carbon sources other than lactate are recruited for glycogen synthesis
(Raja et al., 2008).

1.5

Pathway(s) responsible for the conversion of lactate into muscle glycogen

The identification of lactate as a major precursor for the resynthesis of muscle glycogen
after high intensity exercise raises the question of the metabolic pathway responsible for
this conversion. To date, two pathways have been proposed, the Cori Cycle and
intramuscular lactate glyconeogenesis (McDermott and Bonen, 1992; Pascoe and
Gladden, 1996; Palmer and Fournier, 1997; Donovan and Pagliassotti, 2000).

The Cori cycle was proposed in the thirties by the Nobel laureate, C. Cori. In this
pathway, lactate derived from glycolysis in response to intense exercise is released from
the muscle into the blood. The liver and kidneys subsequently remove this lactate and
convert it via hepatic/renal gluconeogenesis into glucose. This glucose is then released
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back into the bloodstream where it re-enters the muscle to be stored as glycogen (Pascoe
and Gladden, 1996). Given its importance in maintaining blood glucose homeostasis,
hepatic gluconeogenesis has been extensively studied and has been the object of several
reviews (Cherrington et al., 1993; Tappy, 1995; Klover and Mooney, 2004; Wahren and
Ekberg, 2007) and is, as such, relatively well understood and will not be reviewed here.

The other pathway with the capacity to convert lactate into muscle glycogen is the
intramuscular pathway of lactate glyconeogenesis proposed over 80 years ago by another
Nobel laureate, O. Meyerhof. Studies performed over the last 30 years using radiolabelled isotopes have corroborated Meyerhof’s original proposal (Connett, 1979;
Pagliassotti and Donovan, 1990a; Fournier and Guderley, 1992), and together with the
work of others, this intrinsic capacity of muscle to synthesise glycogen from lactate has
been shown to be a feature of all the vertebrate species examined so far (Mclane and
Holloszy, 1979; Shiota et al., 1984; Fournier and Guderley, 1992; Gleeson, 1996). It is
important to note, however, that muscle lactate glyconeogenesis operates only in muscles
rich in fast-twitch red or fast-twitch white fibres and not in muscles rich in slow-twitch
red fibres because these muscles lack a key enzyme of this pathway, fructose 1,6biphosphatase (Mclane and Holloszy, 1979; Shiota et al., 1984; Pagliassotti and
Donovan, 1990; McDermott and Bonen, 1992).

The intramuscular pathway of lactate glyconeogenesis (Fig. 1.1) differs in several
respects from hepatic or renal gluconeogenesis. In liver, lactate conversion to glucose is
a process that involves both the mitochondria and the cytosol together with the
participation of pyruvate carboxylase, the enzyme responsible for the conversion of
pyruvate into phosphoenolpyruvate. Phosphoenolpyruvate is eventually converted to
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glucose 6-phosphate which following its hydrolysis by glucose 6-phosphatase results in
the production of glucose. Glucose is then released in the blood. In the muscle, however,
glucose 6-phosphatase is absent and no glucose is released from glucose 6-phosphate. In
addition, the conversion of pyruvate to phospoenolpyruvate takes place exclusively in
the cytosol, with pyruvate carboxylase being either absent or present in only trace
amounts (Palmer and Fournier, 1997).
Glycogen

Glucose 6-phosphate
Fructose 6-phosphate
F-1,6-BPase
Fructose 1,6-bisphosphate

PEP
PEPCK
Oxaloacetate
PK
Malate
MdH

Figure 1.1

Pyruvate

Lactate
The pathways of muscle glyconeogenesis. PEP (phosphoenolpyruvate);

MDH (malate dehydrogenase); PEPCK (PEP carboxykinase); PK (pyruvate kinase).

In the absence of pyruvate carboxylase in skeletal muscles, two pathways (Fig. 1.1) have
been

proposed

to

be

responsible

for

the

conversion

of

pyruvate

into

phosphoenolpyruvate. One of these pathways (Bendall and Taylor, 1970) involves the
cytosolic

“malic”

enzymes,

malate

dehydrogenase

and

phosphoenolpyruvate
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carboxykinase (PEPCK) and the other pathway involves (Hiatt et al., 1958) the direct
reversal of the reaction normally catalysed by pyruvate kinase. The importance of the
malic enzyme/malate dehydrogenase/PEPCK pathway has been questioned on the
grounds that PEPCK levels in muscle are far too low to account for the observed rate of
lactate glyconeogenesis in vitro (Duff and Snell, 1982) and 3-mercaptopicolinate, a
potent inhibitor of PEPCK, has little effect on the rate of glyconeogenesis in isolated rat
(Shiota et al., 1984) and rabbit muscle (Pagliossotti and Donovan, 1990a). The other
pathway for the conversion of pyruvate to phosphoenolpyruvate involves the direct
reversal of the reaction catalysed by pyruvate kinase and, until recently, this pathway
was generally accepted to play a small role, since pyruvate kinase was thought to
catalyse a thermodynamically irreversible reaction (Shiota et al., 1984; Bonen and
Homonko, 1994). However, this view was challenged recently with evidence that
pyruvate kinase in skeletal muscle operates close to equilibrium and can support the net
conversion of pyruvate to phosphoenolpyruvate (Palmer and Fournier, 1997; Xavier et
al., 2002).

1.6

Relative

contributions

of

hepatic

gluconeogenesis

and

lactate

glyconeogenesis to the synthesis of muscle glycogen stores post-exercise

The observation that two pathways have the capacity to recycle lactate into muscle
glycogen raises the question of their relative importance to the repletion of muscle
glycogen stores after recovery from intense exercise. Muscle lactate glyconeogenesis is
generally accepted to be the major pathway for the post-exercise synthesis of muscle
glycogen in lower vertebrates such as lizards (Gleeson, 1991), amphibians (Fournier and
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Gudderley, 1992) and fish (Pagnotta and Milligan, 1991) given the poor gluconeogenic
capacity of their livers (Philip and Hird, 1977; Fournier and Gudderly, 1992).

In contrast, the relative importance of muscle lactate glyconeogenesis in mammals is still
a matter of much controversy. In an experiment performed on hepatectomised and shamoperated rats, Nikolovski and colleagues (1996) reported that the liver is not essential for
the replenishment of the glycogen stores in fasted rats, as the extent of glycogen
resynthesis post-exercise did not differ between hepatectomised and sham-operated rats.
However, these findings must be taken with caution since it is possible that hepatectomy
may have provoked acute metabolic and endocrine compensatory responses that increase
the contribution of muscle lactate glyconeogenesis (Palmer and Fournier, 1997). Studies
in humans have yielded mixed results, with some identifying muscle lactate
glyconeogenesis as the primary metabolic pathway responsible for the post-exercise
glycogen repletion (Hermansen and Vaage, 1977; Astrand et al., 1986; Medbø et al.,
2006), whereas others concluded that it plays only a minor role (Futre et al., 1987;
Bangsbo et al., 1991, 1997). Differences in blood lactate levels post-exercise might
explain in part these mixed results. Indeed, for muscle to synthesise glycogen from
lactate, blood lactate levels must be above 4 mM (Mclane and Holloszy, 1979). This is in
part because when blood lactate concentration rises to high levels, it may decrease
muscle lactate efflux thus maintaining high muscle lactate concentrations in the
exercised muscles (Pascoe and Gladden, 1996). For these reasons, differences in lactate
levels post-exercise might explain, in part, the different rates of lactate glyconeogenesis
across studies, since those that found a higher contribution of intramuscular lactate
glyconeogenesis reported much higher peak blood lactate levels (>14mM; Hermansen
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and Vaage, 1977; Astrand et al., 1986; Medbø et al., 2006) than those who concluded
that this pathway plays a minor role (~6 mM; Bangsbo et al., 1991, 1997).

Irrespective of the pathways responsible for the conversion of lactate into muscle
glycogen, the synthesis of glycogen from lactate or glucose requires the activation of
glycogen synthase, inhibition of glycogen phosphorylase and activation of glucose
transport. Also, if there is a set point where muscle glycogen stores are protected against
sustained depletion, a mechanism must exist whereby glycogen or surrogate markers of
glycogen are sensed and compared to a set point level from which a signal must be
issued that stimulates synthesis or breakdown of glycogen depending on the levels of
muscle glycogen stores. For these reasons, a brief overview of the responses of glucose
transport, glycogen synthase and glycogen phosphorylase to exercise and recovery will
be presented in the following sections.

1.7

The role of glucose transport in the regulation of glycogen synthesis

following exercise

Although the uptake of glucose by skeletal muscles depends on glucose delivery, its
transport and subsequent phosphorylation, it is generally acknowledged that under most
conditions glucose transport plays an important role in controlling glucose uptake. The
transport of glucose in skeletal muscle is the first step that commits the glucose derived
from diet or gluconeogenesis to the replenishment of muscle glycogen stores. This
requires the transport of glucose into the muscle by facilitative diffusion, a process which
is directly related to the number of glucose transporters in the plasma membrane (Lund
et al., 1993; Etgen et al., 1996). These glucose transporters also known as GLUTs are the
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products of distinct genes which are expressed in a highly controlled tissue-specific
fashion (Marger and Saier, 1993). GLUT1 and GLUT4 are the two main isoforms of the
glucose transport family expressed in skeletal muscle (Douen et al., 1990; Mueckler,
1994).

GLUT1 was first purified by Kasahara and Hinkle (1977) using human erythrocyte
membranes as 5% of the erythrocyte membrane is made up of this isoform. GLUT1 is
expressed in many foetal and adult mammalian tissues as well as cultured cell types, and
is frequently found at low levels in combination with more tissue specific GLUTs
(Zorzano et al., 1989; Marette et al., 1992a). GLUT1 is present in very low abundance in
skeletal muscle where it plays a role in basal glucose uptake (Gaster et al., 2000).
However, GLUT1 levels are too low to support the high rates of glucose transport
associated with exercise or insulin-stimulated glucose uptake in skeletal muscles. This
has led to the search for and discovery of GLUT4, another GLUT isoform in skeletal
muscles.

GLUT4 occurs solely in adipocytes, skeletal muscle and cardiac myocytes (James et al.,
1989; Birnbaum, 1989). Under basal conditions when the rates of glucose uptake are
low, a large proportion of GLUT4 is found associated with vesicles in the cytosol rather
than at the surface of the muscle cell. In response to insulin or muscle contraction,
however, a large proportion of GLUT4 is found at the level of the plasma membrane and
transverse tubules due in part to both the GLUT4-containing vesicles migrating to and
fusing with these membrane fractions and to the fall in the rate of GLUT4 reuptake by
endocytosis (Antonescu, 2008). The regulated entry of glucose into muscle cells in
response to insulin and contraction (Cushman and Wardzala, 1980; Suzuki and Tono,
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1980) is thus mediated by the number of GLUT4 transporters associated with the plasma
membrane and transverse tubules (Klip et al., 1987; Douen et al., 1989; Hirshman et al.,
1990; Goodyear et al., 1991b; Lund et al., 1993; Etgen et al., 1996; Dohm and Rudek,
1998). In addition, there has been growing evidence that the increase in glucose transport
is also due to a rise in the intrinsic activity of GLUT4 (Klip, 2009). Altogether, these
processes have been the object of several recent comprehensive reviews of the literature
(e.g. Antonescu, 2008; Klip, 2009) and for this reason will not be examined in any
details here. However, since contraction- and insulin-stimulated glucose transport are
regulated by different signaling pathways (Holloszy, 2003; Jessen and Goodyear, 2005;
Rose and Richter, 2005) these aspects of the regulation of glucose transport will be
briefly examined.

1.7.1

Stimulation of glucose transport by insulin

In the basal state, glucose transport rate is low in skeletal muscle and is significantly
increased by insulin. The bulk of insulin-stimulated glucose transport is mediated by the
GLUT4 found in the transverse tubules (Marette et al., 1992b; Wang et al., 1996). This is
because the transverse tubules by being deep extensions of the plasma membranes they
provide access of extracellular glucose to the muscle cells by facilitating glucose
distribution and transport deep into the myofibres (Franzini-Armstrong, 1986). Since
transverse tubules represent about 60% of the total cell membrane surface in skeletal
muscles, a change in their GLUT4 content is expected to cause a significant change in
glucose transport rate (Douen et al., 1991; Friedman et al., 1991; Marette et al., 1992b;
Dombrowski and Marette, 1955; Roy and Marette, 1996).
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The signaling cascade involved in the insulin-mediated stimulation of glucose transport
begins at the insulin receptor, an 2/2 tetramer (Fig 1.2). Briefly, the  subunits are
located entirely at the extracellular face of the plasma membrane and contain the insulin
binding site (Holman and Kasuga, 1997). Insulin binding to the  subunits leads to
increased tyrosine kinase activity followed by the phosphorylation of the  subunits of
the insulin receptor (Andreasson et al., 1991; Cheatham et al., 1994; Saltiel and Khan.,
2001). The activated insulin receptor then phosphorylates the tyrosine residues of the
insulin receptors substrate proteins (IRS; Chang et al., 2004; Goodyear et al., 2004) and
upon phosphorylation, IRS proteins interact with the p85 regulatory subunit of
phosphatidylinositol 3-kinase. This in turn activates the p100 subunit of this enzyme
which then phosphorylates the membrane phospholipid known as phosphatidylinositol to
give rise to phosphatidylinositol 3,4,5-trisphosphate (PIP3; Cheatham et al., 1994; Okada
et al., 1994). The PIP3 thus generated as the result of the above insulin cascade activates
3-phosphoinositide-dependent protein kinase (PDK) which in turn phosphorylates and
activates two other protein kinases, Akt also known as protein kinase B and atypical
protein kinase C (aPKC; Bandyopadhyay et al., 1997, 2001; Kotani et al., 1998; Kanzaki
et al., 2004). GLUT-4 trafficking is then activated by the phosphorylation of Akt
substrate (AS160; Dugani and Klip, 2005) by Akt which together with aPKC acts to
stimulate the migration of GLUT-4 vesicles to the sarcolemma (Imamura et al., 2003).

In addition to the involvement of the PIP3 signaling pathway in mediating insulin
activation of glucose transport, some evidence was presented that a second signaling
pathway known as the CAP/Cb1 signaling pathway might also be implicated (Fig 1.2). It
involves the tyrosine phosphorylation of the protein Cb1 by the insulin receptor (Ribon
and Saltiel, 1997). Cb1 is normally associated with both APS, which role is to facilitate
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the interaction of Cb1 with the insulin receptor, and Cb1-associated protein (CAP; Ribon
et al., 1998a). Upon phosphorylation, the APS-Cb1-CAP complex translocates to the
plasma membrane where it interacts with the protein flotillin via association between
CAP and flotillin (Baumann et al., 2000). The translocation of phosphorylated Cb1
recruits the adapter protein CrkII to the plasma membrane via interaction of CrkII with
phospho-Cb1 (Chiang et al., 2001). Since CrkII is constitutively associated with the
guanyl nucleotide-exchange protein, C3G, the recruitment of the CrkII-C3G complex to
the plasma membrane brings C3G in close proximity with the G protein TC10. As a
result, TC10 catalyses the exchange of GTP for GDP, resulting in the activation of TC10
(Chiang et al., 2001). Once activated, TC10 provides an important signal stimulating
glucose transport (Watson et al., 2001). It has been proposed that TC10 activation may
lead to the stabilisation of cortical actin, which seems to be important in GLUT-4 vesicle
migration to the plasma membrane (Hou et al., 2004). The importance of the CAP/Cb1
pathway is illustrated by the observation that the expression of a dominant-interfering
CAP mutant that cannot bind to Cb1 or flotillin, inhibits not only Cb1 and C3G
translocation, but also insulin-stimulated glucose uptake in adipocytes (Chang et al.,
2004). However, the importance of this insulin signaling pathway in skeletal muscle has
been brought into question in recent years as it appears not to be essential for insulin to
stimulate glucose transport in muscle and even to be inhibitory to insulin action (Thirone
et al., 2004; JeBailey et al 2004; Huang and Czech, 2007).

Finally, another important component of the insulin-mediated stimulation of glucose
transport is the termination of insulin action by protein dephosphorylation. The proteins
phosphorylated as a result of insulin binding to its receptor must be desphosphorylated in
order to terminate insulin action propagated through phosphorylation events. Recent
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investigations indicate that three phosphotyrosine protein phosphatases (PTP), including
PTP1B, leukocyte antigen-related phosphatase (LAR), and src-homology-phosphatase 2
are involved in the termination of insulin action. PTP1B and LAR have been shown to
dephosphorylate the insulin receptor and IRS-1 in vitro (Goldstein et al., 1998, 2000).
Their importance in terminating insulin action is illustrated by the observation that mice
in which PTP1B has been knocked out have increased insulin sensitivity (Elchebly et al.,
1999; Klaman et al., 2000)

1.7.2

Stimulation of glucose transport by muscle contraction

During exercise, there is an increased reliance on blood glucose to support the metabolic
demands of muscle as muscle glycogen stores decline. To accommodate this increased
reliance on blood glucose, muscle contraction stimulates GLUT-4 vesicles translocation
to the plasma membrane, hence increasing glucose uptake in skeletal muscle (Ivy and
Kuo, 1998). In addition, there is compelling evidence that the contraction-mediated
inhibition of the reuptake of GLUT4 by endocytosis plays a major role in increasing the
GLUT4 level in the plasma membrane and transverse tubules (Antonescu et al., 2009).

There are several intracellular mechanisms that have been proposed to explain the
contraction-mediated increase in glucose transport during exercise. One of them involves
the activation of AMP-dependent kinase (AMPK; Hutber et al., 1997; Rasmussen et al.,
1997; Hayashi et al., 1998; Musi et al., 2001). AMPK is a heterotrimeric complex made
up of a catalytic  subunit and accessory  and  subunits. The  subunit binds the
regulatory nucleotides AMP and ATP, with their bindings activating or inhibiting
AMPK, respectively. AMP binding also promotes net phosphorylation of the kinase
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domain on the  subunit, causing more than a 100-fold activation (Hawley et al., 1996;
Scott et al., 2004; Suter et al., 2006; Townley and Shapiro, 2007; Xiao et al., 2007). The
 subunit contains a central conserved region also known as the glycogen-binding unit
(GBU) which causes AMPK to associate with glycogen (Hudson et al., 2003; Polekhina
et al., 2003). On this basis, it has been proposed that AMPK via its binding to glycogen
can sense the availability of medium-term energy reserves in the form of glycogen, with
low glycogen levels promoting AMPK inhibition (Mcbride et al., 2009).

AMPK is not only allosterically regulated by 5’-AMP, ATP and glycogen (Carling and
Hardie, 1987), it can also be activated by one or more upstream protein kinases that
phoshorylate the serine/threonine residue (Thr-172) of the -subunit of AMPK. One
important example is the tumor suppressor kinase, LKB1 (Sakamoto et al., 2004; Taylor
et al., 2005; Sriwijitkamol et al., 2007). Several studies have also shown that calcium can
stimulates AMPK via calmodulin kinase kinase (CaMKK; Hawley et al., 2005; Woods et
al., 2005; Jensen et al., 2007) since the inhibition of CaMKK inhibits AMPK
phosphorylation independently of the influence of LKB1 at rest and during contraction
(Jensen et al., 2007). It is noteworthy that the binding of AMP to AMPK stimulates its
phosphorylation by making it a better substrate and also inhibits its dephosphorylation by
making AMPK a worse substrate for protein phosphatase 2C (Davies et al., 1995), the
protein phosphatase responsible for AMPK dephosphorylation and hence inactivation.
The combination of these effects of AMP together with the inhibition induced by ATP
binding to the allosteric sites creates an “ultra-sensitive” system in which AMPK has
been proposed to act as a fuel gauge or cellular energy sensor (Hardie and Hawley, 2001)
regulated by the ATP/AMP ratio (Hardie, 2004).
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A role for AMPK in the regulation of energy metabolism and glucose transport in
skeletal muscles is suggested by the activation of AMPK in response to exercise (Winder
and Hardie, 1996; Nielsen et al., 2002) and electrical stimulation (Hutber et al., 1997).
AMPK activation is also dependent on exercise intensity (Winder et al., 1996;
Rasmussen et al., 1997) and its activation has been reported to last up to 10 minutes after
sprinting (Rasmussen et al., 1998) and up to 2.5-3 hours in response to acute endurance
exercise (Cuthbertson et al., 2007; Sriwijitkamol et al., 2007). Once activated, AMPK
phosphorylates AS160 (Bruss et al., 2005; Kramer et al., 2006; Treebak et al., 2006) and
increases aPKC activity (Nielsen et al., 2003; Perrini et al., 2004; Rose et al., 2004),
which, as discussed above, enhance the migration of GLUT4 vesicles to the plasma
membrane.

It is important to stress, however, that some studies have shown no increase or a reduced
activation of AMPK in response to exercise (Derave et al., 2000; Wojtaszewski et al.,
2000, 2002, 2003; Coffey et al., 2005). Recently, the study of Mcbride and colleagues
(2009) provided an explanation for this apparent fall in activation of AMPK in response
to contraction (Derave et al., 2000; Wojtaszewski et al., 2003). They proposed that a
significant proportion of AMPK in muscles with high glycogen is bound to the surface of
glycogen hence partially isolating AMPK away from other downstream targets and with
a fall in glycogen levels resulting in its inhibition. This might account for the reduced
activation of AMPK in response to contraction (Derave et al., 2000; Wojtaszeswki et al.,
2003) if muscle glycogen content is low.

Calcium-dependent mechanisms involving enzymes such as calmodulin dependent
protein kinase (CaMK) and PKC have also been implicated in the contraction-mediated
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increase in GLUT4 migration to plasma membrane. CaMK isolated from rabbit muscles
has a molecular mass of 700 kDa and contains 12 subunits which appear to be arranged
as two hexagonal rings stacked one upon another (Woodgett et al., 1983). There is
evidence that calcium originating from the depolarization of the sarcolemma and
transverse tubules (Wright et al., 2005) activates CaMK (Ojuka, 2004; Wright et al.,
2004, 2006). However, the molecular events whereby CaMK regulates the translocation
of GLUT4 vesicles remains unclear. It has been proposed that CaMK may stimulate
glucose transport via the phosphorylation of AS160 (Santos et al., 2008). However, some
recent studies have shown that this may not be the case (Kane et al., 2002; Witczak et al.,
2007).

As mentioned above, the activation of protein kinase C (PKC) by contraction suggests
that it is implicated in the regulation of glucose transport (Cleland et al., 1989; Henriksen
et al., 1989). To date, up to 11 different PKC isozymes have been identified and all
members of this protein kinase family have a single polypeptide structure that is made up
of an N-terminal regulatory region (approximately 20-40kDa) and a C-terminal catalytic
region (approximately 45kDa; Newton et al., 1995). Beside the atypical PKC (aPKC),
three conventional PKC (α, β, γ) and six novel PCKs (δ, ε, η, υ, µ, θ) have been
associated with the translocation of GLUT4 vesicles (Newton, 1995). Since glucose
transport decreases after muscular contraction with PKC inhibitor (Calphostin C)
(Ihlemann et al., 1999), this strongly suggests that novel and conventional PKCs (n/c
PKC) play a major role in the stimulation of glucose transport. This is supported by the
findings in cultured L6 cells that n/c PKC activation due to K+ depolarization stimulates
AS160 phosphorylation, an important regulator of GLUT4 trafficking (Thong et al.,
2007; Santos et al., 2008).
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Beside the two intracellular pathways discussed above, a possible role for the activation
of the mitogen activated protein kinase (MAPK) signaling pathway by muscle
contraction has been proposed to contribute to the contraction-mediated stimulation of
glucose uptake. Goodyear and colleagues (1996) compared the MAPK activation by
insulin and muscle contraction, and found that contraction stimulates the c-jun NH2terminus kinase (JNK) in muscle whereas insulin does not. Muscle contraction and
insulin were also found to stimulate the extracelluar regulatory kinases (ERK, p38MAPK,
p42MAPK, p44MAPK; Boppart et al., 2000; Nader and Esser, 2001). A role for p38MAPK
in contraction and insulin stimulation of glucose has been suggested (Furtado et al.,
2003), with p38MAPK stimulating glucose transport by activating GLUT4 translocation
to the plasma membrane (Furtado et al., 2003). However, the importance of this
signaling pathway in contraction-mediated activation of glucose transport has been
challenged in recent years (Santos et al., 2008).

Finally, nitric oxide (NO) via the activation of different isoforms of NO synthase (NOS)
(Moncada and Higgs, 1993) may also contribute, at least in part, to the stimulatory effect
of muscle contraction on glucose uptake. However, the evidence for such an involvement
of NOS in contraction-mediated glucose transport in skeletal muscle has been the object
of some controversies. For instance, some studies show a reduction (Roberts et al., 1997;
Stephens et al., 2004) while others show no effect on glucose transport in muscles treated
with NOS inhibitors (Higaki et al., 2001; Rottman et al., 2002). These findings, however,
do not rule out an effect of NOS inhibition on glucose transport since the NOS inhibitor
used in the above studies can affect endothelial NOS (Rattigan et al., 2005). The
production of nitric oxide might act by increasing microvascular blood flow with
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exercise, with the effect of NOS inhibition on glucose uptake being regulated by blood
flow rather than membrane transport (Rose and Richter, 2005).

Figure 1.2

Proposed pathways to explain the increase of glucose transport by

insulin stimulated pathways and contraction stimulated pathways (adapted from Santos
et al., 2008).

Chapter One – Review of Related Literature
1.7.3

31

Glucose transport during rapid and slow phases of glycogen synthesis post-

exercise

Exercise and in situ stimulation of muscles have been shown to cause insulin
independent increase in glucose transport and glycogen synthesis in muscle (Ivy and
Holloszy, 1981; Garetto et al., 1984; James et al., 1985b; Wallberg et al., 1988; Douen et
al., 1990; Miles et al., 1992) and an increase in GLUT4 protein expression (McCoy et
al., 1996; Thorell et al., 1999; Carrithers et al., 2000). The increase in membrane
permeability post-exercise is thought to be due not only to an increase in the number of
translocated GLUT4 (Hirshman et al., 1988; Douen et al., 1989; 1990; Lund et al., 1995;
Roy and Marette, 1996), but also to an increase in the intrinsic activity of the transporters
(Sternlicht et al., 1989; Goodyear et al., 1990a, 1990b; Klip, 2009).

There is evidence that low post-exercise glycogen content is an important modulator of
the insulin-independent increase in glucose transport during and after exercise (Hayashi
et al., 1997; Richter et al., 2001). Indeed, it is well established that glycogen
concentration influences glucose uptake in skeletal muscles (Jensen et al., 1997, 2006;
Derave et al., 2000). This is supported indirectly by the inverse relationship that exists
between muscle glycogen levels and insulin- and contraction-mediated glucose transport
(Cartee et al., 1989; Ivy and Kuo, 1998; Derave et al., 1999; Kawanaka et al., 1999). One
possible mechanism by which glycogen can regulate glucose transport is via the binding
of GLUT4 protein to the glycogen particles (Coderre et al., 1995). It was proposed that
the increased migration of GLUT4 to the plasma membrane during muscle contraction is
due, in part, to the release of GLUT4 vesicles when glycogen is hydrolysed and the
subsequent migration of GLUT4. Conversely, GLUT4 protein reunites with glycogen
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when glycogen concentration increases unless an additional stimulus such as insulin is
present.

The slow phase of glycogen synthesis after contraction is characterised by a marked
increase in the sensitivity of muscle glucose uptake to insulin (Garetto et al., 1984;
Richter et al., 1984; Cartee et al., 1989; Hayashi et al., 1997; Borghouts and Keizer,
2000; Wojtaszewski et al., 2000). This is not due to an increase in insulin receptor
tyrosine kinase activity (Goodyear et al., 1995) or an increase in insulin receptor binding
(Bonen et al., 1989). Instead, it is likely due to an increase in GLUT4 protein expression
(Ren et al., 1994) and the translocation of more transporters to the cell surface (Hansen
et al., 1998). Although increased GLUT4 expression in response to a given submaximal
insulin stimulus is evident in this phase of glycogen synthesis, it is unlikely to be the
only factor behind the increase in sensitivity of muscle glucose uptake to insulin. Other
factors like muscle glycogen content, serum factor(s), AMPK and insulin signaling
molecules are likely to play a part in the increased muscle insulin sensitivity following
exercise (Jentjens and Jeukendrup, 2003). For instance, a recent study suggests that the
translocation of more GLUT4 transporters to the cell surface in response to a given
submaximal insulin stimulus results from the AMPK-mediated phosphorylation of a
protein (Fisher et al., 2002). In addition, others have suggested that the increase in
muscle sensitivity in this phase may be in part due to the enhanced activation of insulinsignaling pathway (Hansen et al., 1998; Derave et al., 2000; Wojtaszewski et al., 2000).
In this regard, it is noteworthy low glycogen content increases insulin-stimulated Akt
phosphorylation (Jensen et al., 2006), increases insulin-stimulated Akt activity and
glucose uptake (Derave et al., 2000; Kawanaka et al., 2000). However, the mechanism
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behind the increased insulin-stimulated Akt phosphorylation and activation in muscle
with low glycogen content remains elusive.

1.8

The role of glycogen synthase in the regulation of glycogen synthesis during

and after exercise

Irrespective of the extent to which glucose transport is involved in the replenishment
muscle glycogen, there is a requirement for glycogen synthase (GS) EC.2.4.1.11 to be
active during recovery if glycogen synthesis is to occur. Glycogen synthase is a
tetrameric enzyme with a subunit molecular weight of 85,000-90,000 (De Paoli-Roch et
al, 1983) and each subunit of glycogen synthase (from rabbit skeletal muscle) is
comprised of 737 amino acids, the sequence of which has been determined (Cohen et al.,
1986; Tagaya et al., 1986; Mahrenholz et al., 1988; Browner et al., 1989).

Glycogen synthase generates mature glycogen by catalysing the transfer of a glucose unit
from UDP-glucose to a pre-exisiting chain on glycogen in liver, muscle and fat as
described below (Madar et al, 1987; Cohen, 1993).

Glycogenn + UDP-glucose

Glycogenn+1 +UDP

Glycogen synthase, however, is ineffective in utilising very short oligomers as an
acceptor for glucose transfer (Larner et al., 1976), and as such a self-glucosylating 37
kDA protein, named glycogenin (Pitcher et al., 1988; Lomako el al., 1988), has been
shown to act as a primer for de novo glycogen synthesis. Glycogenesis is initiated by the
autoglucosylation of a single tyrosine residue at position 194 on glycogenin, with 10
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glucosyl residues attaching itself to glycogenin before its activity ceases. This
glycosylated protein then serves as the primer for glycogen synthase (GS), which
together with branching enzymes generates mature glycogen.

1.8.1

Regulation of glycogen synthase

In the early days following its discovery, glycogen synthase was shown to exist as two
interconvertible forms. One dependent on the presence of glucose 6-phosphate for
activity (D form) whereas the other is active independently of the presence of glucose 6phosphate (I form; Rosell-Perez et al., 1962; Traut and Lipmann, 1963; Rosell-Perez and
Larner, 1964a; Rosell-Perez and Larner, 1964b; Danforth, 1965). An important step
toward understanding the molecular mechanism underlying the existence of the different
forms of glycogen synthase was the discovery that the conversion from the active I to the
inactive D form of glycogen synthase (Fig 1.3) results from the phosphorylation of the
enzyme (Schlender et al., 1969; Smith et al., 1971; Larner, 1973), whereas the
dephosphorylation-mediated activation of glycogen synthase is catalysed by endogenous
phosphatases (Villar-Palasi, 1969).

More recently, glycogen synthase from rabbit skeletal muscle has been reported to
contain up to 15 phosphorylation sites (Smith et al., 1971; Cohen, 1986). However, the
enzyme is only phosphorylated at nine serine residues (Fig 1.3) in vivo by a minimum of
ten protein kinases (Embi et al., 1979; Nielsen and Wojtaszewski, 2004; Jensen and Lai,
2009). Some of the kinases are protein kinase A (PKA) also referred to as cAMPdependent protein kinase, phosphorylase kinase, calmodulin-dependent protein kinase-2,
casein kinase 1, casein kinase-2, AMPK, PKC, glycogen synthase kinase-3, DYRK,
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PAS, and p38 MAPK (Hardie 1989; Roach, 1990; Cohen, 1993; Kuma et al., 2004;
Skurat and Dietrich, 2004; Wilson et al, 2005; Sacchetto et al., 2007).

p38MAPK
DYRK

Figure 1.3

The nine serine residues phosphorylated in rabbit skeletal muscle

glycogen. Abbreviations: AMPK (AMP-dependent protein kinase); PKA (cyclic AMP
dependent protein kinase); PKC (protein kinase C); CaM-K2 (calmodulin dependent
protein kinase 2); PhK (phosphorylase kinase); CK1 (casein kinase 1); CK2 (casein
kinase 2); GSK3 (glycogen synthase kinase 3); p38MAPK (mitogen activated protein
kinase); DYRK (dual specificity tyrosine phosphorylated and regulated kinase).

Of these nine phosphorylation sites, two sites (sites 2 and 2a) are located close to the
amino-terminal end of the enzyme while the others (sites 3a, 3b, 3c, 4, 5, 1a and 1b) are
located close to the carboxyl-terminal portion of the enzyme (Fig 1.3). Phosphorylation
of sites 2, 2a, 3a and 3b generally decreases the activity of the enzyme (Flotow and
Roach, 1989; Nakielny et al., 1991; Wang and Roach, 1993; Roach, 2002) and the
effects of the phosphorylation of these sites can be cumulative resulting in a complete
inhibition of the enzyme if all four sites are phosphorylated (Nakielny et al., 1991;
Skurat and Roach, 1995). In contrast, the phosphorylation of the other sites such as 3c
(Wang and Roach, 1993), 4 (Poulter et al., 1988), 5 (De Paoli-Roch et al, 1981; Cohen et
al., 1982), 1a or 1b (Embi et al., 1981; Parker et al., 1983) does not significantly alter the
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catalytic activity of glycogen synthase. These findings support the observation that most
of the phosphate released in response to insulin-mediated activation of glycogen
synthase is removed from sites 3a and 3b (Parker et al., 1983).

It is also important to note that the phosphorylation of the different sites of glycogen
synthase occurs in a hierarchical manner. This means that the phosphorylation of a given
site by a primary protein kinase is required before the phosphorylation of another site can
occur (De Paoli-Roch et al., 1983; Roach, 1990; Nielsen and Wojtaszewski, 2004). For
instance, the action of casein kinase II (site 5) promotes the action of GSK3 (De PaoliRoach et al., 1983; Zhang et al., 1993) which in turn sequentially phosphorylates sites 4,
3c, 3b and 3a (Nielsen and Wojtaszewski, 2004). This form of ordered multiple-site
phosphorylation suggests that finer control brought about by the actions of protein
kinases is possible if the phosphorylation of some sites are interdependent (Zhang et al.,
1992).

Activation of glycogen synthase requires its dephosphorylation via phosphoprotein
phosphatases. In contrast to the large number of protein kinases acting on glycogen
synthase, only relatively few serine and threonine-specific protein phosphatases are
present in the cytosol of mammalian cells (Ingebritsen and Cohen, 1983). Protein
phosphatase-1 (PP-1) and protein phosphatase-2A (PP-2A) are responsible for virtually
all detectable glycogen synthase phosphatase activity in skeletal muscles extracts since
inhibition of these two enzymes decreases phosphatase activity in rabbit skeletal muscle
extracts by more than 95% (Alemany et al., 1984). While protein PP-1 and 2A
dephosphorylate sites 1a, 2 and 3 at comparable rates in vitro, the rates of
dephosphorylation of individual sites in vivo depend very much on the state of
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phosphorylation of the other sites. The regulation of glycogen synthase by protein
kinases and phosphoprotein phosphatases are discussed in more details in the following
paragraphs.

1.8.2

Regulation of glycogen synthase by kinases and phosphatases

As discussed above, the dephosphorylation-mediated activation of glycogen synthase
involves a limited number of phosphoprotein phosphatases (Cohen, 1986). The most
important protein phosphatase involved in the activation of glycogen synthase in skeletal
muscle is PP-1 (Lee et al., 1980; Ingebristen and Cohen, 1983; Aschenbach et al., 2001).
The active form of this phosphatase consists of a catalytic subunit C and a glycogen
binding subunit GM (Stralfors et al., 1985; Villa-Moruzzi et al., 1996), and binding of
subunit GM to the C subunit of PP-1 increases the dephosphorylation of glycogen
synthase (Hiraga and Cohen, 1986). The subunit GM also binds PP-1 to a proteinglycogen complex comprised of glycogen, glycogen synthase, glycogen phosphorylase,
and phosphorylase kinase, and is to a large extent associated with the sarcoplasmic
reticulum (Cohen, 1978; Hiraga and Cohen, 1986). PP-1 is inhibited by two thermostable
proteins (inhibitor I and inhibitor 2) (Cohen et al., 1977; Nimmo and Cohen, 1978;
Stewart et al., 1981) and the phosphorylation of one of these proteins (inhibitor 1) by
protein kinase A (PKA) is a prerequiste for the inhibition of PP-1 by inhibitor 1
(Shenolikar and Nairn, 1991). While muscle is at rest, inactive skeletal muscle glycogen
synthase and its regulatory enzymes, PKA, glycogen phosphorylase and PP-1 are bound
to glycogen (Cohen, 1978; Nielsen and Richter, 2003). In contrast, the breakdown of
glycogen during exercise releases some of these enzymes and activates glycogen
synthase via its dephosphorylation (Villar-Palasi, 1969; Fisher et al., 1971; Holloszy,
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1984; Friedman e tla., 1991; Ivy, 1991; Bloch et al., 1994). Recently, it has been shown
that the subunit GM of PP-1 has an important role in the regulation of glycogen synthase
in response to exercise. This is suggested by the absence of change in the activation state
of glycogen synthase in response to exercise in mice with knocked out GM gene
(Aschenbach et al., 2001). However, it remains unclear how PP-1 is regulated during
recovery from exercise.

Phosphorylase kinase is another key enzyme involved in the regulation of glycogen
breakdown and is also likely to play some role in the regulation of the phosphorylation
state of glycogen synthase (Carlson and Garves, 1976; Polishchuk et al., 1995). The
phosphorylation of glycogen synthase in vitro by phosphorylase kinase occurs at site 2 of
glycogen synthase (Carlson and Graves, 1976). Phosphorylase kinase is a hexadecamer
made up of four subunits in the stochiometry of ()4444 (Cohen, 1973; Shenolikar et
al., 1979). The  subunit is the catalytic subunit (Kee and Graves, 1987), and the 
subunit is a Ca2+-binding protein responsible for the Ca2+-mediated activation of
phosphorylase kinase. The functions of the  and  subunits are thought to be regulatory
(Hayakawa et al., 1973) and these subunits can be phosphorylated by various protein
kinases including PKA (Cohen, 1973; Hayakawa et al., 1973), cGMP dependent protein
kinase (Waisman et al., 1978), protein kinase C (Kishimoto et al., 1977; Takai et al.,
1979) and casein kinase (Singh et al., 1982, 1984) which results in the activation of the
phosphorylase kinase. It is well established, however, that phosphorylase kinase is
primarily regulated by the cAMP-mediated activation of PKA (Drummond et al., 1968)
which phosphorylates both the  and  subunits of phosphorylase kinase.
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Activation of phosphorylase kinase during muscle contraction is suggested by the rise in
phosphorylase kinase activity ratio in isolated, electrically stimulated rat gastrocnemius
muscles (Posner et al., 1965). It is important to note, however, that other in vitro studies
(Dummond et al., 1969; Stull and Mayer, 1971) have shown that muscle contraction does
not affect the activity ratios of phosphorylase kinase, thus suggesting that other kinases
are probably responsible for the increase in the phosphorylation state of glycogen
synthase in response to exercise. Although the response of phosphorylase kinase to
muscle contraction has been thoroughly investigated in vitro (Posner et al., 1965;
Dummond et al., 1969; Stull and Mayer, 1971), what is surprising is the limited body of
literature available on the effect of phosphorylase kinase on glycogen synthase in
response to exercise and recovery from exercise of moderate or high intensity exercise.

Other than phosphorylase kinase, protein kinase A (PKA) has also the capacity to
increase the phosphorylation state of glycogen synthase. PKA consists of two distinct
subunits, the catalytic (C) and the regulatory (R) subunits, forming the holoenzyme R2C2
(Corbin et al., 1976) which exists as two major isozymes (Type I and Type II; Shioji et
al., 1983). The activation of PKA occurs following the cooperative binding of cAMP to
each regulatory subunit, which causes dissociation of the free catalytic subunits from the
regulatory subunit dimer (Corbin et al., 1978). It is the free form of the catalytic subunit
that is responsible for all the protein kinase activity of PKA.

PKA can phosphorylate glycogen synthase directly on site 2, 1a and 1b or indirectly via
its phosphorylation-mediated activation of phosphorylase kinase, which in turn
phosphorylates site 2 of glycogen synthase. PKA can also act indirectly by
phosphorylating and activating inhibitor I. Since the phosphorylated form of inhibitor 1
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inhibits PP-1, PKA can increase indirectly the phosphorylation state of sites 2, 2a, 3a and
3b of glycogen synthase by reducing their susceptibility to dephosphorylation by PP-1.
For this reason, PKA plays a central role in the regulation of the breakdown and
synthesis of glycogen. PKA activity is terminated when cAMP is hydrolysed by
phosphodiesterases and the catalytic subunit reassociates with the regulatory subunit
(Nimmo and Cohen, 1977; Krebs and Beavo, 1979).

Exercise is associated with an increase in plasma catecholamine concentrations, the
action of which is mediated via an increase in cAMP. Hence it is reasonable to assume
that any increase in cAMP would result in an increase in the activity of PKA. One study
shows that this indeed appears to be the case, at least in response to prolonged exercise
of moderate intensity. Following 5-6 hours of running, the activity of type I and type II
PKA in rat skeletal muscle increases by 35% and 16%, respectively (Kalinski et al.,
1981, 1982). The authors suggest that the greater relative increase in activity of the type I
isoform is due to its increased sensitivity to hormonal control (Corbin et al., 1977). It is
unclear the extent to which PKA mediates the changes in the activity of glycogen
synthase during and after exercise. This is because glycogen synthase is also targeted by
several other kinases that are activated during exercise such as phosphorylase kinase,
CaMK2 and AMPK,

Another protein kinase that is involved in the regulation of glycogen synthase is AMPK.
As discussed above, AMPK is a key regulator of cellular energy metabolism (Winder
and Hardie, 1999) and plays an important role in the regulation of carbohydrate
metabolism (Hardie, 2004) by affecting both exercise-induced glucose uptake (Richter et
al., 2001) and glycogen synthase (Hardie, 2004). Glycogen synthase is phosphorylated
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by AMPK at site 2 (Carling and Hardie, 1989) and this in turn primes the
phosphorylation of the neighboring site 2a by casein kinase 1, resulting in a marked
inactivation of glycogen synthase that is most evident at low concentrations of glucose 6phosphate (Flotow and Roach, 1989; Skurat et al., 1994). The role of AMPK in
mediating changes in the phosphorylation state of glycogen synthase during exercise and
recovery will be discussed in more details later.

Beside, phosphorylase kinase, PKA and AMPK there are several other protein kinases
that could affect the activity of glycogen synthase during and after exercise. One such
very important kinase is glycogen synthase kinase 3 (GSK3). GSK3 is a protein Ser/Thr
kinase which is involved in several fundamental cellular processes such as fuel
metabolism, transcriptional regulation and cell fate determination (Ruel et al., 1993; Kim
aet al., 2002, 2000; Cohen, 2001). Two isoforms ( and ) of GSK3 have been
identified, with both isoforms sharing 95% homology in their respective kinase domains
(Woodgett, 1991; Wang et al., 1994). GSK3 was first identified about 30 years ago and
its primary function was thought to be involved in the regulation of glycogen synthase in
response to insulin (reviewed in Cohen, 2001). Indeed, upon insulin binding, this results
in the activation of Akt as discussed previously. Akt in turn phosphorylates and inhibits
GSK-3 and GSK-3 (Cross et al., 1995). This inactivation of GSK3 favours glycogen
synthesis because phosphorlyation of sites 3a, 3b, 3c and 4a by GSK3 results in the
inhibition of glycogen synthase (Nielsen and Wojtaszewski, 2004).

The link between GSK3 and glycogen synthase activation/deactivation during exercise
has been the object of some controversies. Some studies have reported that that GSK3
could be a potential regulator of glycogen synthase activity during exercise as glycogen
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synthase and GSK3 activity are affected by both contractile activity (Markunss et al.,
1999) and exercise (Sakamoto et al., 2002, 2004; Mascher et al., 2007). On the other
hand, a role for GSK3 during exercise has been questioned on the grounds that some
recent data suggest that the inhibition of GSK3 activity during exercise does not
correlate with an increase in glycogen synthase activity or the phosphorylation of sites
3a, 3b, 3c and 4 of this enzyme (Wojatszewski et al., 2001; Sakamoto et al., 2003). All
these conflicting findings raise the question of the importance of the role of GSK3 in the
regulation of muscle glycogen synthase during exercise and recovery.

Protein kinase C, a calcium and phospholipid-dependent protein kinase that exists, as
discussed above, as several isoforms, has the capacity to phosphorylate glycogen
synthase (Ahmad et al., 1984) at sites 1a and 2 (Pugazhenthi and Khandelwal, 1995;
Chalfrant et al., 2000). Since previous studies have demonstrated in both rats and
humans that skeletal muscle contractile activity and exercise can increase protein kinase
C activity (Cleland et al., 1989; Richter et al., 1987; Rose et al., 2004), this makes
protein kinase C a potential factor in the regulation of glycogen synthase during exercise
and recovery. How important is PKC relative to the other kinases is still unclear.

Other than the kinases examined so far, CaMK in particular CaMKII, has also the
potential to exert a regulatory role on glycogen synthase (Woodgett et al., 1982; Roach,
1990; Sacchetto et al., 2005, 2007) since calmodulin is a major intracellular receptor for
Ca2+, and CaMKII is activated during muscle contraction (Rose and Hargreaves, 2003).
This enzyme phosphorylates sites 2 and 1b of glycogen synthase, the initial rate of
phosphorylation of site 2 being 5-10 fold faster than site 1b (Woodget et al., 1983). As
discussed previously, site 2 is also phosphorylated by PKA, phosphorylase kinase, PKC
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autophosphorylation is a feature of this enzyme, this event does not affect its activity in
the presence of Ca2+ and calmodulin (Woodget et al., 1983). Some studies have reported
an increase in CaMKII activity by repeated contractions and moderate intensity exercise
(Tavi et al., 2003; Rose and Hargreaves et al., 2003), but little progress have been made
and more research is needed to elucidate the enzyme’s response to exercise and its effect
on glycogen synthase, particularly during recovery.

Casein Kinase-1 is another enzyme that could potentially be involved in the regulation of
glycogen synthase. This enzyme purified from skeletal muscle exists as a monomeric
protein with a molecular mass of approximately 35 kDa (Kuret et al., 1985). It has been
shown that incubation of glycogen synthase with high concentrations of muscle or liver
casein kinase I for several hours results in the phosphorylation of as many as 10 residues
(Kuret et al., 1985). Other studies, however, indicate that just one site is relevant in vivo,
site 1b (Flotow and Roach, 1989). When glycogen synthase is prephosphorylated by
PKA, site 1b then becomes a better substrate for casein kinase I. Phosphorylation by
casein kinase I after prior phosphorylation by PKA causes a marked inhibition of
glycogen synthase. Recently, a study using resistance exercise has shown mRNA levels
of casein kinase I fell significantly 48 hours post-exercise (Kubica et al., 2004).
However, the role of casein kinase relative to the other kinases in the regulation of
glycogen synthase in response to exercise and recovery in skeletal muscle remains to be
determined.

Casein Kinase II (CK-II) also known as glycogen synthase kinase 5, casein kinase G or
casein kinase TS (Cohen et al., 1982,) may also affect the regulation of the
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phosphorylation state of glycogen synthase during and after exercise. It has two
components termed  (42 kDa) and  (26 kDa) which combined to form an 22
structure, with the  component being the catalytic subunit (Hathaway and Traugh,
1982). The phosphorylation of glycogen synthase by casein kinase occurs at site 5
(Cohen et al., 1982) and this enzyme has a broad substrate specificity that includes the
type II regulatory subunit of PKA (Hemmings et al., 1982), troponin T (Pearlstone et al.,
1976) and the -subunit of protein synthesis initiation of factor eIF-2 (Pearlstone et al.,
1976). This enzyme is also able to phosphorylate its own -subunit without any effect on
its activity (Hathaway and Traugh, 1982). Similarly, phosphorylation of glycogen
synthase by casein kinase II results in no direct change in its activity. However, it affects
indirectly the activation state of glycogen synthase since phosphorylation of site 5 of
glycogen synthase by casein kinase II increases the phosphorylation of sites 3a, 3b, 3c
and 4 by GSK3. Unfortunately, the effect of exercise and recovery on casein kinase II
has received minimal attention in the literature with the exception of one recent study
(Kubica et al., 2004) on rat muscle subjected to resistance exercise where a significant
reduction in casein kinase II mRNA levels took place after 48 hours of recovery. Hence
it is still relatively unclear how casein kinase II regulates glycogen synthase in response
to exercise and recovery.

1.8.3

Regulation of glycogen synthase by glucose 6-phosphate and other effectors

Other than being regulated by reversible phosphorylation, glycogen synthase is also
under tight allosteric regulation (See figure 1.4). Glucose 6-phosphate is a potent
activator of glycogen synthase, with its effect depending on the phosphorylation state of
glycogen synthase (Roach et al., 1976; Piras and Staneloni, 1969; Bloch et al., 1994).
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This phosphorylation-dependent sensitivity of glycogen synthase to glucose 6-phosphate
is the basis of one common assay method to detect indirectly changes in the
phosphorylation state of glycogen synthase. This is achieved by measuring the ratio of
the enzyme activity in the absence of glucose 6-phosphate over that assayed in the
presence of elevated glucose 6-phosphate levels (Shulman et al., 1995). Alternatively,
the activation state of glycogen synthase is also estimated indirectly by measuring the
fractional velocity of the enzyme, which is expressed at the ratio of glycogen synthase
activity measured in the presence of physiological concentrations of glucose 6-phosphate
over the activity of the enzyme assayed with elevated glucose 6-phosphate levels
(Kochan et al., 1981). The more phosphorylated the enzyme, the lower its activity ratio
or fractional velocity. It must be stressed that these indices provide only a crude indirect
estimate of the phosphorylation state of glycogen synthase, since phosphorylation of
some of its sites (e.g. sites 1a, 1b and 5) has no effect on the activity of glycogen
synthase.

There is evidence that glucose 6-phosphate may play a role of secondary importance in
the regulation of glycogen synthase activity. This is suggested by the observation that
glycogen synthase activity can increase in contracting muscles despite being stimulated
to contract in vitro or in situ while perfused or incubated in the absence of glucose to
keep glucose 6-phosphate levels very low. This suggests that the increase in glycogen
synthase activity in response to exercise is not dependent on an increase in glucose 6phosphate levels (Montell et al., 1999). However, a role for glucose 6-phosphate after
intense exercise is highly likely since this type of exercise results in a marked elevation
in the levels of this metabolite, which in turn can allosterically activate glycogen
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synthase and stimulate its dephosphorylation upon its binding to glycogen synthase
(Bräu et al., 1997).

Figure 1.4

Regulation of glycogen synthase by insulin and contraction

Beside glucose 6-phosphate (deemed as the most important modifier of skeletal muscle
glycogen synthase), other effectors have been identified. For example, Mg2+ is reported
to have a stimulatory effect (Nakai and Thomas, 1975) while inorganic phosphate in
vitro can either activate (Mersmann and Segal, 1967; Miller et al., 1975) or inhibit the
enzyme (Miller et al., 1975; Roach and Larner, 1976). ATP, AMP, UDP, UTP and
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creatine phosphate (Piras et al., 1968; Gold, 1970) inhibit glycogen synthase, although
their inhibitory effects, except that of UDP, can be attenuated by the presence of glucose
6-phosphate. All of the inhibitors of glycogen synthase inhibit this enzyme to a greater
extent when glycogen synthase is in its phosphorylated form (Roach and Larner, 1977).
This provides alternative ways to determine glycogen synthase activity ratios that reflect
changes in the phosporylation state of the enzyme (Jiao et al., 2001). Overall, changes in
flux through glycogen synthase in vivo are affected by the changes in the
phosphorylation state of the enzyme and its regulatory effectors. However, the
concentration of its substrate, UDP-glucose, does not affect the phosphorylation state of
the enzyme as the concentration of UDP-glucose remains nearly constant over a wide
range of glycogen synthesis (Piras and Staneloni, 1969) or in some cases, decreases as
the rate of glycogen synthesis increases (Rossetti and Hu, 1993).

1.8.4

Regulation of glycogen synthase by catecholamines and insulin

The identification of so many kinases and allosteric effectors with the capacity to affect
the activity of glycogen synthase raises the question of those most likely to play a major
role in response to hormones such as catecholamines and insulin (Fig 1.4). The effect of
catecholamines on the regulation of the phosphorylation state of glycogen synthase has
been extensively investigated. In response to this hormone, the phosphorylation state of
the enzyme increases not only as a result of the combined activation of PKA and
phosphorylase kinase, but also because of the inhibition of PP-1 by the phosphorylated
form of inhibitor 1. The catecholamines-mediated increase in cAMP levels activates
PKA, which in turn phosphorylates and inhibits glycogen synthase via phosphorylation
of sites 1a and 2 of glycogen synthase (Cohen, 1978). As explained earlier, PKA also
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acts indirectly by phosphorylating and activating phosphorylase kinase, which once
activated, phosphorylates site 2 of glycogen synthase. Finally, a net increase in the
phosphorylation state of glycogen synthase is favoured by the inhibition of PP-1. PKA is
responsible for this inhibition, as the phosphorylation by PKA of sites 1 and 2 of the GM
subunit of PP-1 causes the release of the catalytic subunit of PP-1 from the glycogen
particle, the unbound form being more susceptible to inhibition by inhibitor 1 (Hubbard
and Cohen, 1993). This last event is also under the regulation of PKA, since the
phosphorylation of inhibitor 1 by PKA is a prerequisite for its binding to PP-1
(Shenolikar and Nairn, 1991).

Interestingly, catecholamines are not a powerful inhibitor of glycogen synthase during
and after muscle contraction, since many studies have reported that glycogen synthase
activation state during and immediately after glycogen-depleting muscle contraction
does not decrease as one would expect in the presence of elevated catecholamines
(Franch et al., 1999). This activation of glycogen synthase during and/or immediately
after exercise despite elevated catecholamines levels occurs despite the sustained
phosphorylation of its site 2 (Lai et al., 2007). As discussed later, the exercise-mediated
increase in the activation state of glycogen synthase despite elevated catecholamines
levels results from a fall in the phosphorylation state of the site 3a of glycogen synthase
during exercise which opposes the inhibitory effect of the increased phosphorylation
state of site 2 (Lai et al., 2007). The fact that catecholamines are not potent inhibitors of
glycogen synthase has the advantage that glycogen synthesis post-contraction can occur
even under conditions of elevated levels of stress hormones, which is probably important
in the context of “fight or flight” responses.
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Insulin effect on glycogen synthase differs from that of catecholamines as it promotes
the dephosphorylation-mediated activation of glycogen synthase (Villar-Palasi and
Guinovart, 1997). It activates glycogen synthase by inhibiting GSK3, which as described
earlier is an enzyme that catalyses the phosphorylation-mediated inhibition of glycogen
synthase. The inhibition of GSK3 by insulin is achieved via the PIP 3-kinase-Akt-GSK3
signaling pathway described above (Cohen, 1999). Briefly, following the binding of
insulin to its receptor and the eventual phosphorylation-mediated inhibition of GSK3 via
Akt, this results in a fall in the phosphorylation-mediated inhibition of glycogen synthase
by GSK3. Insulin also increases the concentration of glucose 6-phosphate in skeletal
muscle (Rothman et al., 1992; Aslesen and Jensen, 1998; Bouskila et al., 2008; Jensen et
al., 2006) and, as discussed previously, this can also affect glycogen synthase indirectly
via allosteric activation and by enhancing the dephosphorylation of glycogen synthase by
PP-1. Thus, insulin regulates the activity of glycogen synthase via two mechanisms,
mainly by decreasing the phosphorylation of glycogen synthase and also by increasing
the concentration of glucose 6-phosphate.

Previously, an insulin-dependent kinase was reported to be activated in response to
insulin. This kinase phosphorylates only site 1 of the GM subunit of PP-1 (Hubbard and
Cohen, 1993). It was reported that under these conditions, the catalytic subunit of PP-1 is
activated and remains bound to the GM subunit. As a result, PP-1 dephosphorylates
glycogen synthase and phosphorylase kinase at faster rates, but has no effect on glycogen
phosphorylase (Dent et al., 1990). However, the proposed insulin-dependent kinase that
phosphorylates site 1 still remains to be identified (Newgard et al., 2000) and there are
conflicting findings as to whether the insulin-stimulated phosphorylation of the GM
subunit of PP-1 takes place in skeletal muscle (Walker et al, 2000).
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Regulation of glycogen synthase by muscle contraction

The understanding of the mechanisms underlying the regulation of glycogen synthase in
response to insulin and catecholamines has progressed rapidly over the last few decades.
However, the mechanisms underlying the changes in the phosphorylation state of
glycogen synthase during and after physical activity are still poorly understood.
Nevertheless, our understanding of this process has improved substantially over the past
decade and for this reason will be discussed in some details in the following lines.

During exercise of moderate intensity, some studies have reported that the activation
state of glycogen synthase decreases or remains at low and near basal level (Yan et al.,
1992; Jiao et al., 2001; Mcinerney et al, 2004). In contrast, several studies have reported
that exercise and isometric contractions increase the activation state of glycogen
synthase in skeletal muscles (Danforth, 1965; Piras and Staneloni, 1969; Bergström et
al., 1972; Kochan et al., 1979; Bak and Pedersen, 1990; Yan et al., 1993b; Wojtaszewski
et al., 2001; Nielsen et al., 2001; Lai et al., 2007). This exercise-mediated increase in the
activation state of glycogen synthase may appear at odds with the requirement for net
breakdown of muscle glycogen during exercise, but is unlikely to impair glycogen
mobilization during exercise since its activity is very low compared with the high rates
attained by glycogen phosphorylase under these conditions. It has been argued, however,
that the activation of glycogen synthase during muscle contraction might serve the
purpose of replenishing muscle glycogen from glucose between successive contractions
to protect muscle glycogen against depletion (Shulman and Rothman, 2001; Shulman,
2005). In addition, since the rate of muscle glycogen repletion after exercise has been
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reported to be proportional to the percentage of glycogen synthase in its
dephosphorylated form (Danforth, 1965; Bergström et al., 1972; Conlee et al., 1978;
Holloszy, 1984; Friedman et al., 1991; Ivy, 1991), rapid repletion may occur if glycogen
synthase is dephosphorylated at the onset of recovery, particularly if food is not available
and insulin are at basal levels.

The contradictory reports that sustained muscle contraction of low to moderate intensity
increases, decreases or has no effect on the activation state of glycogen synthase has
been explained on the basis of the patterns of response of the phosphorylation sites of
glycogen synthase to muscle contraction. It has been found that the phosphorylation state
of sites 2, 2a, 1a and 1b increases during contraction, with that of site 2 increasing almost
instantaneously (Nielsen and Wojtaszewski, 2004; Lai et al, 2007; Prats et al., 2009)
whereas the phosphorylation state of sites 3a and 3b decreases progressively during
contraction (Ruzzin and Jensen, 2005; McManus et al., 2005; Lai et al., 2007). At the
start of exercise, the rapid rise in the phosphorylation state of site 2 (Lai et al., 2007) has
the potential to inhibit glycogen synthase (Carlin and Hardie,, 1989; Lai et al., 2007) and
this most likely results from the action of PKA, phosphorylase kinase, CaMK and
AMPK on this site. Although the respective contributions of these kinases to the
phosphorylation of site 2 of glycogen synthase remains to be established, the rise in
epinephrine associated with exercise might play some role in inhibiting glycogen
synthase since B-adrenergic blockage prevents the fall in glycogen synthase activation
associated with short duration exercise (Chasiotis et al, 1983a). As exercise progresses,
the phosphorylation state of site 2 remains elevated (Lai et al., 2007) thus indicating that
the progressive activation of glycogen synthase during sustained contraction is not due to
the dephosphorylation of this site. In contrast, the phosphorylation state of site 3a falls
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progressively with time to such an extent that the activation state of glycogen synthase
increases concomitantly to well above pre-contraction levels (Lai et al., 2007), thus
suggesting that this site is responsible for the exercise-mediated activation of glycogen
synthase. From these findings, it seems that the activation state of glycogen synthase
during exercise and contraction is influenced by both stimulatory and inhibitory factors,
with the effect of exercise and contraction on glycogen synthase activity being the result
of the relative strength of these signals, which can vary according to the mode, intensity
and duration of the exercise (Nielsen and Wojtaszewski, 2004).

What is still unclear is the relative contributions of the kinases and/or phosphoprotein
phosphatases responsible for the dephosphorylation-mediated activation of glycogen
synthase during sustained contraction. Recently, it has been proposed that the inhibition
of the glycogen-bound AMPK by the fall in muscle glycogen levels during muscle
contraction could explain the progressive fall in the phosphorylation state and rise in the
activation state of glycogen synthase that occurs during sustained contraction (McBride
and Hardie, 2009). The problem with this explanation is that AMPK affects only the
phosphorylation state of site 2 which has been reported to not fall with a decrease in
muscle glycogen levels during contraction (Lai et al., 2007). In addition, the temporal
pattern of activation of glycogen synthase during sustained contraction does not match
that of the gradual fall in muscle glycogen levels (Lai et al., 2007).

As discussed above, since it is the dephosphorylation of site 3 that coincides with the
activation of glycogen synthase, this suggests that it is the inhibition of GSK3 that could
explain the fall in glycogen synthase activation state in response to exercise. This view is
supported by the finding that glycogen synthase and GSK3 activity are activated and

Chapter One – Review of Related Literature

53

inhibited, respectively, by both contractile activity (Markuns et al., 1999) and exercise
(Sakamoto et al., 2002, 2004; Mascher et al., 2007). These findings, however, have been
questioned on the grounds that the activation and dephosphorylation of glycogen
synthase during contraction can occur independently of GSK3 inactivation (Mcmanus et
al., 2005), and the inhibition of GSK3 activity during exercise does not correlate with an
increase in glycogen synthase activity or a fall in the phosphorylation level of sites 3a,
3b, 3c and 4a on this enzyme (Sakamoto et al., 2003). Finally, a role for GSK3 is
challenged by the observation that GSK3 is not deactivated during exercise in human
skeletal muscle despite the activation of glycogen synthase (Wojtaszewski et al., 2001).

For these reasons, PP-1 rather than GSK3 might be responsible for the net
dephosphorylation-mediated activation of glycogen synthase. However, this must be
reconciled with the observation that the phosphorylation state of site 2 increases whereas
that of sites 3 decreases during exercise. This is an important issue because PP-1 is the
only known phosphatase that dephosphorylates all the phosphorylation sites of glycogen
synthase. The rise in the phosphorylation state of site 2 at the same time as the fall in the
phosphorylation of site 3 could be explained on the grounds that the combined activity of
the many kinases that phosphorylate site 2 might override the dephosphorylation of this
site by PP-1, whereas this PP-1 might be active enough to oppose the phosphorylation of
site 3 by GSK3. Such an important role for PP-1 is suggested by the observation that
muscle contraction cannot activate glycogen synthase under conditions where the
binding subunit GM of PP-1 is deleted (Aschenbach et al., 2001). Also, muscle
contraction has been reported to increase the activation of glycogen synthase in human
together with that of glycogen synthase phosphatase activity (Kida et al., 1989). How is
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PP-1-mediated activation of glycogen synthase achieved during sustained contraction is
a question, however, that remains to be answered.

The pattern of change in the phosphorylation state of glycogen synthase in response to
high intensity exercise is markedly different from that described above. High intensity
muscle contraction in vitro has either no effect or results in a transient fall in the
proportion of glycogen synthase in its active dephosphorylated form, followed at the
onset of recovery by a rapid increase in the proportion of glycogen synthase in its active
form to well above pre-exercise levels (Chasiotis et al., 1982, 1983a; Jiao et al., 2001;
Nielsen and Richter, 2003). It has been proposed that such post-exercise activation might
favour net and rapid repletion of muscle glycogen immediately following the cessation
of exercise (Bräu et al., 1997; Raja et al., 2003) as this fall in the phosphorylation state
of glycogen synthase post-exercise is associated with a high initial rate of glycogen
deposition.

The rapid dephosphorylation-mediated activation of glycogen synthase in response to
high intensity despite elevated catecholamines levels may in part be explained by the
increase in the intracellular concentrations of glucose 6-phosphate resulting from the
high rates of glycogenolysis. Glycogen synthase bound to glucose 6-phosphate is
expected to become a better substrate for PP-1 (Villar-Pilasi, 1991). A rapid fall in the
phosphorylation state of sites 3a and 3b of glycogen synthase and maybe of sites 2 and
2a is thus expected. Finally, since high glycogen itself can inhibit the activity of PP-I
(Larner et al., 1967), decreased glycogen levels in response to exercise are expected to
favour the dephosphorylation and activation of glycogen synthase. During recovery, the
phosphorylation state of glycogen synthase returns progressively to basal pre-exercise
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levels, a process which is accompanied by the progressive fall in the rates of glycogen
synthesis (Bräu et al., 1997). This progressive increase in the phosphorylation state of
glycogen synthase most probably involves the reversal of the mechanisms described
above, including a decrease in the levels of glucose 6-phosphate and an increase in the
levels of glycogen (Danforth, 1965; Roach et al., 1976). Although it is suggested that
glucose 6-phosphate plays an important regulatory role in the regulation of the
phosphorylation state and activation of glycogen synthase post-exercise (Piras and
Staneloni, 1969; Ren et al., 1993; Bloch et al., 1994; Tsao et al., 1996), there are
conditions where changes in the activation state of glycogen synthase can occur in the
absence of marked changes in glucose 6-phosphate levels (Bräu et al., 1997; Montell et
al., 1999; Nielsen and Wojtaszewski, 2004). Indeed, an increase in the phosphorylation
state of glycogen synthase during the late phase of recovery from high intensity exercise
can occur in the absence of any changes in the levels of glucose 6-phosphate (Bräu et
al., 1997).

1.8.6

Role of glycogen in the regulation of glycogen synthase during and after
exercise

As suggested above, one factor that plays a major role in the regulation of glycogen
synthase during and after exercise is muscle glycogen itself. It has long been known that
there is an inverse relationship between glycogen synthase activation state and muscle
glycogen levels (Danforth 1965; Bergström et al., 1972) both in the resting state and
after muscle contraction (Danforth 1965; Zachwieja et al., 1991; Montell et al., 1999;
Nielsen et al., 2001). A rise in glycogen levels is typically associated with a fall in
glycogen synthase activation state which reaches very low levels when muscle glycogen
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stores are elevated (Danforth, 1965; Jensen et al., 2006; Nielsen et al., 2001). This results
in a reverse hyperbolic-shaped relationship existing between muscle glycogen content
and glycogen synthase (Danforth, 1965; Bergström et al, 1972; Nielsen et al, 2001; Lai
et al., 2006). The effect of glycogen levels is such that whatever mechanism activate
glycogen synthase during and after exercise, it is affected by glycogen levels (Nielsen
and Richter, 2003).

The mechanism underlying the relationship between glycogen synthase and muscle
glycogen levels still remains unclear. However, consistent with the relationship between
the activation state of glycogen synthase and glycogen levels, the extent to which
glycogen synthase is phosphorylated at sites 2 and 3a increases with muscle glycogen
levels (Jorgensen et al., 2004; Lai et al., 2007). The finding that both sites 2 and 3a are
affected suggests that the decreased activation state of glycogen synthase with high
glycogen levels is more likely to result from decreased PP-1 activity instead of increased
GSK3 (Jensen et al., 2006; Lai et al., 2007). How this is achieved still remains to be
determined but may involved the glycogen-mediated inhibition of PP-1 reported by
Larner and colleagues (1967). Another attractive hypothesis to explain the relationship
between glycogen synthase activation state and muscle glycogen level is that changes in
glycogen concentration could affect glycogen synthase state of activation by changing
the cellular localisation of this enzyme. In skeletal muscles, none of glycogen synthase is
found free in the cytosol, with all of it being bound to glycogen and the myofibrils
(Villa-Moruzzi et al., 1980). There is evidence that in response to a fall in glycogen
levels, some of the glycogen synthase translocates from glycogen to the cytoskeleton
with glycogen synthase being more active in the cytoskeleton fraction in response to
exercise (Nielsen et al., 2001; Greenberg et al., 2006). In addition, this occurs in fast

Chapter One – Review of Related Literature

57

twitch but not slow twitch muscle fibres (Villa-Moruzzi et al., 1980). Whether location
of glycogen per se rather than its size mediates some of the effect of glycogen content on
glycogen synthase state of activation and accounts for the alterations in glycogen
synthase activation state remains to be resolved. Finally, as described above, a recent
study by McBride and colleagues (2009) suggested that AMPK via its binding to
glycogen provides a means to sense the availability of glycogen, with low glycogen
levels promoting AMPK inhibition (McBride et al., 2009). Although this provides a
mechanism whereby glycogen synthase activation state is inhibited by elevated muscle
glycogen content there is evidence as discussed above against such a mechanisms
(Section 1.8.5).

1.8.7

Control of glycogen synthesis: glucose transport vs glycogen synthase

The control of the rate of muscle glycogen synthesis occurs at the level of glycogen
synthase and glucose transport, with glucose delivery and phosphorylation having the
potential to also play some role. The issue of which of glycoegn synthase or glucose
transport sites plays the most important role in the control of glycogen synthesis has been
highly controversial. Since glycogen synthesis can only occur if adequate substrate is
available, this has led to the suggestion that glucose transport may be rate limiting for
glycogen synthesis (Ren et al., 1993; Bloch et al., 1994, Price et al., 1996). In support of
this view, Shulman and colleagues (1995) using metabolic control theory analysis
concluded that under some conditions most control is exerted at the glucose
transport/hexokinase step, with the role of glycogen synthase being not to control the rate
of glycogen synthesis but to control glucose 6-phosphate levels. In addition, since
glucose 6-phosphate levels progressively decreases as glycogen synthesis declines, this
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suggests that glucose transport is rate limiting and glucose 6-phosphate is acting as a
feed-forward second messenger to regulate glycogen synthase after exercise (Ivy and
Kuo, 1998). In addition, others have also reported that in mice with overexpressed
GLUT4 transporter, the increase in glycogen synthesis rate was matched with increased
glucose transport rate under insulin-stimulating conditions (Hansen et al., 1995). Finally,
probably the strongest evidence that glucose transport plays an important role in the
control of the rate of glycogen synthesis comes from the study by Ren and colleagues
(1993) on transgenic mice overexpressing GLUT1 transporter where high insulindependent glucose uptake rates and glycogen stores were attained despite having low and
similar glycogen synthase activity to those of nontransgenic litter mates. In part for these
reasons, glucose transport is regarded by many as the main regulator of muscle glycogen
synthesis post-exercise (Ren et al., 1993; Bloch et al., 1994; Shulman et al., 1995; Price
et al., 1996).

It is important to note that several studies have provided evidence that glycogen synthase
plays the major role in the control of glycogen synthesis in skeletal muscle. This is
suggested by the strong correlation between glycogen synthase activity and muscle
glycogen synthesis (Danforth, 1965; Yki-Järvinen et la., 1987). Also, glucose transport
has been shown not to be the limiting step for glycogen accumulation in transgenic mice
overexpressing glycogen synthase in skeletal muscle, since increasing glycogen synthase
activity was sufficient to promote glycogen accumulation in muscle (Manchester et al.,
1996). If glucose transport had been rate-limiting, increasing glycogen synthase activity
without any change to glucose transport would not have resulted in any increased
glycogen accumulation. Interestingly, recent findings from experiments on transgenic
animals have shown that perhaps the control of glycogen synthesis is shared between
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glucose transport and glycogen synthase (Azpiazu et al., 2000). Indeed, the control site
of glycogen synthesis is deemed to be at the level of glycogen synthase when muscle
glycogen levels are low (Montell et al., 1999), but at the glucose transport level at higher
muscle glycogen levels (Fisher et al., 2002).

1.9

The role of glycogen phosphorylase in the regulation of glycogen synthesis

and its response to exercise

The replenishment of muscle glycogen involves not only the activation of glycogen
synthase and glucose transport but also the inhibition glycogen phosphorylase (Bogardus
et al., 1983; Munger et al., 1993; Raja et al., 2003, 2004). Glycogen phosphorylase (EC
2.4.1.1) was first discovered in 1936 by Cori and Cori, and was the first enzyme shown
to be controlled via reversible phosphorylation (Krebs and Fischer, 1956). This enzyme
catalyses the first step in the breakdown of glycogen, using inorganic phosphate (Pi) as a
co-substrate as shown below (Fletterick and Madsen, 1980):

Glycogen n + Pi

Glycogen n-1 + Glucose 1-P

In this reaction, the equilibrium constant (Keq= 0.28) favours the synthesis of glycogen.
However, phosphorylase works in the catabolic direction in vivo due to the ratio of Pi to
glucose 1-phosphate exceeding the equilibrium constant.

Glycogen phosphorylase is a dimer comprised of two identical subunits each made up of
two large / domains (amino and carboxyl-terminal domains). The amino domain is
referred to as the regulatory domain as it contains the phosphorylation site Ser14 and acts
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as the binding sites for most of the allosteric effectors. The carboxyl domain in contrast
is the catalytic domain. This domain together with the residues from the amino terminal
domain forms the catalytic site which appears as a deep crevice between the two
domains (Newgard et al., 1989).

1.9.1

Regulation of glycogen phosphorylase by kinases and phosphatases

Glycogen phosphorylase exists as two interconvertible molecular forms, a less active b
nonphosphorylated form and a more active a phosphorylated form, and the
transformation from the b to a form occurs via reversible phosphorylation of Ser14 on
glycogen phosphorylase (Fletterick and Madsen, 1980; Sprang et al., 1988; Browner and
Fletterick, 1992). Although predominately existing as a dimer (Browner and Fletterick,
1992), the active dephosphorylated form has also been shown to assume a tetrameric
form which can be inhibited by glycogen binding (Bardford and Johnson, 1989;
Bardford and Johnson, 1992). Both glycogen phosphorylase a and b have also been
proposed to exist in different interconvertible conformational states, an inactive or T
state with low activity and affinity and a catalytically active R state with high affinity for
substrates and activators (Fig 1.5; Sprang et al., 1988; Barford and Johnson, 1989;
Johnson and Barford, 1990, Johnson, 1992; Johnson et al., 1992)

The conversion of glycogen phosphorylase from the b to a form is catalysed by
phosphorylase kinase, a kinase that is also involved in the regulation of glycogen
synthase as reviewed previously (Seery et al., 1967; Gross and Meyer, 1974).
Phosphorylase kinase in turn is activated via phosphorylation by PKA (Krebs et al.,
1959; Krebs et al., 1964; Gross and Meyer, 1974; Chasiotis el al., 1983 a,b) or by the
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Ca2+ released from the sacroplasmic reticulum during muscle contraction ( Drummond et
al., 1969; Fischer et al., 1971; Gross and Meyer, 1974; Cohen, 1980; Cohen, 1981).
Calcium activates phosphorylase kinase either by binding to the calmodulin subunit of
the enzyme (Picton el al., 1981; Cohen, 1982), thus lowering its Km for phosphorylase,
or via the replacement of second molecule of calmodulin (termed as 1 subunit) by
troponin-C and the troponin complex (Cohen, 1980; Cohen 1981; Picton et al., 1981;
Cohen, 1982).

The dephosphorylation-mediated inactivation of both glycogen phosphorlyase a and
phosphorylase kinase in muscle is carried out predominately by PP-1 (Ingebristen and
Cohen, 1983). This enzyme promotes the dephosphorylation of glycogen phosphorylase
not only directly but also indirectly by dephosphorylating the -subunit of phosphorylase
kinase, a process which results in a marked decrease in the enzyme’s capacity to
phosphorylate glycogen phosphorylase.

1.9.2

Regulation of glycogen phosphorylase by allosteric effectors

There are several potent allosteric effectors (e.g. AMP and IMP) of glycogen
phosphorylase which in vivo are believed to play an important role in the regulation of
this enzyme. In particular, marked activation of the inactive form of glycogen
phosphorylase can occur in response to AMP binding (Larner, 1973; Newgard et al.,
1989; Johnson, 1992; Johnson et al., 1992). Moreover, even though the active glycogen
phosphorylase has no requirement for AMP at saturating levels of substrate, the presence
of AMP can increase its activity by almost 25% (Madsen, 1986) and together with ADP
is thus a potent activator of this enzyme (Rush and Spriet, 2001)..
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Schematic representation of the allosteric and covalent activation

mechanisms for glycogen phosphorylase. T and R states are shown as squares and circles
respectively. Figure modified from Johnson (1992).
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The AMP allosteric site on the enzyme also binds allosteric inhibitors such as ATP and
glucose 6-phosphate. The actions of these inhibitors, however, can be reversed by the
presence of elevated AMP. The AMP allosteric site can also bing IMP, another potent
activator of glycogen phosphorylase that plays some physiological role in vivo (Atkinson
et al., 1965; Black and Wang, 1968). Finally, glycogen like other substrates/products of
glycogen phosphorylase (e.g. glucose 1-phosphate and inorganic phosphate) can also
allosterically affect glycogen phosphorylase (Browner and Fletterick, 1992). A role for
glycogen in regulating the activation of glycogen phosphorylase is expected since
glycogen binding to phosphorylase increases its activity (Johnson et al., 1992; Munger et
al, 1993; Shearer et al., 2001). For instance, it has been reported that that during exercise
of moderate intensity, glycogen levels can affect the rate of glycogen breakdown and
phosphorylase activity (Hespel and Richter, 1992) and that higher levels of glycogen
enhance glycogenolysis during contraction (Richter and Galbo, 1985; Vandenberghe et
al., 1999; Shearer et al., 2001). Others, however, do not support such a role for glycogen
in response to intense activity (Ren et al., 1990; Bangsbo et al., 1992; Vandenberghe et
al., 1995) and short-term tetanic stimulation of rat muscle under anaerobic conditions
(Spriet el al., 1990).

It is important to stress that the allosteric effectors of glycogen phosphorylase activate it
not only directly by affecting its catalytic properties, but also indirectly by affecting the
enzyme susceptibility to the action of PP-I and phosphorylase kinase. For example,
glucose 6-phosphate inhibits the phosphorylation of glycogen phosphorylase by
phosphorylase kinase following its binding on phosphorylase b, an inhibitory effect
which can be removed by an activator (Tu and Graves, 1973). On the other hand, glucose
and glucose 6-phosphate binding to phosphorylase a increase its susceptibility to
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dephosphorylation by PP-I by changing the Vmax of the reaction whereas glycogen
activates PP-1 by changing its affinity (Martensen, et al., 1973).

1.9.3

Regulation of glycogen phosphorylase by hormones

The regulation of glycogen phosphorylase by reversible phosphorylation is largely under
hormonal regulation. In response to increased levels of catecholamine, the
phosphorylation state of glycogen phosphorylase increases as a result of the combined
inhibition of PP-I and activation of phosphorylase kinase by PKA. Briefly, as discussed
previously, the binding of catecholamine to the  adrenergic receptor results in the
activation of adenylate cyclase, elevating the levels of cAMP which in turn activates
PKA. The activated form of PKA phosphorylates phosphorylase kinase which once
phosphorylated activates glycogen phosphorylase. A net increase in the phosphorylation
state of glycogen phosphorylase also results from the inhibition of PP-I brought about, as
discussed earlier, by the combined PKA-mediated phosphorylation of the GM protein and
inhibitor 1 (Shenolikar and Nairn, 1991).

An important role for catecholamines in the regulation of glycogen phosphorylase and
glycogenolysis is further supported by the observation that in human legs subjected to
electrical stimulation, muscle glycogen phosphorylase levels increased from 28% to 88%
after 150 seconds of infusion with epinephrine (Ren and Hultman, 1990). Moreover, the
rates of glycogenolysis during exercise are reduced in rats adrenodemedullated prior to
exercise (Richter et al., 1981a; Sonne et al., 1985; Marker et al., 1986), an effect that can
be reversed by normalising adrenaline levels (Arnall et al., 1986; Richter et al., 1981b).
These effects of adrenaline on glycogen breakdown appear to be mediated mainly via adrenergic receptors (Richter et al., 1982b; Chasiotis et al., 1983c; Issekutz, 1985;
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Trudeau et al., 1989). Most of the evidence suggest that catecholamines are a major
factor capable of affecting the rate of muscle glycogen breakdown during exercise or
muscle contraction (Richter et al., 1982b; Chasiotis et al., 1983c; Issekutz, 1985;
Trudeau et al., 1989; Watt et al., 2001)

Insulin is often not perceived to play an important role in the regulation of glycogen
breakdown during muscle contraction because changes in insulin levels during exercise
or contraction are too slow to account for the rapid rise in the rate of glycogenolysis.
Furthermore, stimulation of glycogenolysis in vivo and in vitro can occur either in the
absence or with changes in insulin levels. However, some studies have reported that
insulin levels at the start of exercise affect the rate of glycogenolysis (Costill et al., 1977,
Hargreaves et al., 1985) and this is further supported by the observations of increased
muscle glycogen breakdown under hyperinsulinemic conditions (Costill et al., 1977,
Hargreaves et al., 1985; Hargreaves et al., 1987). Such hyperinsulinemia-mediated
increase in glycogen breakdown could be a result of either reduced blood glucose levels
(Hargreaves et al., 1987) or diminished esterified fatty acid (NEFA) availability
consecutive to inhibition of adipose tissue lipolysis, since increased NEFA availability
decreases muscle glycogenolysis and increases lipid oxidation during exercise
(Bergström et al., 1969). This is because high NEFA levels act by increasing the
operation of glucose/fatty acid cycle (Randle et al., 1964; Rennie and Holloszy, 1977)
which then results in the accumulation of glucose 6-phosphate that in turn inhibits
glycogen phosphorylase and favours its dephosphorylation (Johnson, 1992; Spriet et al.,
1992). Hence, low NEFA is another factor that may contribute to the transient increase in
phosphorylase activity since an increased plasma NEFA concentration is often associated
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with a fall in glycogenolysis during exercise (Rennie et al., 1976; Costill et al., 1977;
Hartling and Trap-Jensen, 1982; Vukovich et al., 1993).

1.9.4

Regulation of glycogen phosphorylase in response to exercise

A variety of stimuli are involved in the regulation of glycogen phosphorylase activity,
allowing glycogen breakdown to change in parallel with the energy demands of the
muscle (Greenberg et al., 2006). The mechanisms whereby the onset of physical activity
or muscle contraction per se results in the rapid activation of glycogen phosphorylase,
involve the conversion of phosphorylase b to a (Chasitois et al., 1983), substrate
availability (glycogen and inorganic phosphate) and changes in the levels of key
allosteric effectors namely AMP and IMP (Hargreaves and Richter, 1988). The catalytic
properties of resting phosphorylase b suggest that the enzyme is inactive at physiological
concentration of substrates and activators (Mehrani and Storey, 1993). At rest, the
proportion of phosphorylase in the a form is reported to be 5-20% (Chasiotis et al., 1982;
Ren et al., 1988), a value affected to some extent by muscle fibre composition (Raja et
al., 2008). The presence of some of glycogen phosphorylase in the active phosphorylated
form at rest suggests that the lack of net glycogen breakdown under this condition most
probably result from the low resting levels of inorganic phosphate and AMP. It is
important to stress, however, that an accurate estimate of the proportion of
phosphorylase is difficult to perform because sampling per se may activate the
phosphorylation of glycogen phosphorylase (Ren et al., 1988).

The activation of glycogen phosphorylase by phosphorylation plays some role in the
onset of rapid glycogen breakdown and also for the ongoing activation of glycogen
phosphorylase. However, many studies have reported that the exercise-mediated increase
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in phosphorylase a level is transient and of short duration despite continuous muscle
contraction (Conlee et al., 1979; Chasiotis et al., 1982a; Rennie et al., 1982; Richter et
al., 1982; Chasiotis et al., 1983a,b; Constable et al., 1986; Hultman, 1986) or during a 30
second all out sprint (Parolin et al., 1999). During exercise of moderate intensity, it has
been shown indirectly that a decline in glycogen utilisation with time occurs in
conjunction with a progressive fall in phosphorylase a activity (Baldwin et al, 1973;
Constable et al., 1984). Furthermore, phosphorylase a activity has been shown to
decrease rapidly just before the end of contraction or at the start of fatigue (Conlee et al.,
1979; Richter et al., 1982; Chasiotis et al., 1982) despite the ongoing high rates of
glycogenolysis.

At the onset of exercise of near maximal intensity (Parolin et al, 1999), there is a rapid
breakdown of muscle glycogen at rates close to the Vmax of phosphorylase (Parolin et
al., 1996). However, a rapid increase in the phosphorylation state of glycogen
phosphorylase is unlikely to be the sole determinant of the increase in the rate of
glycogenolysis (Ren and Hultman, 1990; Howlett et al., 1998). In agreement with this
view is the observation that the rate of glycogenolysis is low at rest during adrenaline
infusion despite high levels of phosphorylase a (Chasiotis et al., 1983b; Rush and Spriet,
2001). Moreover, the catecholamine-mediated increase in phosphorylase a to near
maximal levels does not prevent the rate of glycogenolysis from increasing in response
to an increase in the intensity of muscle by electrical stimulation. Finally, there is also no
additional increase in glycogenolysis during high intensity contraction in rat muscle
(Chesley et al., 1994) and during voluntary exercise despite the infusion of adrenaline
(Chesley et al., 1995; Kjaer et al., 2000). This indicates that for a given phosphorylase a
level, a wide range of rates of glycogen breakdown are permitted (Ren and Hultman,
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1990), thus suggesting that flux through glycogen phosphorylase is matched to the
demand for energy by factors such as free Pi and AMP (Howlett et al., 1998).

Since the rapid utilisation of phosphocreatine stores results in an increase in inorganic
phosphate levels (Pi) at the onset of high intensity exercise, it has been suggested that the
rise in inorganic phosphate levels during exercise is responsible for the increase in
glycogen phosphorylase activity by providing the enzyme with a rapid supply of one of
its substrates (Chasiotis et al., 1982, 1985). This is further supported by the low rate of
glycogenolysis at rest during adrenaline infusion despite high levels of phosphorylase a
as inorganic phosphate levels are low (Chasiotis et al., 1982; 1983b). However, the
observation that experimentally induced increases in inorganic phosphate and
phosphorylase a levels in muscles at rest do not result in a marked activation of net
glycogen breakdown (Ren and Hultman, 1989; 1990) suggests that factors other than
changes in both inorganic phosphates and phosphorylase a levels must be involved.

There is evidence that contraction-mediated increase in free cellular AMP levels is the
most important signal for glycogen phosphorylase to commence glycogen breakdown
(Lowery et al., 1964; Browner and Fletterick, 1992). In agreement with this view, ATP
turnover appears to correlate well with the rate of glycogenolysis (Ren and Hultman,
1989; 1990) and it has been suggested that free AMP increases when conversion of ADP
to ATP from fat sources alone is inadequate to meet energy demands (Ren and Hultman,
1989; Dyck et al., 1996). According to Lowry and colleagues (1964), AMP increases the
affinity of phosphorylase a for inorganic phosphate thus providing a mechanism to
explain the rapid activation of phosphorylase a at the onset of exercise. As discussed
previously, the experimentally induced increases in inorganic phosphate and
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phosphorylase a levels in muscles at rest cannot explain the wide range of glycogenolytic
rates achieved (Ren and Hultman, 1989), providing perhaps further evidence of another
regulator, possibly AMP. However, an acute role for AMP has been questioned on the
basis of a lack of significant measurable changes in its concentration during muscle
contraction (McGilvery and Murray, 1974; Veech et al., 1979). It is important to note
that this criticism is based on potentially flawed data as total AMP rather than free AMP
levels (more likely to be of key regulatory importance) were measured. Hence these
estimates provide at best an average picture of AMP response to exercise rather than a
local response of AMP to contraction. Indeed, it has been previously reported that very
rapid changes in adenylate levels of the order of several milliseconds take place during a
contraction-relaxation cycle (Ferenczi et al., 1984).

Overall, there is some evidence that supports a role for AMP in the activation of
glycogen phosphorlyase during the rest to work transition, with inorganic phosphate
governing in part the degree of activation of glycogen phosphorylase during the initiation
of contraction. The difficulties with this conclusion, however, are that a clear
demonstration of the role of free AMP levels with respect to activation of glycogenolysis
remains to be established, and that a primary role of AMP does not explain the
mechanism whereby net glycogen breakdown is prevented in resting muscles under
conditions of elevated inorganic phosphate and phosphorylase a (Ren and Hultman,
1989). Under these conditions, the activity of phosphorylase a is relatively independent
of AMP concentration (Ren and Hultman, 1990). It is possible that under these
conditions, the activity of phosphorylase a is relatively independent of AMP
concentrations and any increase in glycogenolysis is masked by the increased substrate
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cycling between glucose 1-phosphate, a phenomenon shown to be increased in rest
muscles incubated with adrenaline (Challis et al., 1987).

It is important to note that glycogen phosphorylase in muscle is associated with a
glycogen-protein complex bound to the sacoplasmic reticulum, to which are attached
many of the other enzymes such as phosphorylase kinase, PKA, and protein phosphatase
I (Roach et al., 1998). Experiments (Entman et al., 1980; Meyer et al., 1970) conducted
in vitro have demonstrated a flash activation of glycogen phosphorylase in response to
the Ca2+ release from the sacroplasmic reticulum, followed by a rapid decrease in its
activity upon Ca2+ uptake. For this reason, it is important to note that extrapolating
kinetic data from studies obtained with purified glycogen phosphorylase is difficult to
achieve as the regulatory properties of purified phosphorylase differ greatly from those
of this enzyme in vivo where it is associated with the glycogen-protein complex.

As mentioned above, during moderate intensity exercise, there is eventually a
progressive decrease in the phosphorylation state of glycogen phosphorylase. The
progressive dephosphorylation of glycogen phosphorylase observed during moderate
exercise may in part result from glycogen depletion (Entman et al., 1980; Constable et
al., 1986), since low levels of glycogen would be expected to be unfavourable to the
glycogen-mediated activation of phosphorylase kinase (Krebs et al., 1964) and inhibition
of PP-I (Mellgren and Coulsen, 1983; Constable et al., 1986). As the glycogen molecule
is progressively degraded during exercise, the release of glycogen phosphorylase from
the glycogen-protein complex may also contribute to the inactivation of the enzyme by
reducing the ability of Ca2+ to activate the enzyme (Entman et al., 1980; Constable et al.,
1988; Parkhouse, 1992). It may be argued, therefore, that since the rate of glycogenolysis
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and phosphorylase activity can be influenced by glycogen levels (Hespel and Richter,
1992; Richter and Galbo, 1985; Johnson, 1992; Vandenberghe et al., 1999; Shearer et al.,
2001), the progressive decrease in rate of glycogenolysis during prolonged exercise may
in part result from a fall in glycogen levels per se, a finding which is consistent with the
close relationship between pre-exercise glycogen levels and rate of glycogenolysis
(Hespel and Richter, 1990; Hespel and Richter, 1992; Vandenberghe et al., 1999).

In response to high intensity exercise there is also a marked fall in glycogen
phosphorylase a level. The decrease in phosphorylase a during high intensity exercise is
even more marked than that observed during prolonged exercise of moderate intensity
resulting in levels of phosphorylation lower than pre-exercise ones immediately after
exercise in rats (Bräu et al., 1997; Raja et al., 2008) or similar to the pre-exercise levels
in humans (Parolin et al., 1999).

This rapid dephosphorylation of glycogen

phosphorylase during high intensity exercise may, in part, result from glycogen
depletion. High H+ concentrations accumulated during high intensity exercise may also
inhibit glycogenolysis by decreasing the phosphorylase b to a transformation through
inhibition of phosphorylase kinase (Chasiotis et al., 1983a; Chasiotis et al., 1983b; Spriet
et al., 1989; Howlett et al., 1998; Parolin et al., 1999). In addition, glycogen
phosphorylase may be further desphosphorylated due to the accumulation of glucose 6phosphate, increasing the enzyme’s susceptibility to dephosphorylation (Browner and
Fletterick 1992).

The maintenance of elevated rates of glycogen breakdown during exercise of high
intensity despite a decreased proportion of glycogen phosphorylase in the a form may be
due to the presence of low ATP and increased levels of inorganic phosphate and AMP
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levels. The low levels of ATP and increased levels of AMP, IMP and inorganic
phosphate attained during high intensity exercise may be favourable to the activation of
glycogen phosphorylase b (Aragón et al., 1980; Chasiotis et al., 1982b; Rennie et al.,
1982; Richter et al., 1982a; Johnson, 1992). In addition, the decreased proportion of
phosphorylase a might be sufficient to accommodate the rates of glycogen breakdown.

The pattern of changes in the phosphorylation state of glycogen phosphorylase during
recovery from a sprint has recently been examined in rats (Bräu et al., 1997; Raja et al.,
2008). As dicussed above, phosphorylase a levels are at lower than basal levels at the
start of recovery. This is most probably due to high levels of H+ and glucose 6-phosphate
and low levels of glycogen. However, during recovery, the phosphorylation state of
glycogen phosphorylase increases progressively as glycogen is deposited and eventually
reaches pre-exercise levels and remains stable thereafter. The progressive increase of
phosphorylation state of glycogen phosphorylase during recovery may be in part due to
the progressive rise in muscle glycogen levels and decrease in H+ and glucose 6phosphate levels as recovery progresses (Bräu et al., 1997). Whether a similar pattern of
response is shared by humans remains to be established.

1.10

Aims and objectives of the thesis

It is generally accepted that most lower vertebrates species as well as mammals such as
rats, have the capacities to replenish completely their muscle glycogen stores in the
absence of food intake, whereas the replenishment of muscle glycogen is only partial in
humans. It is not clear why the extent of muscle glycogen repletion post-high intensity
exercise is only partial in humans as opposed to all other animal species. The biological
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implication of such a partial replenishment is that this could eventually lead to a decrease
in performance due to the near complete depletion of muscle glycogen stores, unless
there are critical levels of muscle glycogen protected against sustained depletion. This
issue, however, remains to be examined in humans. Thus a major objective of this thesis
is to investigate whether there are set levels of muscle glycogen in humans that are
protected against sustained depletion. In addition, given the many regulatory factors that
affect glycogen synthesis and breakdown, we will attempt to examine the roles that
glycogen synthase and phosphorylase play in not only supporting glycogen synthesis
without food post-exercise, but also in determining those protected levels. In short, the
primary aims of this thesis are to test the following hypotheses in fasted humans.

1) Muscle glycogen repletion in response to multiple sprints, each interspersed by a
recovery period long enough for lactate to return to basal levels between each sprint, will
be such that post-exercise muscle glycogen levels will not differ between the end of the
first and the last recovery period thus supporting the notion that muscle glycogen are
protected against sustained depletion.

2) No or little resynthesis of muscle glycogen will occur during recovery from high
intensity exercise despite the availability of high levels of lactate if pre and post exercise
muscle glycogen levels are above the alleged protected level of muscle glycogen, with
the activation state of glycogen synthase and phosphorylase explaining the different
pattern of glycogen responses.

3) Complete resynthesis of muscle glycogen will occur during recovery from moderate
intensity exercise even in the absence of high lactate levels if pre-exercise glycogen
concentrations are near the levels alleged to be protected, with the activation state of
glycogen synthase and phosphorylase playing some role in this process.

Chapter
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2.1 Abstract
Humans differ from most other species in that they must rely on food intake to completely
replenish their muscle glycogen stores during recovery from intense physical activity. This
implies that a few consecutive bouts of intense exercise in humans might eventually lead to
a sustained depletion of their muscle glycogen stores, thus limiting their capacity to engage
in fight or flight behaviors. Alternatively, mechanisms might exist to protect muscle
glycogen against sustained depletion in humans. To test these hypotheses, eight participants
performed three intense exercise bouts each separated by a 75-minute recovery period.
Muscle biopsies were performed before exercise and 0 and 75 minutes after the first and
third exercise bouts. Each exercise bout resulted in comparable glycogen breakdown (139.2
± 25.8 and 117.07 ± 15.3 mmol.kg-1 dry mass for the first and third sprints, respectively).
After the first exercise bout, 53% of glycogen was replenished. However, all the glycogen
mobilised during the second and third bouts was completely replenished during the
respective recovery periods. The larger increase in glycogen synthase activity ratios (1.4 vs
3.1 fold for the first and third sprints, respectively) and more pronounced early rise in insulin
levels after the third compared to the first sprint may explain, at least in part, these findings.
In conclusion, our results show that like most other animal species there are conditions
where humans can replenish completely their muscle glycogen without food post-exercise.
In addition, our findings support the possibility that humans have pre-set muscle glycogen
levels that are defended against sustained depletion.
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Introduction

Muscle glycogen plays a crucial role in supporting the energy demands associated with
intense physical activity. The importance of this fuel is best illustrated by the fall in highintensity exercise performance that occurs when muscle glycogen levels are markedly
reduced prior to exercise (Balsom et al., 1999). Since it is generally the case across animal
species that skeletal muscles carry only small amounts of glycogen, it is essential to
replenish rapidly the depleted stores of muscle glycogen during recovery from intense
physical activity in order to maintain muscle capacity to engage in the types of intense
physical activity associated with fight or flight behaviors. For many species such as humans,
post-exercise glycogen repletion can be achieved by ingesting carbohydrate-rich food. What
is controversial, however, is whether all animal species have the capacity to completely
replenish their glycogen stores when food is not available.

In general, fish, amphibians and reptiles (Gratz and Hutchison, 1977; Glesson 1982, 1996;
Milligan and Wood, 1986; Gleeson and Dalessio, 1989; Pagnotta and Milligan 1991;
Fournier and Guderley, 1992; Girard and Milligan, 1992; Scarabello et al., 1992; Milligan,
1996, 2003; Milligan et al., 2000) and some mammal species such as rats and the Western
chestnut mouse (Bräu et al., 1999; Raja et al., 2003, 2004) can, without food, replenish
completely their muscle glycogen stores after a bout of high intensity physical activity.
However, until recently, it was thought that rats and humans were notable exceptions, with
several studies reporting that only part of muscle glycogen stores were replenished in the
absence of food after prolonged exercise of moderate intensity (Maehlum and Hermansen,
1978; Fell et al, 1980; Favier et al., 1987; Price et al., 2000) or high intensity exercise in
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humans (Hermansen and Vaage, 1977; Macdougall et al., 1977; Astrand et al., 1986; Futre
et al., 1987; Bangsbo et al., 1991, 1997; Choi et al., 1994; Palmer and Fournier, 1997;
Medbø et al., 2006) and in rats (Brooks et al., 1973; Nikolovski et al., 1996; Bräu et al.,
1997; Ferreira et al., 2001; Raja et al., 2008), with only ~13-55% of the depleted muscle
glycogen stores being replenished following intense exercise in humans.

The partial repletion of muscle glycogen stores after a single bout of intense exercise in
humans and rats is somewhat puzzling. This implies that several consecutive sprints could
lead to the eventual complete depletion of their muscle glycogen stores which in turn could
result in a fall in both sprint performance and the capacity to engage in behaviours eliciting
fight or flight responses. This prediction, however, was challenged by some of our recent
work in fasted rats (Raja et al., 2003, 2004) where we showed that although glycogen
repletion was partial after a single sprint, all the glycogen mobilised in subsequent sprints
was completely replenished during recovery without food, with no progressive fall in
glycogen levels after several sprint-recovery episodes. Rats were thus shown to behave like
other species in that there were conditions where they could replenish completely their
muscle glycogen post-exercise without the ingestion of food. In addition, the fact that
muscle glycogen returned to nearly the same levels after each sprint led to the view that
these levels correspond to preset muscle glycogen concentrations that are protected from
sustained depletion in the rat (Raja et al., 2004).

Our findings in rats raise the question of whether humans in the fasted state have also the
capacity to protect their muscle glycogen stores against sustained depletion if exposed to
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repeated bouts of intense exercise and recovery periods. That humans might not have such a
capacity is likely given that they mobilize far more glycogen in response to an exhausting
bout of intense exercise than in rats and all the other species known to be capable of
replenishing their glycogen without food (Gratz and Hutchison, 1977; Glesson 1982, 1996;
Milligan and Wood, 1986; Gleeson and Dalessio, 1989; Pagnotta and Milligan 1991;
Fournier and Guderley, 1992; Girard and Milligan, 1992; Scarabello et al., 1992; Milligan,
1996, 2003; Bräu et al., 1999; Milligan et al., 2000; Raja et al., 2003, 2004), thus making it
inherently more difficult for humans to replenish completely their muscle glycogen. For this
reason, successive exercise bouts in humans would be predicted to lead to the eventual
sustained depletion of their muscle glycogen stores. The aim of this study, therefore, was to
test this prediction and to re-examine whether there are conditions where humans behave
like other species in that without food they can also replenish completely their muscle
glycogen stores following a bout of intense exercise.
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Materials and methods

Chemical
Chemicals were purchased from BDH (British Drug Houses Ltd, Poole, Dorset, UK) and
Sigma (St Louis, MO, USA). Biochemical enzymes were obtained from Roche (Sydney,
NSW, Australia). All chemicals were of analytical grade.

Participants
Eight physically active healthy male participants (means ± SD: age, 23.6 ± 1.7 yr; weight,

& O 2 peak , 47.9 ± 3.6 ml·min·-1·kg-1) were recruited on a voluntary basis from the
73.8 ± 2.2 kg; V
student population enrolled in the School of Exercise Science at the University of Western
Australia. The objectives and experimental procedures of the study and their associated risks
were explained to the participants before a written consent was sought prior to the
commencement of the testing sessions. The procedures described in this study have been
approved by the Human Rights Committee of the University of Western Australia.
Exercise protocol
Participants were required to visit our Exercise Physiology Laboratory on two occasions.
On their first visit to the laboratory, they were introduced to the testing procedures (e.g
cycling on a stationary cycle ergometer with the Morgan ventilometer and mouth piece),
and their standing height, body mass, and maximal rate of oxygen consumption ( V&O 2 peak )
on a front access cycle ergometer (Repco Cycle Company, Victoria, Australia) were
determined. After 15 minutes of recovery, they were asked to cycle at 130% V&O 2 peak for 30
seconds followed by a 10-second all out sprint to familiarise themselves with the high
intensity exercise protocol used in the testing trials. On the following week, they visited the
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laboratory after an overnight fast for the testing trial (Figure 2.1). Prior to exercise, a muscle
microbiopsy from the quadriceps muscle and blood from the fingertips were taken. Exercise

& O 2 peak followed by a 30-second all out sprint,
consisted of 150 seconds of cycling at 130% V
a protocol of exercise known to result in high lactate accumulation and marked glycogen
depletion (Fairchild et al., 2003) associated with partial post-exercise glycogen repletion
(52-55%, Bangsbo et al., 1991; Medbo et al., 2006). Immediately after exercise, participants
dismounted the stationary cycle ergometer and sat on a chair where a second muscle
microbiopsy was taken. They remained seated for the next 75 minutes during which blood
was sampled at time intervals (0, 5, 15, 30, and 60 minutes). The duration of the recovery
period was based on earlier report that plasma lactate levels return to basal and muscle
glycogen reach stable levels within 75 minutes after this type of exercise (Fairchild et al.,
2003). After recovery, another muscle microbiopsy and blood samples were collected.
Participants were then subjected to two more bouts of the same exercise protocol and
recovery. A muscle microbiopsy and a blood sample were taken again before and after the
third bout of exercise and after 75 minutes of recovery as described above. No biopsy was
taken immediately after the second sprint because for ethical considerations only six
consecutive biopsies were allowed per participant by the Ethics Committee of UWA.

Figure 2.1

Experimental Protocol
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Tissue sampling
Following localised anaesthesia (Fairchild et al., 2003), successive muscle biopsies were
taken from the vastus lateralis of both legs (three per leg) by using a Bard micropbiopsy
needle as described by Hayot and colleagues (2005). Each muscle biopsy was freezeclamped in liquid nitrogen and stored at -80°C for subsequent assays of glycogen and
glycogen synthase levels. Arterialised blood samples were also taken from the participant’s
fingertips from a pre-warmed hand. Each blood sample was analysed for pO2, pH, glucose
and lactate levels, and some blood was aliquoted in a lithium heparin tube, centrifuged, and
the resulting plasma was stored at -80°C until assayed for insulin level.

Extraction and analyses of tissue metabolites
Muscle extraction was performed on freeze-dried muscle samples as described previously
(James et al., 2001; Busau et al; 2002; Fairchild et al., 2002), and only glycogen and lactate
levels were measured because of the small amount of tissue available (<10 mg). Plasma
glucose, lactate levels and pH were analysed using a Corning Blood Gas Analyser, Model
865 (Ciba Corning Diagnostics, Halstead, Essex, UK). Insulin was assayed on an Immulite
2000 Analyser using the Immulite 200 insulin assay kit (Diagnostic Products Corporation,
Los Angeles, CA).

Enzyme assays
The changes in the phosphorylation state of glycogen synthase were estimated indirectly by
measuring its activity ratio, which is defined as the ratio of the enzyme activity in the
absence and presence of high levels of its activator, glucose-6-phosphate. Although this
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approach does not allow one to identify which of the many phosphorylation sites of
glycogen synthase is responsible for the change in its activity ratio (Roach, 2002; Nielsen
and Richter, 2003), particularly those without any kinetic effect on this enzyme, a low ratio
typically reflects a phosphorylation-mediated inactivation of the enzyme (Nielsen and
Richter, 2003). Glycogen synthase activity ratio was measured at 37°C using a modification
of the method of Thomas and colleagues (1968) and Bräu and collaborators (1997), with the
reaction mixture containing UDPG-glucose in the absence or presence of 10 mM glucose 6phosphate.

Expression of results and statistical analyses
All metabolite concentrations in tissues and plasma are expressed in mmol.kg-1 d.w. and
mmol.l-1 respectively, and results are expressed as means ± S.E.M (n=8). The effects of
exercise and post-exercise recovery on the levels of metabolites in muscles and plasma were
analysed using a one-factor analysis of variance (ANOVA) followed by a Fisher protected
least significant difference a posteriori test using SPSS version 13.
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Results

Muscle glycogen response to repeated bouts of exercise
The first and third bouts of high intensity exercise resulted in a significant breakdown of
glycogen (Figure 2.2; p < 0.05), with the extent of glycogen breakdown not being
significantly different between the first and third exercise bout (Figure 2.2; p < 0.05), thus
suggesting that this was also the case in response to the second sprint. During recovery from
the first exercise bout, muscle glycogen returned to levels that were lower than pre-exercise
levels, with 53% of the glycogen mobilised during exercise being replenished during
recovery. In contrast, the glycogen levels attained 75 minutes after the end of the second and
third exercise bouts were not significantly different from their respective pre-exercise levels
(Figure 2.2), and not different from the glycogen levels attained after the first exercise bout.
Blood metabolite response to repeated bouts of exercise and recovery
Each bout of high intensity exercise resulted in a marked increase in plasma lactate levels
and a decrease in blood pH (Figure 2.3; p < 0.05). The pattern of change in plasma lactate
and pH levels across the three exercise bouts were similar, except after 10 minutes of
recovery following the third exercise bout where lactate levels were marginally lower than at
corresponding time after the first bout of exercise. Blood pH was also significantly lower
after 10 minutes of recovery in response to the second and third exercise bouts compared to
the first one (Figure 2.3; p < 0.05). These findings are consistent with the similar amount of
total work achieved during the first (54493 ± 5250 joules), second (54697 ± 5492 joules)
and the third exercise bouts (54622 ± 5676 joules).
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Blood glucose levels increased significantly after each exercise bout, but returned to preexercise levels after each respective recovery period (Figure 2.4). Changes in glucose levels
were similar across the three bouts of exercise except 10 minutes into recovery after the
third bout where glucose levels were significantly lower than the first exercise bout (Figure
2.4; p < 0.05). Plasma insulin levels increased following each exercise bout, but returned to
basal pre-exercise levels within 60 minutes of recovery, and remained stable thereafter
(Figure 2.4; p < 0.05). The pattern of change in insulin levels in response to the first bout of
exercise was significantly different from those observed in response to the second and third
bouts (p < 0.05), with insulin rising more rapidly at the onset of recovery in response to the
second and third exercise bouts compared to the first exercise bout (Figure 2.4; p < 0.05).
Glycogen synthase activity ratios after repeated bouts of exercise.
Before exercise, the activity ratios of glycogen synthase were low and comparable to those
reported by others (Richter et al., 1989; Wojtaszewski et al., 2000). In response to exercise,
the activity ratios of glycogen synthase increased significantly after the first exercise bout
compared to its pre-exercise levels (Figure 2.5; p < 0.05). The activity ratios of glycogen
synthase before the second bout and after 75 min of recovery were also similar to those
observed in response to the first sprint (Figure 2.5). A more pronounced activation of
glycogen synthase was observed immediately after the third compared to the first sprint, but
glycogen synthase activity ratios returned back to pre-exercise levels after recovery (Figure
2.5; p < 0.05).
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Muscle glycogen response to repeated bouts of exercise. The results are

expressed as mean ± S.E.M. The superscript “a” indicates a significant difference (p < 0.05)
from corresponding pre-exercise level. The superscript “b” indicates a significant difference
from levels attained after the corresponding prior bout of exercise, E. The superscript “c”
indicates a significant difference from Pre-E1. Pre-E, Pre-exercise; E, exercise; Rec,
recovery of 75 minutes.
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Plasma lactate and pH response to repeated bouts of exercise. The results

are expressed as mean ± S.E.M. The presence of the superscript “a” indicates a significant
difference (p < 0.05) with corresponding pre-exercise level. The presence of the superscript
“ b ” and “ c ” indicates a significant difference (p < 0.05) between sprint 1 vs 2, and sprint
1 vs sprint 3, respectively.
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Plasma glucose and insulin response to repeated bouts of exercise. The

results are expressed as mean ± S.E.M. The presence of the superscript “a” indicates a
significant difference (p < 0.05) from pre-exercise level. The presence of the superscript “ b
” and “ c ” indicates a significant difference (p < 0.05) between sprint 1 vs 2 and sprint 1 vs
sprint 3, respectively.
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Glycogen synthase activity ratio responses to repeated bouts of

exercise. The results are expressed in mean ± S.E.M. The presence of the superscript “a”
indicates a significant difference (p < 0.05) from corresponding pre-exercise level. Pre-E,
Pre-exercise; E, exercise; Rec, recovery of 75 minutes.
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2.5 Discussion
It is generally acknowledged that during recovery from intense physical activity the skeletal
muscles of most animal species have the capacity to replenish completely their glycogen
stores even when food is not available (Gratz and Hutchison, 1977; Gleeson, 1982, 1996;
Milligan and Wood, 1986; Gleeson and Dalessio, 1989; Pagnotta and Milligan, 1991; Girard
and Milligan, 1992; Scarabello et al., 1992; Milligan, 1996, 2003; Bräu et al., 1999; Milligan
et al., 2000; Raja et al., 2003, 2004). Humans, however, seems to be a notable exception as
their muscle glycogen stores are only partially replenished when food is not available after a
short bout of intense exercise (13-55%; Hermansen and Vaage, 1977; Macdougall et al.,
1977; Astrand et al., 1986; Futre et al., 1987; Bangsbo et al., 1991, 1997; Choi et al., 1994;
Medbø et al., 2006). This is potentially an important limitation for our species because a few
consecutive bouts of high intensity exercise might eventually lead to a progressive decline in
our muscle glycogen stores to levels that could affect our capacity to engage in fight or flight
responses which for our ancestor would have been important for the capture of prey,
avoidance of predators, territorial defense, etc (Balsom et al., 1999). Our findings, however,
challenge this prediction as we show for the first time that although muscle glycogen
repletion is only partial after a single exercise-bout, the levels of muscle glycogen attained
after recovery from one exercise bout do not differ from those attained after recovery from
subsequent exercise bouts, with no progressive fall in muscle glycogen levels following
several sprint-recovery episodes.

On the basis of our findings in humans and those of others, we propose that it is probably a
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general feature of all species that repeated sprints followed with prolonged recovery periods
do not result in the sustained depletion of muscle glycogen stores. This generalisation is
supported by our earlier findings in rats where we also reported partial glycogen repletion
after the first sprint but complete resynthesis after subsequent sprints (Raja et al., 2003).
Also, the observation that most species can replenish completely their muscle glycogen
stores after a single sprint (Gratz and Hutchison, 1977; Gleeson, 1982, 1996; Milligan and
Wood, 1986; Pagnotta and Milligan, 1991; Fournier and Guderley, 1992; Girard and
Milligan, 1992; Milligan, 1996; Bräu et al., 1999; Milligan et al., 2000) suggests that this
might also be the case in response to several successive bouts of exercise. In support of this
view, Scarabello and colleagues (1992) reported complete glycogen repletion after each of
two consecutive bouts of intense exercise in rainbow trout.

Our findings thus show that there are conditions where humans like other species have the
capacity to replenish completely all the muscle glycogen mobilised in response to a bout of
intense exercise. Such a finding, therefore, does not support our earlier prediction that
humans compared to other species replenish only part of their muscle glycogen after
exhausting exercise because we use far more glycogen than those species, thus making
glycogen repletion more difficult. On the contrary, this study shows that humans can
replenish completely their muscle glycogen stores without food following a bout of exercise
causing far more break down of glycogen than in rats and all the other species that have the
capacity to replenish completely their muscle glycogen without food post-exercise (Gratz
and Hutchison, 1977; Gleeson, 1982, 1996; Milligan and Wood, 1986; Gleeson and
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Dalessio, 1989; Pagnotta and Milligan, 1991; Girard and Milligan, 1992; Scarabello et al.,
1992; Milligan, 1996, 2003; Bräu et al., 1999; Milligan et al., 2000; Raja et al., 2003, 2004).
Moreover, the view that marked glycogen mobilization might hinder glycogen repletion
without food afterwards is further challenged by the partial post-exercise replenishment of
muscle glycogen stores in rats despite the much smaller amount of glycogen mobilized
compared to humans (Raja et al., 2003).

The observation that the same levels of glycogen are attained after recovery from each
exercise bout in our participants (~300 mmol.kg-1 d.w.) could be taken as evidence that these
levels might correspond to critical levels of glycogen that skeletal muscle protects against
sustained depletion. One difficulty with this estimate, however, is the possibility that higher
glycogen levels might have been attained had recovery lasted longer. However, that this is
unlikely is suggested by earlier work from this laboratory where muscle glycogen levels
attained during recovery from the sprinting protocol adopted here reached stable levels
within 75 minutes after exercise, a recovery duration identical to that adopted here after each
exercise bout. As discussed later, it is more likely that 300 mmol.kg-1 d.w. probably
overestimates the actual level at which muscle glycogen stores are protected. Nevertheless,
it is noteworthy that this alleged protected level is much higher than those thought to be
protected in rats (~70-80 mmol.kg-1 d.w.), but comparable to the muscle glycogen levels
usually attained after several days of either starvation or a carbohydrate-poor diet in humans
(Hultman, 1967).
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The concept that skeletal muscles might protect some of their glycogen against sustained
depletion provides for the first time a useful theoretical framework to explain not only our
findings, but also those of others who have reported partial glycogen repletion in humans
and complete replenishment in other species. Indeed, the postulated presence of pre-set
glycogen levels protected against sustained depletion suggests that the amount of glycogen
deposited during recovery without food is determined, in part, by the amount of glycogen
required to attain those protected levels (Raja et al., 2003, 2004). Based on this
interpretation, the partial replenishment of glycogen after the first exercise bout in this study
might be explained on the basis that the pre-exercise muscle glycogen levels were higher
than the levels at which glycogen stores are protected against sustained depletion. This
might also explain the findings of the many studies reporting that glycogen repletion in the
absence of food in humans is only partial after intense exercise. This is because most of
these studies have been performed on individuals with pre-exercise muscle glycogen levels
well above those assumed to be protected here (Hermansen and Vaage, 1977; Macdougall et
al., 1977; Astrand et al., 1986; Futre et al., 1987; Bangsbo et al., 1991; Choi et al., 1994;
Medbø et al., 2006) due to the participants in most of these studies not being subjected to a
prolonged pre-exercise fast to decrease their pre-exercise muscle glycogen levels
(Macdougall et al., 1977; Hermansen and Vaage, 1977; Futre et al., 1987; Bangsbo et al.,
1991). In fact, in a recent study performed on humans subjected to a prolonged fast (>16
hours), almost all of their muscle glycogen mobilised during exercise was replenished
during the subsequent recovery period (Fairchild et al., 2003), with pre-exercise muscle
glycogen levels being not significantly different from those alleged to be protected here.
Similarly, the complete replenishment of the muscle glycogen stores reported here after the
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second and third exercise bouts might be explained on the basis that the pre-exercise muscle
glycogen levels before these exercise bouts were at their protected levels. Finally, since all
studies on animals other than humans have been performed after a prolonged fast, it is
possible that their muscle glycogen levels prior to exercise were at their protected levels,
thus explaining the complete glycogen repletion post-exercise, and raising the possibility
that glycogen repletion would also be partial in these species if their pre-exercise glycogen
levels were to be elevated.

As an alternative explanation, maybe the capacity of human muscles to replenish completely
their stores of glycogen after the second and third sprints is explained on the grounds that
the amount of glycogen mobilized in response to these sprints was not large enough to
impair post-exercise glycogen repletion. This is unlikely to be the case here because only
part of muscle glycogen was replenished after the first sprint although the amount of
glycogen broken down in response to the first and third sprints did not differ significantly.
Also, others have reported only partial replenishment of muscle glycogen stores (52-55%) in
response to exercise resulting in comparable or lesser glycogen breakdown (Bangsbo et al.,
1991; Medbo et al., 2006). Moreover, compared to other species, including rats, far more
glycogen was mobilized here than in all the animal species that have been shown to
replenish completely their muscle glycogen stores post-exercise (Gratz and Hutchison,
1977; Glesson 1982, 1996; Milligan and Wood, 1986; Gleeson and Dalessio, 1989;
Pagnotta and Milligan 1991; Fournier and Guderley, 1992; Girard and Milligan, 1992;
Scarabello et al., 1992; Milligan, 1996, 2003; Bräu et al., 1999; Milligan et al., 2000; Raja et
al., 2003, 2004). Finally, we have recently shown that when starting glycogen levels are
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low, there is complete glycogen repletion despite glycogen mobilization being much more
pronounced than that measured here (Fairchild et al., 2003). It is important to note, however,
that the issue of whether complete glycogen repletion would also occur in response to more
severe depletion of muscle glycogen stores still remains without a definitive answer.

The ability of humans to replenish their muscle glycogen stores between consecutive bouts
of intense exercise raises the obvious question of the identity of the carbon sources recruited
for glycogen repletion. Since, in the present study, all of our participants had fasted for at
least 12 hours, the repletion of their glycogen stores had to depend solely on endogenous
substrates such as the intramuscular glycolytic intermediates or lactate via either its hepatic
conversion to glucose or its intramuscular conversion to glycogen (Hermansen and Vaage,
1977; Astrand et al., 1986; Palmer and Fournier, 1997; Medbø et al., 2006), or lactate
derived from the glycogen of resting muscles, or glucose derived from either hepatic
glycogen, glycerol or amino acids (Fell et al., 1980; Favier et al., 1987). That lactate might
be involved in the resynthesis of glycogen is suggested by the finding that the fall in plasma
lactate concentrations together with the concomitant rise in muscle glycogen levels during
each recovery period is consistent with the existence of a precursor-product relationship
between them. Clearly, the relative contributions of the aforementioned carbon sources
remain to be elucidated. Nevertheless, the possible involvement of lactate raises the question
of whether excessive lactate availability post-exercise might exert a push favourable to
muscle glycogen increasing above its protected level. That this might be the case is
suggested by the observation that during recovery from moderate intensity exercise resulting
in little or no lactate accumulation, the levels of glycogen attained after recovery (101-134
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mmol.kg-1 d.w.; Maehlum and Hermansen, 1972; Mascher et al., 2007; Gusba et al., 2008)
are lower than those alleged to be protected here, thus suggesting that muscle glycogen
might be protected at levels closer to those attained after moderate intensity exercise.

Our interpretation that muscles might protect preset levels of glycogen against sustained
depletion begs the question of the physiological rationale underlying the levels at which
muscle glycogen are protected in humans and other species. We propose that this might
have to do, in part, with the fact that the levels at which those glycogen stores appear to be
protected in humans are high enough to support at least one sprint to exhaustion, as close to
90-110 mmol.kg-1 d.w. can be depleted in response to a single sprint to exhaustion
operationally defined here as a sprint resulting in a near 50% fall in power output (Nevill et
al., 1989; Bogdanis et al., 1995; Parolin et al., 1999). Similarly, the lower levels at which
muscle glycogen stores appear to be protected in rats are high enough to support slightly
more than one sprint to exhaustion without depleting completely their muscle glycogen
stores (Raja et al., 2003, 2004). Finally, all the other species of fish, amphibians, reptiles
and mammals that have been shown to replenish completely their muscle glycogen stores
after an intense sprint reach glycogen levels such that they can engage in at least one sprint
to exhaustion without being limited by the size of their glycogen stores (Gratz and
Hutchison, 1977; Gleeson, 1982; Milligan and Wood, 1986; Gleeson and Dalessio, 1989;
Pagnotta and Milligan, 1991; Fournier and Guderley, 1992; Girard and Milligan, 1992;
Scarabello et al., 1992; Milligan, 1996; Bräu et al., 1999; Milligan et al., 2000; Raja et al.,
2003, 2004). From an evolutionary point of view, these findings across species make sense
as it would be highly advantageous to protect and maintain muscle glycogen stores at levels
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that are high enough for the capacity of muscles to engage in “fight and flight” responses to
not be limited by the size of their glycogen stores.

The dephosphorylation-mediated activation of glycogen synthase is likely to play some role
in explaining the higher relative extent to which muscle glycogen stores are replenished after
the second and third exercise bout compared to the first one. This is suggested by the more
pronounced increase in the activity ratios of glycogen synthase after the third compared to
the first exercise bout. This increased activation might be due to the lower levels of muscle
glycogen attained after the third compared to the first bout of exercise, since it is well
established that there is an inverse relationship between the activity ratio of this enzyme and
muscle glycogen levels up to glycogen levels of ~ 360 mmol.kg-1 d.w, but not above these
levels where glycogen synthase activity ratios in humans do not change significantly with a
rise in glycogen levels (Bergström et al., 1972). In this regard, it is interesting to note that
the threshold glycogen concentration below which glycogen synthase activity ratio increases
markedly with a fall in glycogen concentration coincides to some extent with the levels at
which muscle glycogen appear here to be protected against sustained depletion if our
estimate of ~300 mmol. kg-1 d.w. is valid. This is an important observation as it provides for
the first time a physiological rationale for the aforementioned well characterized relationship
between glycogen synthase activation state and muscle glycogen concentration (Bergström
et al., 1972; Nielsen et al., 2001; Nielsen and Richter, 2003; Lai et al., 2007), with our
results suggesting that one of the primary physiological roles of regulating glycogen
synthase activity this way is to provide a feedback mechanism aimed at protecting muscle
glycogen against sustained depletion.
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The possible existence of a feedback mechanism between muscle glycogen concentrations
and activation of glycogen synthase by reversible phosphorylation suggests that some
mechanism(s) must exist whereby glycogen or surrogate markers of glycogen concentration
are sensed to stimulate the synthesis of glycogen. Recently, McBride and colleagues (2009)
provided evidence that AMP kinase, an enzyme that can phosphorylate and inhibit glycogen
synthase (Carling and Hardie, 1989), might act as a “glycogen sensor” since this enzyme is
inhibited by low glycogen levels, thus favoring glycogen synthase activation when muscle
glycogen levels are low. Such low muscle glycogen levels could also favor the
dephosphorylation-mediated inhibition of glycogen phosphorylase and activation of
glycogen synthase via activation of phosphoprotein phosphatase I and inhibition of
phosphorylase kinase, an enzyme that phosphorylates both glycogen synthase and
phosphorylase (Cohen, 1986). This is because low muscle glycogen levels result in a fall in
the glycogen-mediated inhibition of glycogen synthase phosphatase and glycogen
phosphorylase phosphatase activities (Villa-Palasi, 1969; Mellgren and Coulson, 1983)
together with a decrease in the glycogen-mediated activation phosphorylase kinase (Krebs et
al., 1964; Gross and Mayer, 1974). Finally, the marked glycogen-mediated changes in the
intracellular localisation of glycogen synthase in response to muscle contraction and the
regulation of glucose transport by muscle glycogen levels (Nielsen et al., 2001) raise the
intriguing possibility that factors such as those might also contribute to the regulation of
glycogen synthesis by muscle glycogen levels.

The differences in the relative extent to which muscle glycogen stores are replenished after
the first and subsequent sprints could involve mechanisms other than those proposed above.
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For instance, the plasma insulin levels immediately after the second and third exercise bouts
were twice as high as those after the first exercise bout. Since insulin promotes the
activation of glucose transport and the dephosphorylation-mediated activation of glycogen
synthase, this might have been favorable to the rapid synthesis of glycogen after exercise.
However, since after 10 minutes of recovery plasma insulin levels were no longer different
between sprints, the pattern of change in insulin levels is unlikely to explain our findings,
particularly considering the trend for higher post-exercise plasma insulin levels later during
recovery from the first compared to the subsequent sprints. It is important to note that the
post-exercise rise in insulin levels should not come as a surprise as it is a typical insulin
response to intense exercise due to the post-exercise rise in glucose levels normally
associated with intense exercise (Marliss and Vranic, 2002). However, some unidentified
factors other than change in plasma glucose levels must explain the different pattern of
insulin response between first and subsequent sprints, since the patterns of change in blood
glucose levels were similar across exercise bouts.

In conclusion, our results show that there are conditions where even in the absence of food
humans have the capacity like other animal species to replenish completely the stores of
their muscle glycogen mobilised during a bout of intense physical activity. This study also
suggests that skeletal muscles protect their glycogen stores against sustained depletion at
levels high enough for them to engage in at least one intense bout of exercise to exhaustion.
Evidence is also provided for the existence of a feedback mechanism whereby glycogen
levels mediate the activation of glycogen synthase as a means to restore the depleted muscle
glycogen stores back to their protected levels.
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Evolutionary significance
From an evolutionary point of view, our findings are important since they suggest that the
ability of humans to recover and to undertake unimpaired bout of intense physical activity to
avoid predator or capture prey is not dependent on our capacity to find food to replenish our
glycogen stores after an intense bout of physical activity. Given that, on occasions, our
hunter gatherer ancestors might have had to engage in several bouts of intense activity to
exhaustion to capture their preys, the fact that repeated sprints do not result in the sustained
depletion of their muscle glycogen stores would have clearly be an advantage. Overall, on
the basis of our earlier findings in rats and here in humans, we propose that it is probably a
general feature of all species that repeated sprints with prolonged recovery periods does not
result in the sustained depletion of muscle glycogen stores, but this remains to be examined.
Finally, given the adaptive value of protecting our glycogen stores, more research is required
to elucidate the molecular mechanisms determining the levels at which muscle glycogen
stores are protected and whether it is possible to alter them.
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3.1 Abstract
Compared to fish, amphibians, reptiles and other mammals, humans are one of the rare
species that depend on food intake to replenish completely their muscle glycogen after a
bout of intense physical activity. We hypothesised that complete glycogen repletion
without food after exercise is possible in humans if pre-exercise muscle glycogen are at
low levels prior to exercise. To test this hypothesis, eight participants were subjected to a
glycogen depleting bout of exercise prior to being fed on either a high carbohydrate
(HCHO) or low carbohydrate (LCHO) diet for 24 hours. Then, after a 16-hour fast, they
performed 3 minutes of intense exercise on a cycle ergometer, with muscle biopsies
performed before exercise and at time intervals during recovery. Before exercise, muscle
glycogen levels were 422 ± 17 and 204 ± 20 mmol.kg-1 dry mass for the HCHO and
LCHO, respectively. There were no differences in absolute levels of glycogen
breakdown between treatment groups. However, during recovery, muscle glycogen
returned to pre-exercise levels in the LCHO group (192 ± 17mmol.kg-1 dry mass), but
only 52% of the glycogen broken down during exercise was replenished in the HCHO
group, with glycogen levels of 356 ± 14 mmol.kg-1 dry mass. The activation of glycogen
synthase early during recovery in the LCHO but not the HCHO group may have
contributed to the complete replenishment of the muscle glycogen stores in this group. In
contrast, acute changes in the activation state of glycogen phosphorylase appear not to
play an important role. These findings show that humans are not exceptional compared
to other species as there are conditions where they can also replenish completely their
muscle glycogen stores when food is not available post-exercise.
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Introduction

The capacity of skeletal muscles to recruit their glycogen stores to support the types of
intense physical activity normally associated with flight or fight responses is critical to
the survival of most animal species. Unfortunately, a large proportion of these stores can
be depleted by a single maximal sprint effort to exhaustion in those species (Gratz and
Hutchison, 1977; Gleeson, 1982, 1996; Gleeson and Dalessio, 1989; Nevill et al., 1989;
Pagnotta and Milligan, 1991; Bogdanis et al., 1995; Nikolovski et al., 1996; Bräu et al.,
1999; Parolin et al., 1999; Fairchild et al., 2003). Since low muscle glycogen levels can
impair high-intensity exercise performance (Balsom et al., 1999), it is important to
rapidly replenish these glycogen stores in order to maintain the capacity of skeletal
muscles to perform successive bouts of intense physical activity as is required for the
hunting of prey or to escape from predators. Although glycogen repletion can be
achieved by ingesting carbohydrates, the availability of carbohydrates may be limited
which then begs the question of whether glycogen repletion can also occur in the
absence of food.

Most animal species have the capacity to completely replenish their muscle glycogen
stores when food is not available after a bout of intense physical activity. For instance,
this is the case with several species of fish, amphibians and reptiles (Gratz and
Hutchison, 1977; Gleeson, 1982, 1996; Gleeson and Dalessio, 1989; Pagnotta and
Milligan, 1991; Fournier and Guderley, 1992; Scarabello et al., 1992; Milligan et al.,
2000). In contrast, earlier work performed in rats (Brooks et al., 1973; Fell et al., 1980;
Nikolovski et al., 1996; Bräu et al., 1997; Ferreira et al., 2001) and humans (Hermansen
and Vaage, 1977; Macdougall et al., 1977; Astrand et al., 1986; Futre et al., 1987;
Bangsbo et al., 1991; 1997; Choi et al., 1994) reported that they replenish only part of
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their muscle glycogen stores (<55% in humans) when food is not available after physical
activity. For this reason, it was believed that mammals depend on food intake for the
complete restoration of their muscle glycogen stores. Recently, however, this view was
challenged with the discovery that the Western Chestnut mouse can replenish
completely its muscle glycogen when food is not available after exercise (Bräu et al.,
1999). In addition, work from our group recently reported a near complete replenishment
of muscle glycogen following intense exercise in fasting humans (Fairchild et al., 2003)
and complete glycogen repletion following repeated sprint-recovery cycles (Chapter 2).

The precise mechanism underlying these contrasting reports is unclear. However, since
lower muscle glycogen levels post-exercise are associated with a greater activation of
glycogen synthase and higher rates of glycogen resynthesis when carbohydrates are
ingested during recovery (Roach, 2002), maybe pre-exercise muscle glycogen levels also
affect the extent to which muscle glycogen stores are replenished when food is not
available. In support of this view, rats in a glycogen-depleted state prior to sprinting
have the capacity to replenish completely and without food intake their muscle glycogen
stores mobilised during a sprint (Raja et al., 2003, 2004). Evidence that this might also
be the case in humans without food after exercise is suggested indirectly form our
findings in Chapter 2 and by the work of Price and colleagues (2000) who reported
much higher glycogen repletion after moderate intensity exercise when pre-exercise
muscle glycogen levels are low rather than high. Despite this, muscle glycogen was only
partly replenished under their low pre-exercise muscle glycogen condition (Price et al.,
2000). However, since there was only a ~36% difference between the high and low preexercise muscle glycogen treatments in that study, it is possible that pre-exercise
glycogen levels in the low pre-exercise group were above the levels that would elicit
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complete muscle glycogen repletion post-exercise, thus explaining that glycogen was
only partially replenished. It is the purpose of this study, therefore, to examine whether
low pre-exercise muscle glycogen can result in complete post-exercise glycogen
repletion even in the absence of food intake, and to investigate the role of some key
regulators of muscle glycogen metabolism, namely glycogen synthase, glycogen
phosphorylase and insulin levels under these conditions.
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Materials and methods

Materials
Chemicals were purchased from BDH (British Drug Houses Ltd, Poole, Dorset, UK) and
Sigma (St Louis, MO, USA). Biochemical enzymes were obtained from Roche (Sydney,
NSW, Australia). All chemicals were of analytical grade.

Participants
Eight healthy physically active male participants without any acute or chronic diseases,

& O 2 peak ,
disorders or injuries (means ± SD: age, 26.6 ± 1.7 yr; weight, 68.5 ± 2.2 kg; V
47.8 ± 4.4 ml·min·-1·kg-1) were recruited on a voluntary basis from the student population
enrolled in the School of Exercise Science at the University of Western Australia. The
objectives and experimental procedures of the study and their associated risks were
explained to the participants.

Then, a written consent was sought prior to the

commencement of the testing sessions. The procedures described in this study have been
approved by the Human Rights Committee of the University of Western Australia.

Experimental design
After a familiarisation session during which the anthropometric characteristics and

& O 2 peak of all participants were determined, they were provided with a dietary analysis
V
questionnaire and asked to record their diet and activity patterns for 72 hours to aid with
the calculations and preparation of the low and high carbohydrate diets and to help them
follow the same diet and activity patterns before the second trial. This was done using
the Food Works Professional Edition 2005 V 4.0 program (Xyris software). Then, on
their next two visits, all participants were subjected to both a glycogen loading and
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glycogen depleting trial administered at least one month apart following a
counterbalanced design. To this end, each participant performed a light 5-min warm up
on a cycle ergometer (Repco Cycle Company, Victoria, Australia) five minutes prior to

& O 2 peak for 60 minutes. The participants were then randomly assigned
exercising at 70% V
to a diet rich in carbohydrate (HCHO) consisting of 10 g of CHO·day-1·kg-1 body mass
mainly in the form of a maltodextrose solution (Polycose, Ross Laboratory, Columbus,
OH) or low in carbohydrate (LHCO) with a daily carbohydrate intake of ~0.7 g of
CHO·day-1·kg-1 body mass for the next 24 hours. The protein content of both diets was
kept to 15% of participants daily energy intake determined from their 72 hours food
record. During that time, the participants were asked to avoid consuming alcohol or to
participate in any intense training, and not to ingest any food after midnight.
On the following day after an overnight fast, participants returned to the laboratory and
just before the exercise trial, a muscle biopsy from the quadriceps and blood from the
fingertips were sampled. The participants then engaged in a bout of high intensity

& O 2 peak followed by a 30-second
exercise consisting of 150 seconds of cycling at 130% V
all out sprint, a protocol of exercise previously shown to result in high lactate
accumulation and glycogen depletion (14). Immediately after exercise, participants
dismounted the cycle ergometer and sat on a chair where a second muscle biopsy and a
blood sample were taken followed by a 135-minute rest. During that time, blood samples
were collected after 5, 15, 30, 45 and 60 minutes of recovery, and another muscle biopsy
and blood samples were taken at 75 and 135 minutes of recovery. The 75 minute time
point was chosen on the ground that plasma lactate concentration is back to basal level
by that time in response to the exercise protocol described above (Fairchild et al., 2003).
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Tissue sampling
Muscle biopsies were taken from the vastus lateralis of both legs by using the
percutaneous technique of Bergström and colleagues as modified by Evans et al (1982).
One portion of each muscle biopsy was freeze-clamped in liquid nitrogen and stored at 80°C for subsequent assays of glycogen, glycogen synthase and glycogen phosphorylase
levels. Another muscle portion was used for histochemical analyses as described in an
earlier study from this laboratory (Fairchild et al., 2003). Arterialised blood samples
were taken from the participant’s fingertips from a pre-warmed hand. Each blood sample
was analysed for pO2, pH, glucose and lactate levels, and some blood was aliquoted in a
lithium heparin tube, centrifuged, and the resulting plasma was stored at -80°C until
assayed for insulin level.

Extraction and analyses of tissue metabolites
Muscle extraction for the analysis of glycogen and lactate content was performed as
described previously (Fairchild et al., 2003). Plasma glucose, lactate levels and pH were
analysed using a Corning Blood Gas Analyser, Model 865 (Ciba Corning Diagnostics,
Halstead, Essex, UK). Insulin was assayed on an Immulite 2000 Analyser using the
Immulite 200 insulin assay kit (Diagnostic Products Corporation, Los Angeles, CA).

Enzyme assays
The changes in the phosphorylation state of glycogen synthase were estimated indirectly
by measuring its activity ratio, which is defined as the ratio of the enzyme activity in the
absence and presence of high levels of its activator, glucose-6-phosphate. Although this
approach does not allow one to identify which of the many phosphorylation state of
glycogen synthase is responsible for the change in its activity (Roach, 2002; Nielsen and
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Richter, 2003), particularly those without any kinetic effect on this enzyme, a low
activity of glycogen synthase generally reflects a phosphorylation-mediated inactivation
of the enzyme (Nielsen and Richter, 2003). Glycogen synthase activity ratio was
measured at 37°C based on the method of Thomas and colleagues (1968). The reaction
mixture contained UDP-glucose in the absence or presence of 10 mM glucose 6phosphate.

Changes in the phosphorylation state of glycogen phosphorylase were estimated by
measuring its activity ratio, which is defined as the ratio of the enzyme activity in the
absence and presence of excess concentrations (3 mM) of its activator, AMP (Gilboe et
al., 1972). Under these conditions, the higher the phosphorylation state of glycogen
phosphorylase, the higher its activity ratio (Gilboe et al., 1972). Muscle extraction and
assay conditions for determining the activity ratios of glycogen phosphorylase were
performed as described previously (Bräu et al., 1997).

Histochemical analyses
The histochemical analyses were performed as described in an earlier study from this
laboratory (Fairchild et al., 2003). Each muscle sample was sectioned using an automatic
cryostat (Leica CM 3050, Altona North, Australia). Two sections were stained for
myofibrillar ATPase to identify Type I and Type II muscle fibers. Other serial sections
of the same muscles were stained for muscle glycogen content using periodic acid-Schiff
(PAS) and some with prior treatment with amylase to serve as blanks. The intensity of
PAS staining was digitised and calibrated as described previously (Fairchild et al., 2003).
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Expression of results and statistical analyses
All metabolite concentrations in tissues and plasma are expressed in mmol.kg-1 d.w. and
mmol.l-1 respectively, and results are expressed as means ± S.E.M (n=8). The effect of
exercise and post-exercise recovery on the levels of metabolites in muscles and plasma
were analysed using a two-factor analysis of variance (ANOVA) followed by a Fisher
protected least significant difference a posteriori test using SPSS version 13.
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Results

Muscle glycogen response to exercise
The fall in muscle glycogen levels in response to three minutes of high intensity exercise
was not significantly different between the HCHO and LCHO groups (Figure 3.1).
During recovery, muscle glycogen in the HCHO group rose significantly, but reached
lower than pre-exercise levels, with 52% of glycogen being replenished (p <0.05) and no
difference in glycogen concentrations after 75 and 135 minutes of recovery (Figure 3.1).
In contrast, muscle glycogen levels in the LCHO group increased significantly more than
in the HCHO group (p<0.05) and to such an extent that after 75 minutes they reached
levels not significantly different from pre-exercised levels and remained stable thereafter
(Figure 3.1; p <0.05).

In response to three minutes of high intensity exercise, the extent of glycogen
mobilisation was similar across muscle fiber types as indicated by the comparable fall in
the OD (optical density) of PAS (periodic acid-schiff) staining intensity across these
fibers (Figure 3.2). During the first 75 min of recovery, glycogen content increased
significantly in the LCHO treatment group and to a similar extent in all muscle fibers as
indicated by the comparable increase in the OD of PAS staining in Type I and II fibers
(Figure 3.2; p <0.05). In addition, the OD of PAS staining in Type I and II fibers after 75
and 135 minutes were not significantly different from each other and form pre-exercise
levels in the LCHO treatment group (Figure 3.2; p <0.05). In the HCHO group, the OD
of PAS in Type I and II fibers were significantly different from pre-exercise levels after
75 and 135 minutes (p <0.05).

Chapter Three – Study Two

113

Blood metabolite response to exercise and recovery
Three minutes of high intensity exercise resulted in a similar marked increase in plasma
lactate levels and a decrease in blood pH in both HCHO and LCHO groups (Figure 3.3;
p <0.05). These findings are consistent with the similar amount of total work achieved
during exercise in the HCHO (52888 ± 3262 joules) and LCHO (50417 ± 2372 joules)
groups.

Blood glucose levels increased significantly and to a similar extent in response to
exercise and recovery in both experimental groups (Figure 3.4). Plasma insulin levels in
both HCHO and LCHO groups also increased in response to exercise, but returned to
basal pre-exercise levels within 60 minutes (Figure 3.4; p <0.05). Plasma insulin levels
were significantly different between groups during the first 30 minutes recovery (Figure
3.4; p <0.05).

Glycogen synthase and phosphorylase activities after exercise.
In response to exercise, the activity ratios of glycogen synthase increased significantly in
the LCHO treatment group (Figure 6; p <0.05). Within the first 75 minutes of recovery,
it returned to basal pre-exercise levels (Figure 3.5). A different pattern was observed in
the HCHO treatment group where the activity ratios of glycogen synthase were not
affected by exercise and recovery (Figure 3.5; p <0.05).

The activity ratios of glycogen phosphorylase at the onset of recovery in the LCHO
treatment group were not different from pre-exercise level, but reached significantly
higher levels after 135 minutes of recovery (Figure 3.5; p <0.05). The activity ratios of
glycogen phosphorylase at the onset of recovery in the HCHO group was also not
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affected by exercise, but increased significantly above pre-exercise basal levels later
during recovery (Figure 3.5; p <0.05).
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Muscle glycogen response to exercise in the HCHO and LCHO

treatment groups. The results are expressed as mean ± S.E.M. The presence of the
superscript ‘a’ or ‘b’ indicates a significant difference from levels determined before
exercise or after 0 minute of recovery, respectively (p < 0.05).
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PAS Level (OD Units)
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Figure 3.2

PAS staining response to exercise in Type I () and Type II ( )

muscle fibers in the HCHO (A) and LCHO (B) treatment groups. The results are
expressed as mean ± S.E.M. The presence of the superscript ‘a’ or ‘b’ indicates a
significant difference from levels determined before exercise or after 0 minute of
recovery, respectively (p < 0.05).
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Plasma lactate (A) and plasma pH (B) response to exercise in the

HCHO () and LCHO (□) treatment groups. The results are expressed as mean ±
S.E.M. The presence of the superscript “a” indicates a significant difference (p < 0.05) in
comparison to pre-exercise levels.
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Blood glucose (A) and plasma insulin (B) response to exercise in the

HCHO ( ) and LCHO ( ) treatment groups. The results are expressed as mean ±
S.E.M. The presence of the superscript “a” or b” indicates a significant difference (p <
0.05) in comparison to pre-exercise levels or between the two treatment groups,
respectively.
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Glycogen synthase (GS) activity ratio (A) and glycogen phosphorylase

(GP) (B) response to exercise in the HCHO () and LCHO (□) treatment groups.
The results are expressed as mean ± S.E.M. The presence of the superscript “a” or b”
indicates a significant difference (p < 0.05) in comparison to pre-exercise levels or
between the two treatment groups, respectively.
.
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Discussion

Although it is well established that fish, amphibians, reptiles and some mammals have
the capacity to completely replenish their muscle glycogen stores in the absence of food
during recovery from highly intense physical activity, most studies show that muscle
glycogen repletion under these conditions is only partial in humans (<55%; Hermansen
and Vaage, 1977; Macdougall et al., 1977; Astrand et al., 1986; Futre et al., 1987;
Bangsbo et al., 1991; 1997; Choi et al., 1994). This is clearly a disadvantage considering
that a few bouts of intense exercise could lead to the complete depletion of our muscle
glycogen stores and a marked decrement in sprint performance (Balsom et al., 1999),
thus suggesting an important limitation in our capacity to engage in flight or fight
behaviors. The present study, however, challenges this view as it shows that the extent of
glycogen repletion following high-intensity exercise is dependent on pre-exercise muscle
glycogen concentration. Indeed, we show here that when glycogen stores are low prior to
exercise and food is not available during recovery, skeletal muscles in humans have the
capacity to completely replenish the glycogen mobilised during intense exercise,
irrespective of muscle fiber type. In contrast, the replenishment of these glycogen stores
is only partial when pre-exercise glycogen levels are elevated. These findings thus
demonstrate that there are some conditions (low pre-exercise muscle glycogen levels)
under which humans recovering from intense exercise have the capacity, like most other
species investigated to date, to replenish their muscle glycogen stores to pre-exercise
levels without ingestion of food.

Our finding that pre-exercise muscle glycogen levels affect the extent of muscle
glycogen resynthesis after intense exercise might explain, in part, why most previous
studies have reported only partial muscle glycogen repletion when food is not available

Chapter Three – Study Two

121

after exercise in humans. Indeed, a close inspection of these studies (Hermansen and
Vaage, 1977; Macdougall et al., 1977; Astrand et al., 1986; Futre et al., 1987; Bangsbo et
al., 1991; 1997; Choi et al., 1994) reveals that the pre-exercise muscle glycogen levels of
their participants were close to those normally observed in the fed state, and much higher
than those in our LCHO group; which is not surprising given that these participants were
allowed to ingest food before exercise in most of these studies (Hermansen and Vaage,
1977; Macdougall et al., 1977; Futre et al., 1987; Bangsbo et al., 1991, 1997). Overall,
our results thus strongly suggest that when pre-exercise muscle glycogen levels are low,
humans like other species (Gratz and Hutchison, 1977; Gleeson, 1982, 1996; Gleeson
and Dalessio, 1989; Pagnotta and Milligan, 1991; Fournier and Guderley, 1992;
Scarabello et al., 1992; Bräu et al., 1999; Milligan et al., 2000; , 41, Raja et al., 2003,
2004) have the capacity to replenish completely their muscle glycogen stores without
food after intense exercise.However, it remains to be established whether these other
species would also replenish only part of their glycogen stores under condition of
elevated pre-exercise glycogen levels as shown here in humans, since the studies on all
those species have been performed on animals fasted for 1-30 days and probably with
low pre-exercise muscle glycogen levels.

Given our findings in Chapter 2 and the evidence described here that pre-exercise
muscle glycogen levels appear to regulate the extent of glycogen repletion post-exercise,
one may propose the existence of a glycogen concentration set-point where muscle
glycogen levels are protected against sustained depletion. This would imply that the
extent to which muscle glycogen is synthesised during recovery from exercise is
determined not only by the availability of carbon sources such as glucose and lactate, but
also by the amount of glycogen required to attain those protected levels. Evidence that

Chapter Three – Study Two

122

skeletal muscles might protect their glycogen stores this way is supported by studies in
rats which showed that when a sprint is initiated following prior muscle glycogen
depleting exercise of either moderate intensity or involving repeated sprint-recovery
cycles, their muscles replenish completely their glycogen stores to attain similar levels
irrespective of the exercise protocol adopted to deplete their muscle glycogen (Raja et
al., 2003, 2004). Based on the glycogen levels attained here during recovery in the
LCHO group, we tentatively propose that muscle glycogen stores are protected against
sustained depletion at levels of around 200 mmol. kg-1 d.w. in humans, but at 300 mmol.
kg-1 d.w. in Chapter 2. Interestingly, these levels are much higher than those alleged to
be protected in rats (70-80 mmol. kg-1 d.w.; Raja et al., 2003, 2004), but very close to
those typically attained after four to six days of either starvation or nine days of a
carbohydrate-poor diet (240-260 mmol. kg-1 d.w.; Hultman, 1967).

One important limitation with the above interpretation is that it has to be reconciled with
the finding that close to half of the glycogen mobilised during exercise is replenished in
the HCHO group despite their muscle glycogen levels after exercise being above those
alleged to be protected. One explanation is that the levels at which muscle glycogen are
protected are diet sensitive, with these levels being higher in individuals maintained on a
high carbohydrate diet. Alternatively, the increased availability of endogenous carbon
sources such as lactate after sprinting might provide an extra carbon source, which like
those provided by a meal, could allow muscle glycogen to rise above their protected
levels. One way to test which of these two interpretations best explains the rise in
glycogen levels in the HCHO group is to compare the effect of pre-exercise glycogen
levels on the pattern of glycogen repletion after a bout of moderate intensity exercise
resulting in little or no lactate accumulation.

Fortunately, such a comparison was
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performed by Price and colleagues (2000) who reported no significant increase in muscle
glycogen levels in individuals that were carbohydrate loaded before being subjected to a
bout of moderate intensity exercise resulting in little lactate accumulation compared to
the large post-exercise rise in glycogen levels when pre-exercise glycogen levels were
reduced by an overnight fast. This together with our finding in Chapter 2 and here that
the large lactate accumulation in the HCHO group was accompanied by a more
pronounced increase in muscle glycogen level than that reported in the carbohydrate
loaded individuals in the study of Price and colleagues (2000) supports our interpretation
that lactate availability rather than a shift in the protected levels of glycogen explains
why some glycogen is resynthesised after exercise when both pre- and post-exercise
glycogen levels are elevated relative to their alleged protected levels. Arguably, this
raises the issue of whether the increased lactate availability in the LCHO might also have
resulted in an overestimation of the levels at which muscle glycogen stores are protected.
That this might be the case is suggested by the observation that the levels of muscle
glycogen attained during recovery from prolonged exercise of moderate intensity
resulting in marked glycogen depletion and little or no lactate accumulation are near
100-130 mmol. kg-1 d.w. in humans (Maehlum and Hermansen, 1978; Mascher et al.,
2007; Gusba et al., 2008), thus suggesting that if muscle glycogen levels are protected it
is more likely to be at these levels rather than 200 mmol. kg-1 d.w. proposed above.

Our interpretation, if valid, begs the obvious question of the physiological importance of
protecting some of the muscle glycogen stores against sustained depletion. We propose
as in Chapter 2 that this might be related to the importance of glycogen for fight or flight
responses. Indeed, it is noteworthy that the levels at which muscle glycogen are alleged
to be protected here (100-200 mmol. kg-1 d.w.) are high enough to support one or more
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sprints to exhaustion since the amount of glycogen mobilised during an all out sprint
resulting in a 50% fall in power ranges between 90 and 110 mmol. kg-1 d.w. in humans
(Nevill et al., 1989; Bogdanis et al., 1995). Interestingly, the levels at which muscle
glycogen stores have been proposed to be protected in rats are also high enough to
support slightly more than one sprint to exhaustion without depleting completely their
glycogen stores (Raja et al., 2003, 2004). Finally, all the other species investigated to
date (e.g. fish, amphibians, reptiles, mammals) have been shown to replenish their
muscle glycogen stores to levels high enough for them to engage in at least one bout of
intense exercise to exhaustion without being limited by the size of their muscle glycogen
stores (Bräu et al., 1999, Pagnotta and Milligan, 1991; Fournier and Guderley, 1992;
Scarabello et al., 1992; Gleeson, 1982, 1996, Gleeson and Dalessio, 1989; Milligan et
al., 2000; Raja et al., 2003, 2004). From a biological point of view, these findings in
humans and other species make sense as it would be highly advantageous to replenish
and maintain muscle glycogen stores at levels that are sufficient for muscles’ capacity to
engage in fight and flight responses not to be limited by the size of their glycogen stores.

The dephosphorylation-mediated activation of glycogen synthase is likely to play an
important role in supporting muscle glycogen synthesis when post-exercise muscle
glycogen levels are low. This is suggested by our findings that the activity ratios of
glycogen synthase increase after exercise in the LCHO group, but not in HCHO where
both pre and post-exercise glycogen are relatively elevated. Such an impaired glycogen
synthase activation in response to exercise when muscle glycogen levels are elevated and
despite larger post-exercise increases in plasma insulin levels in the HCHO group is in
agreement with the findings of others (Nielsen et al., 2001) and consistent with the
strong inverse relationship between the activation state of glycogen synthase and muscle
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glycogen levels at low but not high levels of glycogen (Bergström et al., 1972; Nielsen et
al., 2001; Nielsen and Richter, 2003; Lai et al., 2007). In contrast, irrespective of muscle
glycogen levels, the absence of change in glycogen phosphorylase activity ratios
between pre-exercise and early recovery in LCHO and HCHO suggests that the
regulation of this enzyme by reversible phosphorylation is unlikely to play an important
role in the post-exercise activation of glycogen synthesis. This is in marked contrast to
the role this enzyme plays in rats where the coordinated regulation of the
phosphorylation state of glycogen synthase and phosphorylase plays an important role in
the activation of glycogen synthesis after high intensity exercise (Bräu et al., 1997;
Ferreira et al., 2001; Raja et al., 2008). These interspecies differences may have to do
with the pre-exercise activation state of glycogen phosphorylase in rat muscles being
much higher than in humans, thus necessitating the transient deactivation of this enzyme
for net glycogen repletion to occur after exercise in rats (Bräu et al., 1997; Ferreira et al.,
2001; Raja et al., 2008).

The relationship between muscle glycogen concentrations and the activation state of
glycogen synthase when muscle glycogen levels are low raises the obvious question of
the mechanism whereby the kinases and phosphatases involved in the regulation of this
enzyme are regulated by muscle glycogen levels. One possible explanation is that low
muscle glycogen levels result in a decrease in the glycogen-mediated inhibition of
glycogen synthase phosphatase activities (Villar-Palasi, 1969; Mellgren and Coulson,
1983) and a decrease in the glycogen-mediated activation of phosphorylase kinase
(Gross and Mayer, 1974; Meinke and Edstrom, 1991), an enzyme that can phosphorylate
glycogen synthase (Cohen, 1986). In addition, McBride and colleagues (2009) recently
provided evidence that AMP kinase, an enzyme that can phosphorylate and inhibit
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glycogen synthase (Carling and Hardie, 1989), might act as a “glycogen sensor” as this
enzyme is inhibited by low glycogen levels. Finally, it remains to be seen whether
changes in glucose transport activity or in the intracellular localisation of glycogen
synthase in response to muscle contraction (Nielsen et al., 2001) might also contribute to
the activation of glycogen synthase post-exercise when muscle glycogen levels are
depleted.

In conclusion, this study shows for the first time that we are not different from other
vertebrate species in that there are conditions where we have also the ability to
completely replenish without food intake our muscle glycogen stores mobilised during
exercise. Our results also suggest that humans might protect pre-set levels of muscle
glycogen against sustained depletion and at levels high enough to support at least one
maximal sprint effort to exhaustion. Further evidence is also provided for the existence
of a feedback mechanism whereby glycogen levels mediate the activation of glycogen
synthase to restore the depleted muscle glycogen stores. Clearly more work is required to
support the notion that our skeletal muscles protect some of their glycogen against
sustained depletion and to elucidate the mechanisms underlying the regulation of
glycogen synthesis by muscle glycogen levels.
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4.1 Abstract
There is evidence that skeletal muscles protect pre-set levels of their glycogen against
sustained depletion, and that glycogen synthesis will occur without food if glycogen
stores are below these protected levels. However after intense anaerobic exercise, there is
some glycogen repletion without food even if post-exercise muscle glycogen levels are
elevated. This raises the question of whether this would also be the case under conditions
of limited lactate availability. To address this question, eight participants were subjected
to a glycogen depleting bout of exercise prior to being fed on either a high carbohydrate
(HCHO) or normal carbohydrate (NORM) diet for 48 hours. Then, they cycled for 60

& O 2 peak , with muscle biopsies and blood samples being performed
minutes at 70% V
before exercise and at time intervals during recovery. Before exercise, muscle glycogen
levels were 620 ± 46 and 445 ± 42 mmol.kg-1 dry mass for the HCHO and NORM
group, respectively. Exercise resulted in comparable glycogen breakdown and minimal
lactate accumulation in both treatment groups. During recovery, glycogen levels
increased by more than ~50% in the NORM group and reached levels close to those
alleged to be protected (189 ± 21 mmol.kg-1 dry mass), whereas no glycogen was
deposited in the HCHO group. The sustained post-exercise activation of glycogen
synthase, the transient fall in whole body carbohydrate oxidation rate, the increased
mobilisation of body proteins, and the prolonged elevation in NEFA levels in the NORM
but not the HCHO group most probably played important roles in enabling glycogen
synthesis in the NORM group. In conclusion, our findings suggest that the extent to
which glycogen is replenished without food is dependent on the difference between postexercise and protected levels of glycogen.
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Introduction

Muscle glycogen plays an important role in supporting the energy demands of skeletal
muscles during intense physical activity, with glycogen depletion impairing endurance
and sprint performance (Hermansen et al., 1965; Hultman, 1967; Casey et al., 1996
Balsom et al., 1999). Given the importance of this fuel and considering that little
glycogen is stored in skeletal muscle, the replenishment of the depleted muscle glycogen
stores after exercise is essential for maintaining muscle capacity to engage in a
subsequent bout of intense physical activity. Although the ingestion of food provides an
effective means to replenish these stores (Ahlborg et al., 1967; Bergström et al., 1967), it
is well documented that muscles can replenish at least part of their glycogen without
food.

Most species of fish, amphibians and reptiles have the ability to completely replenish
their muscle glycogen stores when food is not available during recovery from high
intensity physical activity (Gratz and Hutchison, 1977; Glesson 1982, 1996; Milligan
and Wood, 1986; Gleeson and Dalessio, 1989; Pagnotta and Milligan 1991; Fournier and
Guderley, 1992; Girard and Milligan, 1992; Milligan, 1996). In contrast, until recently, it
was generally accepted that humans and rats replenish only part of their muscle glycogen
stores in the absence of food after either prolonged exercise of moderate intensity
(Hultman and Bergström, 1967; Maehlum and Hermansen 1978; Gaesser and Brooks,
1980; Krssak et al., 2000; Price et al., 2000; Mascher et al., 2007) or intense anaerobic
exercise (Hermansen and Vaage, 1977; Astrand et al., 1986, Futre et al., 1987; Bangsbo.,
1991; Choi et al., 1994; Nikolovski et al., 1996; Peters et al., 1996; Ferreira et al., 2001;
Medbø et al., 2006). Such a partial replenishment might come across as maladaptive
since it implies that several consecutive sprints interspersed with prolonged recovery
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periods without food could lead to the eventual complete depletion of muscle glycogen
stores in humans and rats and a fall in their capacities to engage in fight or flight
responses. This prediction, however, was refuted by recent work in chapter 2 and 3 and
in rats as these studies show that although glycogen repletion is only partial after a single
sprint, all the glycogen mobilised in subsequent sprints is completely replenished without
food during each corresponding recovery period (Raja et al., 2004; Chapter 2). These
findings suggest that skeletal muscles protect pre-set levels of glycogen against sustained
depletion, with the extent to which glycogen is replenished post-exercise being
determined by the amount of glycogen required to attain these protected levels.

One important limitation with the notion that post-exercise muscle glycogen levels
relative to the levels at which glycogen stores are protected determine the amount of
glycogen deposited during recovery is the recent observation that when muscle glycogen
levels after a bout of intense exercise in previously carbohydrate loaded individuals are
above those alleged to be protected (~200-300 mmol. kg-1 d.w.), close to half of the
glycogen mobilised is replenished during recovery. These findings were explained on the
grounds that the increased availability of lactate after sprinting might provide an extra
carbon source which, like those provided by a meal, could allow muscle glycogen to rise
above their protected levels; thus implying that no glycogen deposition would occur
following exercise resulting in minimal increase in lactate levels and in post-exercise
muscle glycogen well above those levels alleged to be protected. In support of this
prediction, Price and colleagues (2000) reported far less glycogen is replenished after
moderate intensity exercise if pre-exercise muscle glycogen levels are elevated by prior
carbohydrate loading compared to low pre-exercise muscle glycogen achieved after an
overnight fast. However, there was also a small increase in post-exercise glycogen levels
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in the carbohydrate-loaded individuals that could be explained on the basis that muscle
glycogen after exercise in this experimental group might have fell below their alleged
protected levels (Price et al., 2001).

It is unclear whether high post-exercise muscle glycogen levels can impair completely
muscle glycogen repletion without food when lactate availability is restricted. For this
reason, the purpose of this study was to determine if glycogen repletion in fasting
individuals will be impaired following exercise of moderate intensity resulting in little or
no lactate accumulation and lasting just long enough for post-exercise muscle glycogen
not to fall below those levels alleged to be protected. Conversely, this study examined
whether a bout of moderate intensity exercise resulting in a fall in muscle glycogen
below their protected levels will result in the accumulation of glycogen.
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Materials and methods

Chemical
Chemicals were purchased from BDH (British Drug Houses Ltd, Poole, Dorset, UK) and
Sigma (St Louis, MO, USA). Enzymes were obtained from Roche (Sydney, NSW,
Australia). All chemicals were of analytical grade.

Participants
Eight physically active male participants (means ± SD: age, 25.6 ± 1.3 yr; weight, 70.5 ±

& O 2 peak , 49.8 ± 4.8 ml·min·-1·kg-1) were recruited on a voluntary basis from the
2.2 kg; V
student population enrolled in the School of Exercise Science at the University of
Western Australia, and were given a PAR-Q questionnaire (Chisholm et al., 1975) before
the familiarisation trial so as to ensure that no participants were suffering from any acute
or chronic diseases, disorders or injuries. The objectives and experimental procedures of
the study and their associated risks were explained to the participants before a written
consent was sought prior to the commencement of the testing sessions. The procedures
described in this study have been approved by the Human Rights Committee of the
University of Western Australia.

Experimental design
After a familiarisation session where all participants’ anthropometric characteristics and

& O 2 peak
V

were determined, participants were provided with a dietary analysis

questionnaire and asked to record their diet and activity patterns for 72 hours to aid with
the calculation and preparation of the normal and high carbohydrate diets and to help
them follow the same diet and activity patterns before the second trial. This was done
using the Food Works Professional Edition 2005 V 4.0 program (Xyris software,
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Australia Pty Ltd). Then, participants were subjected to both a glycogen loading or
glycogen depleting trial (Figure 4.1) administered at least one month apart following a
counterbalanced design. To this end, each participant performed a light 5-min warm up
on a cycle ergometer (Repco Cycle Company, Victoria, Australia) prior to exercising for

& O 2 peak followed by a 30-second all out sprint in order to deplete a
150 seconds at 130% V
large proportion of their muscle glycogen stores. The participants were then randomly
assigned to a diet rich in carbohydrate (HCHO) consisting of 10 g of CHO·day-1·kg-1
body mass mainly in the form of a maltodextrose solution (Polycose, Ross Laboratory,
Columbus, OH) or to a normal intake of carbohydrate (NORM) with a daily
carbohydrate intake of ~4.5 g of CHO·day-1·kg-1 body mass for the next 48 hours. The
protein content of both diets was kept to 15% of participants daily energy intake
determined from their 72 hours food record. During that time, the participants were
asked to avoid consuming alcohol and participating in any intensive training, and not to
ingest any food after midnight.
On the third day after an overnight fast, the participants returned to the laboratory and
performed a light five-minute warm up. After the warm up, they were required to empty
their bladders, and just before the exercise trial, a muscle biopsy from the quadriceps and
blood from the fingertips were sampled. Then, the participants engaged in a bout of

& O 2 peak for 60 minutes, a
moderate intensity exercise consisting of cycling at 70% V
protocol of exercise resulting in minimal accumulation of lactate and high glycogen
depletion (Watt et al., 2004). Immediately after exercise, participants dismounted the
cycle ergometer and sat on a chair where a second muscle biopsy and a blood sample
were taken followed by a 300-minute rest. During that time, blood samples were
collected after 5, 15, 30, 60, 120, 180, 240, and 300 minutes of recovery, and muscle
biopsies and blood samples were performed at 150 and 300 minutes of recovery.
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& CO2 were also measured before exercise and 0, 15, 30, 60, 120, 180, 240,
& O2 and V
V
and 300 minutes of recovery. Finally, urine was collected for the whole of the recovery
period.

Figure 4.1 - Experimental Design.
Tissue sampling
Muscle biopsies were taken from the vastus lateralis of both legs by using a Bard
microbiopsy needle as described by Hayot and colleagues (2005). One portion of each
muscle biopsy was freeze-clamped in liquid nitrogen and stored at -80°C for subsequent
assays of glycogen and glycogen synthase levels. Arterialised blood samples were taken
from the participant’s fingertips from a pre-warmed hand. Each blood sample was
analysed for pO2, pH, glucose and lactate levels, and some blood was aliquoted in a
lithium heparin tube, centrifuged and the resulting plasma was stored at -80°C until
assayed for insulin level.

Extraction and analyses of tissue metabolites
Muscle extraction for the analysis of glycogen and lactate content was performed as
described previously (Fairchild et al., 2003). Plasma glucose, lactate levels and pH were
measured using a Corning Blood Gas Analyser, Model 865 (Ciba Corning Diagnostics,

Chapter 4 – Study Three

136

Halstead, Essex, UK). Insulin was assayed on an Immulite 2000 Analyser using the
Immulite 200 insulin assay kit (Diagnostic Products Corporation, Los Angeles, CA).
Non-esterified fatty acids (NEFA) in plasma were assayed on a Wako “NEFA C” test
kit. Urine samples were analysed via high performance liquid chromatography (HPLC)
to measure urea nitrogen and creatinine levels (HPLC 1100B, Hewlett-Packard, Palo
Alto, CA using a Synergi 4µ Hydro-RP 80A column Phenomenex, Torrance, CA). ).
After derivatisation with o-phtahldialdehyde and fluorenylmethyl chloroformate, urinary
levels of 3-methylhistidine were determined using a Hewlett Packard HP1100 HPLC,
Palo Alto, CA).

Respiratory gas analyses
The respiratory gases of each participant were collected into a 120 L Tissot tank
(Collins, USA) via a mouthpiece attached to a Hans-Rudolf valve. The fractions of gases
in the expired air were determined using the same gas analysers as those (Applied

& O 2 peak determination.
Electrochemistry, Ametek, Pittsburgh, PA) described above for V

& CO2 derived
& O2 and V
The rates of CHO and fat oxidation were calculated using the V
from the non-protein RER values (Peronnet & Massicotte, 1991).

Enzyme assays
The changes in the phosphorylation state of glycogen synthase were estimated indirectly
by measuring its activity ratio, which is defined as the ratio of the enzyme activity in the
absence and presence of high levels (10 mM) of its activator, glucose-6-phosphate.
Although this approach does not allow one to identify which of the many
phosphorylation state of glycogen synthase is responsible for the change in its activity
(Roach, 2002; Ferrer et al., 2003; Nielsen and Richter, 2003), particularly those without
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any kinetic effect on this enzyme, a low activity of glycogen synthase typically reflects a
phosphorylation-mediated inactivation of the enzyme (Kochan et al., 1981; Nielsen and
Richter, 2003). Glycogen synthase activity ratio and fractional velocity were measured at
37°C as described in Thomas and colleagues (1968) and Bräu et al (1997).

Expression of results and statistical analyses
All metabolite concentrations in tissues and plasma are expressed in mmol.kg-1 d.w. and
mmol.l-1 respectively, and results are displayed as means ± S.E.M (n=8). The effect of
exercise and post-exercise recovery on the levels of metabolites in muscles and plasma
were analysed using a two-factor analysis of variance (ANOVA) followed by a Fisher
protected least significant difference a posteriori test using SPSS version 13.
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Results

Effect of exercise and recovery on muscle glycogen and glucose 6-phosphate levels
Before exercise, muscle glycogen levels were 620 ± 46 and 445 ± 42 mmol.kg-1 dry
mass for the HCHO and NORM group, respectively. In response to 60 minutes of
exercise, muscle glycogen levels fell to a similar extent (p>0.05) in both the HCHO
(340.9 ± 69.0 mmol·kg-1 d.m) and NORM (319.2 ± 53.2 mmol·kg1 d.m.) groups
compared to rest levels (p <0.05; Figure 4.2). During recovery, muscle glycogen in the
HCHO treatment group remained unchanged with glycogen concentrations after 150 and
300 minutes of recovery being similar to those immediately after exercise. In contrast,
muscle glycogen levels in the LCHO treatment group increased to 189.9 ± 21.5
mmol·kg-1 d.m. ( p <0.05) after 150 minutes of recovery and remained stable thereafter
(p <0.05; Figure 4.2).

Pre-exercise glucose 6-phosphate (G-6-P) levels were significantly higher in the HCHO
compared to NORM group (p <0.05; Figure 4.3), but remained stable after exercise and
during recovery. Glucose 6-phosphate levels in the NORM group increased after
exercise and remained elevated throughout recovery (p <0.05; Figure 4.3).

Effect of exercise and recovery on blood metabolites
Consistent with the similar amount of total work achieved during exercise in the NORM
(52.02 ± 3.75 kJ joules) and HCHO (51.39 ± 4.20 kJ) groups, sixty minutes of moderate
intensity exercise resulted in a similar small increase in plasma lactate levels (Figure
4.4A) and a small fall in blood pH (Figure 4.4B) in both HCHO and NORM groups (p
<0.05). In contrast, blood glucose levels decreased marginally in response to exercise in
both experimental groups (Figure 4.4C). Plasma NEFA levels in both HCHO and
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NORM groups (Figure 4.5B) increased in response to exercise and remained elevated for
the remainder of the recovery period (p <0.05). However, plasma NEFA levels were
higher in the NORM group before exercise and during the first 60 minute of recovery (p
<0.05). Plasma insulin remained unchanged in response to exercise; however, plasma
insulin were higher in the HCHO group after the first 30 minutes of recovery before
falling back to values similar to those in the NORM group at the end of recovery (Figure
4.5B; p <0.05).

Effect of exercise and recovery on respiratory and urinary variables
Sixty minutes of moderate intensity exercise resulted in an increase in the post-exercise
rates of fat oxidation which remained elevated for 120 minutes of recovery in both
HCHO and NORM groups before returning to basal levels. However, during the first 120
minutes of recovery, the rates of fat oxidation were significantly higher in NORM
compared to HCHO group (p <0.05; Figure 4.6A). Sixty minutes of moderate intensity
exercise also resulted in lower rates of CHO oxidation throughout recovery compared to
pre-exercise rates in the NORM and HCHO groups, but CHO oxidation rates in the
NORM group were significantly lower than HCHO during the first 120 minutes of
recovery (p <0.05; Figure 4.6B).

During recovery from exercise, more urinary urea was excreted in the NORM than the
HCHO group (p <0.05; Figure 4.7A), with an average urine concentrations of 279.2 ±
54.2 and 144.8 ± 35.8 mmol.L-1 for the NORM and HCHO group, respectively, and
urinary volume of 0.35 ± 0.05 and 0.54 ± 0.15 L for these two groups, respectively. The
excretion of urinary 3-methylhistidine (354.1 ± 78.0 vs 316.2 ± 153.3 umol.L-1) and 3-
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methylhistidine/creatinine ratio (33.5 ± 3.9 vs 27.2 ± 8.5 umol.mmol-1) were similar for
both groups (Figure 4.7B).

Effect of exercise and recovery on the activity ratios of glycogen synthase
Before exercise, the activity ratios of glycogen synthase were 17 ± 4 and 21± 6% in the
HCHO and NORM groups, respectively. In response to exercise of moderate intensity,
the activity ratios of glycogen synthase increased above pre-exercise levels in both
treatment groups (57 ± 10 and 58 ± 9% in the HCHO and NORM groups, respectively).
However, the activity ratios of this enzyme in the HCHO group decreased early during
recovery, but remained at higher than pre-exercise levels during the remainder of the
recovery period (p <0.05, Figure 4.8B). In contrast, although the activity ratios of
glycogen synthase increased in response to exercise in the NORM group, it did not
decrease thereafter and remained elevated throughout recovery (p <0.05, Figure 4.8B).
The pattern of change in fractional velocity of glycogen synthase was generally similar
to the pattern of change of glycogen synthase activity ratios (Figure 4.8A) except at the
end of the recovery in the HCHO group (p <0.05, Figure 4.8A).
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Figure 4.2

Effect of exercise on muscle glycogen levels in the HCHO () and

NORM (□) groups. The results are expressed as mean ± S.E.M. The presence of
the superscript ‘a’ or ‘b’ indicates a significant difference from levels determined
before exercise or after 0 minute of recovery, respectively (p < 0.05).
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Figure 4.3

Effect of exercise on glucose 6-phosphate levels in the HCHO ()

and NORM (□)groups. The results are expressed as mean ± S.E.M. The presence
of the superscript ‘a’ indicates a significant difference from levels determined before
exercise (p < 0.05).
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Figure 4.4

Effect of exercise on plasma lactate (A), pH (B) and glucose (C)

levels in the HCHO () and NORM (□) groups. The results are expressed as
mean ± S.E.M. The presence of the superscript “a” indicates a significant difference
(p < 0.05) from pre-exercise levels. The presence of the superscript “b” indicates a
significance difference (p < 0.05) between HCHO and NORM groups.
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Figure 4.5

Effect of exercise on plasma insulin (A) and NEFA (B) in the

HCHO () and NORM (□) groups. The presence of the superscript “a” indicates
a significant difference (p < 0.05) from pre-exercise levels. The presence of the
superscript “b” indicates a significance difference (p < 0.05) between HCHO and
NORM groups.
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Figure 4.6

Effect of exercise on fat oxidation (A) and CHO oxidation (B) in

the HCHO () and NORM (□)groups. The results are expressed as mean ±
S.E.M. The presence of the superscript “a” indicates a significant difference (p <
0.05) from pre-exercise. The presence of the superscript “b ” indicates a significance
difference (p < 0.05) between HCHO and NORM groups.
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Figure 4.7

Effect of exercise on total urinary urea (A) and 3-methylhistidine

(B) in the HCHO () and NORM (□) groups. The results are expressed as mean
± S.E.M. The presence of the superscript “a” indicates a significant difference (p <
0.05) between HCHO and NORM groups.
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Figure 4.8

Effect of exercise on glycogen synthase fractional velocity (A)

and glycogen synthase activity ratios (B) in the HCHO () and NORM (□)
groups. The presence of the superscript ‘a’ or ‘b’ indicates a significant difference
from levels determined before exercise or after 0 minute of recovery, respectively (p
< 0.05).
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4.5

Discussion

There is evidence that skeletal muscles protect pre-set levels of their glycogen stores
against sustained depletion, with the extent to which those stores are replenished
without food after exercise being determined, at least in part, by the amount of
glycogen required to attain those protected levels (Raja et al., 2003, 2004; Yong et
al., 2009a, 2009b).

Here we corroborate this view with the finding that after

prolonged aerobic exercise associated with little lactate accumulation, there is no
glycogen repletion when post-exercise muscle glycogen levels are above 190
mmol.kg-1 d.w. in this study, whereas after exercise causing a fall in glycogen below
those levels, there is a significant replenishment of muscle glycogen stores. These
and earlier results in Chapters 2 and 3 thus suggest that in addition to lactate
availability, the level of muscle glycogen relative to those at which they are
protected against sustained depletion is an important factor determining the extent to
which muscle glycogen is replenished without food after exercise.

The observation that after moderate intensity exercise muscles can replenish some of
their glycogen in the absence of food intake corroborates the findings of several
earlier studies performed in humans or other animal species recovering from exercise
of either moderate or high intensity. Indeed, the relative extent to which muscle
glycogen is replenished as well as the levels of glycogen attained during recovery
from exercise of moderate intensity in the NORM group corroborate the findings of
most other studies (Hultman and Bergström, 1967; Maehlum and Hermansen 1978;
Krssak et al., 2000 Price et al., 2000; Mascher et al., 2007; Gusba et al., 2008).
Although Gusba and colleagues (2008) report little glycogen repletion post-moderate
intensity exercise, the fact that all the muscle biopsies were performed on the same
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biopsy site in their study is a factor that might have impaired glycogen repletion. It is
also noteworthy that the absolute extent to which muscle glycogen stores are
replenished after moderate intensity exercise in this and previous studies is generally
much lower than after a short bout of intense exercise resulting in marked lactate
accumulation (Hermansen and Vaage, 1977; Astrand et al., 1986, Futre et al., 1987;
Choi et al., 1994; Medbø et al., 2006; Fairchild et al., 2004; Chapter 3). As discussed
later, the increased availability of lactate as a carbon source for glycogen synthesis
after intense exercise might explain in part these differences.

In contrast to the post-exercise rise in glycogen concentrations in the NORM group,
there was no net glycogen deposition during recovery from moderate intensity
exercise in the HCHO group where post-exercise glycogen levels were elevated.
These findings do not support our earlier findings in Chapter 3 where we show that
close to half of the glycogen mobilised during sprinting in previously carbohydrateloaded individuals is replenished during recovery without food despite muscle
glycogen levels after exercise being elevated and comparable to those attained here
in the HCHO group (Low et al., 2009). The increased availability of lactate after
sprinting might have supplied an extra carbon source which, like those provided by a
meal, might have allowed muscle glycogen to rise above their protected levels. This
explanation, however, must be reconciled with the findings of Price and colleagues
(2001) who reported a trend for a small increase in glycogen levels following
moderate intensity exercise resulting in both little lactate accumulation and relatively
high post-exercise glycogen levels. This small rise in glycogen concentrations in
individuals with elevated post-exercise glycogen levels could be explained on the
grounds that the glycogen levels attained after exercise were marginally below their
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protected levels which are assumed to correspond to the glycogen levels attained
after recovery in their control participants (Price et al., 2001). Fortunately, this
limitation is not shared by our study because special care was taken to ensure that the
exercise duration was short enough for the glycogen levels attained after exercise in
the HCHO group not to fall below their protected levels.

The levels of glycogen attained without food during recovery from moderate
intensity exercise suggest that the levels at which muscle glycogen stores are
protected against sustained depletion in humans are approximately ~190 mmol. kg-1
d.w. in this study. This is not too different from the levels reported by others to be
attained during recovery from moderate intensity exercise (98-134 mmol. kg-1 d.w.;
Hultman and Bergström, 1967; Maehlum and Hermansen, 1972; Mascher et al.,
2007; Gusba et al., 2008) as well as with the levels reached after sprinting when preexercise glycogen are low (200-300 mmol. kg-1 d.w.; Chapters 2 and 3), and with the
levels of muscle glycogen typically attained after four to six days of either starvation
or nine days of a carbohydrate-poor diet in humans (~250 mmol. kg-1 d.w.; Hultman,
1967). These findings beg the obvious question of the biological significance of
protecting glycogen at these low levels. As discussed in Chapter 2, the amount of
glycogen mobilised during an all out 30 second sprint resulting in a 50% fall in
power ranges between 70 and 100 mmol. kg-1 d.w. (Jacobs et al., 1982; Cheetam et
al., 1986; Nevill et al., 1989; Bogdanis et al., 1995; Hargreaves et al., 1997; Barnett
et al., 2004). On this basis, it is proposed that muscle glycogen stores in humans are
protected at approximately 100-200 mmol.kg-1 d.m. most probably because these
levels are high enough to support muscle glycogen needs for at least one sprint to
exhaustion without fatigue occurring as a result of the depletion of muscle glycogen
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stores. In this regard, it is generally the case across other animal species (eg fish,
amphibians, reptiles, mammals) that after exercise they replenish their muscle
glycogen stores to levels high enough for them to have the capacity to engage in at
least one bout of an intense sprint to exhaustion without the level of their muscle
glycogen limiting performance (Gratz and Hutchison, 1977; Glesson 1982, 1996;
Milligan and Wood, 1986; Gleeson and Dalessio, 1989; Pagnotta and Milligan 1991;
Fournier and Guderley, 1992; Girard and Milligan, 1992; Bräu et al., 1999; Raja et
al., 2003, 2004). From a biological point of view, this makes sense as it would be
highly advantageous to replenish and maintain muscle glycogen stores at levels that
are high enough for muscles’ capacity to engage in fight and flight responses not to
be limited by the size of their glycogen stores. It remains to be seen, however, if
these species like humans would also fail to deposit glycogen under conditions were
post-exercise glycogen levels are above their protected levels.

The ability of skeletal muscles to replenish without any food their glycogen stores
during recovery from moderate intensity exercise raises the issue of the identity and
relative contributions of the different carbon sources recruited for glycogen
synthesis. In theory, hepatic glycogen together with the glucose derived from the
gluconeogenic conversion of lactate, glycerol and amino acids by the liver have the
potential to contribute to the resynthesis of muscle glycogen. Over two decades ago,
Favier and colleagues (1987) identified amino as one of the major carbon sources
for glycogen synthesis under these conditions when food is not available during
recovery from moderate intensity exercise. That this might also be the case here is
suggested by the higher production of urea during recovery from exercise in NORM
compared to HCHO, a finding also consistent with muscle glycogen affecting
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protein catabolism during exercise (Lemon and Mullin, 1980; Blomstrand and
Saltin, 1999). In addition, the small amount of glycerol released from the oxidation
of fat post-exercise is also another potential carbon source. The small fall in lactate
levels in the NORM group suggests that lactate may have played some role.
However, lactate contribution to the resynthesis of muscle glycogen stores is likely
to be minor given the many studies reporting that oxidation is the primary fate of
lactate following exercise of moderate intensity (Brooks and Gaesser, 1980; Gaesser
and Brooks, 1984). Finally, hepatic glycogen is also unlikely to contribute much
given that the overnight fast prior to exercise would be expected to cause a marked
fall in hepatic glycogen stores (Hultman, 1978). Clearly, the above discussion is
highly conjectural and further work is required to determine experimentally the
actual contributions of the aforementioned carbon sources to glycogen synthesis.

For optimal glycogen repletion to take place during recovery it is important not only
to recruit enough carbon sources, but also the rate of carbohydrate oxidation must
decrease during that time. That this might play an important role in allowing skeletal
muscles to replenish their glycogen stores is suggested by our observation that
exercise resulted in a transient fall in whole body carbohydrate oxidation rates in the
NORM group and also HCHO group where no glycogen deposition occurred during
recovery. This exercise-mediated sparing of CHO in the NORM group has also been
reported by many others (Krzentowski et al., 1982; Bielinski et al, 1985; Kiens and
Richter, 1998) and is generally believed to be facilitated by an increase in plasma
fatty acid levels, fat oxidation rates and inhibition of pyruvate dehydrogenase
(Pruett, 1970; Bielinski et al., 1985; Putman et al., 1993; Kiens et al., 1998; Gibala
et al., 2002; Melanson et al., 2002; Marion-Latard et al., 2003; Kuo et al., 2005;
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Mourtzakis et al., 2006; Long III et al., 2008). That this might also be the case here
is suggested by the increased concentration of plasma free fatty acid during recovery
in the NORM group and associated increased rates of fat oxidation. However, since
similar changes also took place in the HCHO group despite the absence of any
glycogen repletion suggest that other factors explain why muscle glycogen levels
only increase in the NORM group post-exercise.

Given our evidence that post-exercise glycogen levels affect the extent to which
muscle glycogen is replenished during recovery, this raises the question of the
mechanisms underlying such an association. Since the levels of muscle glycogen are
ultimately determined by the activities of the enzymes responsible for its synthesis
and breakdown, namely glycogen synthase and phosphorylase, the regulation of their
activities would be expected to play a key role in determining the rate of glycogen
synthesis. In the present study, the rise in the activation state of glycogen synthase at
the onset of recovery suggests that the dephosphorylation-mediated activation of this
enzyme in the NORM group is likely to play some role in allowing muscles to
increase their glycogen levels. However, that other factors are involved in
determining the rate of glycogen deposition is indicated by the finding that late into
recovery, glycogen synthase activation states remained elevated despite no further
accumulation of glycogen in the NORM group. In addition, no net glycogen
deposition took place in the HCHO group post-exercise despite a sustained increase
in the activation state of glycogen synthase, albeit of a lesser magnitude than in the
NORM group. Such an absence of net change in glycogen level despite the sustained
increase in the activation state of glycogen synthase in both experimental groups is
consistent with the control site of glycogen synthesis under these conditions being at
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the glucose transport level as has been shown to be the case for a range of
experimental conditions (Rothman et al., 1992, 1995; Ren et al., 1993; Bloch et al.,
1994; Hansen et al., 1995; Price et al., 1996; Tsao et al., 1996). One possible
explanation for keeping glycogen synthase in such a sustained state of activation
across treatments is that this might help to “prime” glycogen synthase for the
conversion of any dietary carbon sources for the synthesis of glycogen above their
protected levels. This view was first proposed by Kochan and colleagues (1979) who
reported that even after achieving the replenishment of muscle glycogen stores by
ingesting food after exercise, glycogen synthase still remained activated unless
glycogen reached supranormal levels.

In conclusion, this study suggests that glycogen synthesis during recovery from
exercise of moderate intensity in fasted humans is dependent on the amount of
glycogen that is required to attain the protected levels of muscle glycogen, with no
synthesis taking place if glycogen post-exercise are above those levels. The
replenishment of muscle glycogen stores under low post-exercise glycogen levels is
probably favoured by an increased deamination of body amino acids, the activation
of glycogen synthase, and the inhibition of carbohydrate oxidation rate early into
recovery. Interestingly, the levels of muscle glycogen attained after recovering
without food are high enough to support at least one intense sprint to exhaustion;
thus playing an important role in maintaining muscle capacity to engage in
unimpaired fight or flight responses. Clearly, more research is required not only to
understand the molecular mechanisms underlying the effect of glycogen levels on
the extent to which muscles replenish their glycogen stores without food, but also to
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validate further the notion that skeletal muscles protect set levels of their glycogen
stores.
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As already mentioned on several occasions in this thesis, fish, amphibians and reptiles
recovering from physical activity of near maximal intensity can in general replenish
completely their muscle glycogen stores in the absence of food, whereas until recently it was
generally accepted that only part of muscle glycogen is replenished under these conditions in
humans (Hermansen and Vaage, 1977; Astrand et al., 1986, Futre et al., 1987; Bangsbo.,
1991, 1997; Choi et al., 1994) and rats (Nikolovski et al., 1996; Peters et al., 1996; Bräu et
al., 1997; Ferreira et al., 2001). These findings in humans and rats are somewhat puzzling as
they imply that several consecutive sprints could lead to the eventual complete depletion of
their muscle glycogen stores and result in a fall in the capacity of humans and rats to engage
in behaviours eliciting fight or flight responses. Recent studies, however, provided evidence
that rats have preset levels of muscle glycogen that are protected against sustained depletion,
with complete muscle glycogen repletion taking place if pre-exercise glycogen is at or below
these protected levels (Raja et al., 2003, 2004). These observations are at the origin of this
thesis which one of its primary purposes was to determine whether there are conditions
where humans can replenish completely their muscle glycogen stores without food during
recovery from exercise and whether they have also the capacity to protect their muscle
glycogen stores against sustained depletion.

One important finding of this thesis is that it challenges the long held view that humans must
rely on food intake to replenish completely their muscle glycogen after intense physical
activity. Here we show that, in many respects, humans are not different from other
vertebrate species in that there are conditions where they also have the ability to replenish
without food all of the muscle glycogen mobilised during exercise. For instance, although as
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reported by others muscle glycogen repletion is only partial if a bout of intense exercise is
performed when pre-exercise muscle glycogen are at normal levels (Hermansen and Vaage,
1977; Astrand et al., 1986, 2006; Futre et al., 1987; Bangsbo., 1991, 1997; Choi et al., 1994;
Medbø et al., 2006), Study 1 shows that all the glycogen mobilised in response to
subsequent exercise bouts is completely replenished during their respective recovery
periods. In addition, when an intense bout of exercise is initiated with low pre-exercise
muscle glycogen levels, Study 2 shows that, even without food, human muscles can
replenish completely their glycogen back to pre-exercise levels and irrespective of muscle
fibre types. Altogether these findings corroborate those in rats where a similar pattern of
change in muscle glycogen levels has been reported in response to repeated bouts of high
intensity exercise or under conditions of low pre-exercise muscle glycogen levels (Raja et
al., 2003, 2004). Overall, our results thus suggest that humans are not different from rats,
fish, amphibians and reptiles (Gratz and Hutchison, 1977; Glesson 1982, 1996; Milligan and
Wood, 1986; Gleeson and Dalessio, 1989; Pagnotta and Milligan 1991; Fournier and
Guderley, 1992; Girard and Milligan, 1992; Milligan, 1996) in that there are conditions
where they also have the capacity to replenish completely and without food their muscle
glycogen mobilised during an intense bout of exercise.

One may still argue that humans differ from lower vertebrates because a prior lowering of
muscle glycogen stores appear to be required for humans to replenish completely their
muscle glycogen after exercise. What this statement overlooks, however, is that all studies
on lower vertebrates have been performed on animals subjected to a prolonged fast lasting
from one to thirty days before testing (Table 1.1; Gratz and Hutchison, 1977; Glesson 1982,
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1996; Milligan and Wood, 1986; Pagnotta and Milligan 1991; Fournier and Guderley, 1992;
Girard and Milligan, 1992; Morris et al., 2002; Petersen and Gleeson, 2007) and that this is
likely to have lowered their muscle glycogen stores prior to exercise as is the case with
prolonged fasting in humans (Hultman, 1967). In contrast, most studies in humans have
been performed on fed or post-absorptive individuals (Hermansen and Vaage, 1977;
Macdougall et al., 1977; Astrand et al., 1986; Futre et al., 1987; Bangsbo., 1991, 1997; Choi
et al., 1994; Medbø et al., 2006) and all had pre-exercise glycogen levels above those
measured here. This notable difference between the studies on humans and other species is
an important one to consider when comparing species. Maybe muscle glycogen stores would
also be only partially replenished in lower vertebrates if their pre-exercise muscle glycogen
levels were elevated prior to exercise.

Another very important aspect of this thesis is that it supports our hypothesis that skeletal
muscles in humans possess critical levels of glycogen that are protected against sustained
depletion, with the extent to which muscle glycogen is replenished during recovery being
determined not only by the availability of carbon sources such as lactate, but also by the
amount of glycogen required to attained those protected levels. On the basis of Studies 1 and
2, muscle glycogen stores appear to be protected at levels of approximately 300 and 200
mmol· kg-1 d.m, respectively. One problem with this interpretation, however, is that it has to
be reconciled with our findings in Study 2 that close to half of the glycogen mobilised
during exercise performed when pre-exercise muscle glycogen levels are elevated is
replenished despite muscle glycogen levels post-exercise being above those levels thought to
be protected. Maybe the protected levels of muscle glycogen increase in response to
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conditions resulting in elevated muscle glycogen levels. Alternatively, as discussed in
Chapter 2, the increased availability of lactate after sprinting might provide an extra carbon
source which, like those provided by a meal, could allow muscle glycogen after exercise to
rise above their protected levels. In order to address this issue, Study 3 was performed to
compare the effect of pre-exercise muscle glycogen levels on the pattern of glycogen
repletion after a bout of moderate intensity exercise resulting in little or no lactate
accumulation. We showed that there is no glycogen repletion when post-exercise muscle
glycogen levels are above their alleged protected levels (200-300 mmol·kg-1 d.m.), whereas
after exercise causing a fall in glycogen below those levels, there was a significant
replenishment of muscle glycogen stores, with the levels of muscle glycogen (~190
mmol·kg-1 d.m.) attained in Study 3 being comparable to those alleged to be protected in
Study 2 and ~33% lower than in Study 1 The absence of muscle glycogen repletion when
glycogen levels are elevated after an exercise bout resulting in little lactate accumulation
thus suggests that lactate availability together with the levels at which muscle glycogen are
protected are two factors affecting the extent to which muscle glycogen stores are
replenished after exercise when food is not available. What remains difficult to explain,
however, is the lack of perfect agreement between study1 and the other two studies with
respect to the levels at which it is concluded that muscle glycogen stores are protected, with
those protected levels estimated to be ~300 mmol·kg-1 d.m. in Study 1 and ~190-200
mmol·kg-1 d.m. in Studies 2 and 3 despite these latter studies differing in their post-exercise
glycogen and lactate accumulation. Considering the marked differences in the pre-exercise
treatments administered to the participants involved in all three studies, the possibility that
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those alleged protected levels can be affected by the physiological state of an individual
must be considered as a likely possibility that remains to be investigated in future studies.

The notion that skeletal muscles protect pre-set levels of glycogen against sustained
depletion provides a theoretical framework to explain, at least in part, why almost all studies
in humans have reported that muscle glycogen repletion with food is only partial following
intense exercise. As discussed above, a close inspection of these studies (Hermansen and
Vaage, 1977; Astrand et al., 1986; Futre et al., 1987; Bangsbo et al., 1991, 1997; Choi et al.,
1994; Medbø et al., 2006) reveals that their participants were not subjected to a prolonged
fast or any other glycogen lowering treatments before exercise. As a result, the pre-exercise
muscle glycogen levels of most of these studies were close to those normally observed in the
fed state and thus above the levels at which glycogen has been proposed to be protected
here. For this reason, glycogen repletion would be expected to be partial if primarily
determined by the amount of glycogen required to reach these protected levels as shown in
Study 2, thus explaining why muscle glycogen repletion is only partial in these studies.
Consistent with this interpretation, one study performed on humans subjected to a prolonged
fast (>16 hours) and with pre-exercise glycogen levels close to those thought to be protected
in this thesis showed that almost all of the glycogen mobilised during exercise was
replenished during the subsequent recovery period irrespective of muscle fibre types
(Fairchild et al., 2003).

The evidence provided here in humans and from earlier work in other species that muscles
protect pre-set levels of glycogen against sustained depletion raises the obvious question of
the biological significance of such an attribute. In Studies 1, 2 and 3 we proposed that
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skeletal muscles protect their glycogen stores at levels high enough for glycogen to support
at least one sprint to exhaustion. In support of this view, our findings show that the levels at
which muscle glycogen appears to be protected (~200-300 mmol. kg-1 d.w.) in humans are
high enough to support more than one sprint to exhaustion. Indeed, the amount of glycogen
mobilised during an all out maximal intensity 30-second cycling or running sprint resulting
in a near 50% fall in power ranges between 70 and 100 mmol. kg-1 d.w. in humans (Jacobs et
al., 1982; Cheetam et al., 1986; Nevill et al., 1989; Bogdanis et al., 1995; Hargreaves et al.,
1997; Barnett et al., 2004). This indicates that approximately 100 mmol. kg-1 d.w. of
glycogen provides a reasonable estimate of the amount of glycogen broken down in a sprint
to exhaustion, and that for muscle glycogen not to limit sprint performance at least that
amount of glycogen should be protected. A close survey of the literature reveals that other
animal species (eg fish, amphibians, reptiles, mammals) also replenish their muscle
glycogen stores to levels high enough for them to have the capacity to engage in at least one
maximal sprint to exhaustion without depleting completely their muscle glycogen stores
(Table 6.1; Gratz and Hutchison, 1977; Glesson 1982, 1996; Milligan and Wood, 1986;
Gleeson and Dalessio, 1989; Pagnotta and Milligan 1991; Fournier and Guderley, 1992;
Girard and Milligan, 1992; Milligan, 1996; Nikolovski et al., 1996; Bräu et al., 1997; 1999;
Ferreira et al., 2001; Raja et al., 2003; 2004). It is important to note, however, that humans
and several other species appear to protect their glycogen stores at levels way in excess of
what is required to support one sprint to exhaustion (Table 6.1). Given that some muscle
glycogen is also mobilised to support muscle aerobic activity of moderate intensity, it is
perhaps not surprising that muscle glycogen in several species is protected at levels that are
in excess of what can be mobilised during a sprint to exhaustion. Otherwise, glycogen levels
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Protected level of muscle glycogen and predicted number of sprint to

exhaustion.
Studies

Species

Glycogen used
during sprint to
exaustion
(µmol.g-1 w.w.)

Protected level
of muscle
glycogena
(µmol.g-1 w.w.)

Number of sprint
until depletion of
muscle glycogen

Gratz and Hutchinson
(1977)

Snake

42.0

77.8

1.9

Gleeson (1982)

Lizard

12.3

21.6

1.8

Fish

12

13.3

1.1

Lizard

14

58.2

4.2

Fish

5.0

6.0

1.2

Frog

30.0-38.3

90.0-103.3

2.7-3.0

Fish

4.0

6.0

1.5

Fish

4.0

6.0

1.5

Rat

13.3-13.7

15.5-16.3

1.2

Bräu et al (1997)

Rat

10.0-15.0

16.7-19.2

1.3-1.5

Bräu et al (1999)

Mouse

10.0-15.0

13.8-16.3

1.1-1.3

Ferreira et al (2001)

Rat

10.5-16.3

12.5-21.3

1.3-1.9

Raja et al (2003)

Rat

10.7-12.6

13.9-17.1

1.3-1.4

Raja et al (2004)

Rat

17.1-21.8

17.1-21.0

0.8-1

Miligan and Wood
(1986)
Gleeson and Dalessio
(1989)
Pagnotta and Milligan
(1991)
Founier and Guderley
(1992)
Scarabello et al 1992)
Girard and Milligan
(1992)
Nikolovski et al
(1996)

a

Protected levels are assumed to correspond to those attained after recovery from a sprint to

exhaustion in previously fasted animals.
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in active animals might often fall below their protected levels, thus impairing muscle
capacity to engage in an intense bout of activity. The capacity of muscles to replenish
without food some or all of the glycogen mobilised during exercise raises the obvious
question of the identity of the carbon sources recruited for this process. Because all
participants in our three studies had to fast for at least 12 hours prior to exercise, the
resynthesis of muscle glycogen could only take place at the expense of endogenous
substrates. Since both the single and multiple bouts of high intensity exercise described in
Studies 1 and 2 were associated with a marked increase in lactate levels, this metabolite has
the potential to be a major carbon source for the repletion of muscle glycogen during
recovery. This interpretation is supported by several earlier studies which reported that
lactate, either directly or indirectly via its conversion to glucose, is an important carbon
source for glycogen repletion after intense exercise (Hermansen and Vague, 1977; Astrand
et al., 1986). However, in the absence of results for whole body lactate levels, it is
impossible to evaluate precisely the exact contribution of lactate to post-exercise muscle
glycogen synthesis. In study 3, however, lactate is unlikely to have played an important role
for glycogen repletion after prolonged exercise of moderate intensity since this type of
exercise results in little lactate accumulation. As discussed earlier, it is more likely that
glucose derived from amino acids was the most important carbon source in Study 3 as
suggested by the rise in urea production during recovery. Other than gluconeogenic amino
acids, other possible carbon sources for glycogen synthesis include hepatic glycogen, the
intramuscular pool of glycolytic intermediates, and the glycerol released from triglyceride
breakdown, but their relative contributions were not determined here although generally
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believed to be minimal (Favier et al., 1987; Bangsbo et al., 1991; Nikolovski et al., 1996;
Palmer and Fournier, 1997).

The notion of a “set point” where muscle glycogen levels are protected against sustained
depletion suggests that glycogen levels per se are involved in the regulation of the activity of
the enzymes involved in controlling the rates of glycogen synthesis and breakdown, namely
glycogen synthase and phosphorylase. Our results in Study 2 suggest that a fall in glycogen
stores below their protected levels results in the dephosphorylation-mediated activation of
glycogen synthase without affecting the low activation level of glycogen phosphorylase. As
a result, this results in net glycogen deposition until glycogen reaches its protected level at
which point the activation state of glycogen synthase is back to pre-exercise levels.

The absence of change in glycogen phosphorylase activity ratios between pre-exercise and
early recovery in Studies 2 and 3 suggests that changes in the phosphorylation state of this
enzyme is unlikely to play an important role for both the early post-exercise activation of
glycogen synthesis and for the return of glycogen to its protected levels in human. This is in
marked contrast to what has been reported in rats where the activation states of both
glycogen synthase and phosphorylase are affected in response to a bout of high intensity
exercise, with exercise resulting in a fall in the activity ratios of glycogen phosphorylase
before it returns to resting levels during recovery (Bräu et al., 1997; Ferreira et al., 2001).
This suggests that it is not only necessary to decrease the phosphorylation state of glycogen
synthase for glycogen synthesis to occur without food after exercise in rats, but also the
proportion of glycogen phosphorylase in the active phosphorylated form must also decrease
for optimal glycogen deposition to occur (Bräu et al., 1997). Maybe the different responses
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of glycogen phosphorylase between humans and rats are related to the pre-exercise
activation state of glycogen phosphorylase in rat muscles being much higher than in
humans, thus necessitating its transient deactivation for glycogen stores to return to their
protected levels after exercise.

The possible existence of a feedback mechanism between muscle glycogen concentrations
and the activation of glycogen synthase by reversible phosphorylation suggests that some
mechanism(s) must exist whereby glycogen or surrogate markers of glycogen concentrations
are sensed to stimulate the synthesis of glycogen. Given that glycogen is bound to proteins
involved in its synthesis and degradation including for instance glycogen synthase, glycogen
phosphorylase and associated regulatory kinases and phosphatases to form a complex known
as glycosomes, low muscle glycogen levels in this complex could result in a fall in the
glycogen-mediated inhibition of glycogen synthase phosphatase and phosphorylase
phosphatase activities (Villar-Palasi, 1969; Gilboe and Nuttall, 1972; Mellgren and
Coulson,1983) together with a decrease in the glycogen-mediated activation of
phosphorylase kinase (Krebs et al., 1964; Gross and Mayer, 1974; Meinke and Edstrom,
1991), an enzyme that phosphorylates both glycogen synthase and phosphorylase (Cohen,
1986). As a result, this could provide a mechanism whereby glycogen synthesis is activated
when muscle glycogen is below its protected levels. In addition, AMPK bound to glycogen
could also play an important role (Fig 6.1) in light of the recent findings by McBride and
colleagues (2009) that AMPK might act as a “glycogen sensor” with its activity being
inhibited by low glycogen levels. As a result of inhibiting AMPK when glycogen levels are
low, the phosphorylation of glycogen synthase by AMPK could be impaired hence allowing
glycogen synthase to become activated. Finally, since low glycogen content is associated
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with an increase in insulin-stimulated Akt phosphorylation (Jensen et al., 2006), this might
contribute to increased glucose uptake after exercise. However, the mechanism underlying
the activation of Akt when muscle glycogen levels are low remains unclear.

Figure 5.1
Proposed mechanism whereby low muscle glycogen levels stimulate muscle
glycogen synthesis post-exercise
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Altogether, the increase in glucose transport and the dephosphorylation-mediated activation
of glycogen synthase could pave the way for rapid glycogen resynthesis. Although our
studies suggest that glycogen synthase plays an important role in both the post-exercise
activation of glycogen synthesis and for the return of glycogen to its protected levels in
human, the relative roles of the different kinases and phosphatases shown in Chapter 1 to
affect glycogen synthase as well as the mechanisms by which glycogen levels are protected
remain to be established.

The notion that muscles protect preset levels of glycogen against sustained depletion might
also help explain the well-established reverse hyperbolic-shaped relationship between
glycogen content and glycogen synthase activation state (Danforth, 1965; Bergstrom et al,
1972; Nielsen et al, 2001; Nielsen and Richter 2003; Lai et al., 2007), with the activity of
glycogen synthase decreasing as glycogen concentration increases up to a point above which
a further rise in muscle glycogen is accompanied by little or no change in glycogen synthase
activity ratio. Until now, it was unclear why glycogen synthase activity responds in such a
way to glycogen levels, particularly in the upper range of glycogen concentrations. Our
findings shows that the threshold concentration of glycogen below which glycogen synthase
activity ratio increases markedly with a fall in glycogen level (<300 mmol. kg-1 d.w., Fig.
5.2) corresponds to the levels where muscle glycogen have been proposed here to be
protected (200-300 mmol. kg-1 d.w.). On this basis, we tentatively propose that one of the
main functions of regulating glycogen synthase activity by reversible phosphorylation might
be to protect muscle glycogen against sustained depletion by providing a feedback
mechanism whereby glycogen below its protected level promotes the activation of glycogen
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synthase. Since there is evidence that the control site of glycogen synthesis is glycogen
synthase when glycogen levels are low and glucose transport when glycogen levels are
elevated (Montell et al., 1999, Fisher et al., 2002), we propose that below the protected
levels of glycogen, glycogen synthase plays the major role in controlling the rate of
glycogen synthesis, whereas above those levels it is glucose transport that plays this role.

Figure 5.2

Effect of glycogen concentration on the activation state of glycogen synthase

(Figure adapted from Bergstrom and colleagues, 1972.). The highlighted region on the graph
indicates the levels at which muscle glycogen stores appear to be protected based on our
findings.

Unfortunately, the above interpretation might be over simplistic given the distinct pattern of
change in glycogen synthase activity ratios in response to exercise of moderate and high
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intensity in Study 3. In response to high intensity exercise which results in muscle glycogen
falling to below their protected levels our results in Study 2 show that the activity ratio of
glycogen synthase increases at the onset of recovery and returns to basal pre-exercise levels
within 75 minutes of recovery at which time there is no more glycogen deposition. In
contrast, although the activity ratio of glycogen synthase also increases after moderate
intensity exercise, it remains higher than pre-exercise levels during the whole recovery
period even after no more glycogen is deposited, thus challenging our earlier interpretation
that regulation of glycogen synthase by reversible phosphorylation serves the purpose of
replenishing muscle glycogen to their protected levels. Since the levels of glycogen attained
after recovery from moderate intensity exercise are comparable to those reached after
recovery from intense exercise, this suggests that mechanisms independent of glycogen
levels also control the phosphorylation state of glycogen synthase after a exercise and that
these mechanisms are related to the type and/or duration of exercise. It is noteworthy that
others have reported that glycogen synthase remains activated during recovery from
moderate intensity exercise in fed individuals even after the return of their glycogen to preexercise levels and shown that the activation state of this enzyme is normalized only after
increasing muscle glycogen stores to supranormal levels (Kochan et al., 1979). On this
basis, it has been proposed that this sustained activation of glycogen synthase might serve to
“prime” glycogen synthase for the accumulation of supranormal levels of glycogen (Kochan
et al., 1979). The problem with this interpretation is that it is not clear why such “priming”
does not occur after a bout of high intensity exercise, since high carbohydrate intake after
this type of exercise can also lead to glycogen supercompensation (Fairchild et al., 2002).
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In conclusion, this thesis shows for the first time that there are some conditions (e.g. low
pre-exercise muscle glycogen levels) where humans recovering from intense exercise have
the capacity, like other species, to replenish completely their muscle glycogen stores from
endogenous carbon sources. This study also suggests that humans protect preset levels of
muscle glycogen against sustained depletion and at levels high enough to support at least
one maximal sprint effort to exhaustion. Evidence is also provided for the existence of a
feedback mechanism whereby glycogen below their protected levels mediate the activation
of glycogen synthase to restore the depleted muscle glycogen stores back to their protected
levels. Our findings, however, leave us with a number of novel unanswered questions which
clearly show that the regulation of glycogen metabolism is far from the simple process
generally depicted in most textbooks of biochemistry. In particular, the molecular
mechanisms whereby glycogen stores are protected remain to be determined. Furthermore,
there is the issue of the mechanisms that explain the marked difference in the levels at which
muscle glycogen stores are protected across species. Also there is the intriguing question of
whether these protected levels can be altered by dietary manipulation or exercise training.
Finally, even the notion that muscle protects some of its glycogen against sustained
depletion needs further corroboration.
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