
Review

Muscle glycogen and cell function – Location, location, location
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The importance of glycogen, as a fuel during exercise, is a
fundamental concept in exercise physiology. The use of
electron microscopy has revealed that glycogen is not
evenly distributed in skeletal muscle fibers, but rather
localized in distinct pools. In this review, we present the
available evidence regarding the subcellular localization of
glycogen in skeletal muscle and discuss this from the
perspective of skeletal muscle fiber function. The
distribution of glycogen in the defined pools within the
skeletal muscle varies depending on exercise intensity, fiber
phenotype, training status, and immobilization.
Furthermore, these defined pools may serve specific

functions in the cell. Specifically, reduced levels of these
pools of glycogen are associated with reduced SR Ca2+

release, muscle relaxation rate, and membrane
excitability. Collectively, the available literature strongly
demonstrates that the subcellular localization of glycogen
has to be considered to fully understand the role of
glycogen metabolism and signaling in skeletal muscle
function. Here, we propose that the effect of low muscle
glycogen on excitation-contraction coupling may serve as a
built-in mechanism, which links the energetic state of the
muscle fiber to energy utilization.

Glycogen and performance

Glycogen is a branched polymer of glucose, in which
cells store and mobilize glucose to meet their ener-
getic and synthetic demands. It is present in most
cells, but in mammals, the primary reserves are in the
muscle and the liver. In muscle, glycogen provides
glucose to meet the energetic requirements for move-
ment and it is the major destination of insulin-depen-
dent glucose transport.
In this review, we will focus on the role and plas-

ticity of glycogen localization in the muscle cell. For
a more detailed review of the mechanisms and fac-
tors affecting the glycogen distribution, see Nielsen
and Ørtenblad (2013) and Ørtenblad et al. (2013).
Already around the beginning of the 20th Century,

it was observed that the oxygen cost during physical
activity was higher when fat was the main substrate
compared to when carbohydrate was oxidized
(Zuntz, 1901; Frentzel & Reach, 1901). Later Krogh
and Lindhard (1920) aimed to determine the respira-
tory quotient during 2 h of ergometer cycling with
different diets and noted that “. . .on fat diets, the
fatigue became considerable and sometimes exces-
sive. . .” (Krogh & Lindhard, 1920). These studies
were followed by a series of studies by Christensen

and Hansen (1939), who directly demonstrated that
time to exhaustion at a fixed workload is dependent
on the carbohydrate content of the diet. With the
introduction of the needle biopsy technique to exer-
cise physiology in the 1960ties and the possibility to
study glycogen contents in the muscle, a series of
seminal studies providing new insight into muscle
glycogen regulatory mechanisms was conducted.
Thus, Hultman and co-workers demonstrated a
strong correlation between muscle glycogen content
and endurance capacity during prolonged cycling
exercise (Bergstr€om et al., 1967; Hultman, 1967; Per-
now & Saltin, 1971) and an inability to continue
exercise when the glycogen stores were restricted
(Hermansen et al., 1967). These observations have
subsequently been confirmed numerous times and it
is now well established that glycogen oxidation is of
major importance for ATP regeneration during exer-
cise. The relationship between muscle glycogen con-
tent and fatigue resistance is most apparent during
prolonged (>1 h) exercise, but also established dur-
ing high-intensity intermittent exercise (Gollnick
et al., 1972; Bangsbo et al., 1992; Hargreaves et al.,
1995). Accordingly, high pre-exercise muscle and
liver glycogen concentrations are believed to be
essential for performance (Hargreaves, 2000). The
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muscle glycogen content is approximately 300–
400 mmol glycosyl units/kg dw in untrained subjects,
and increased in trained subjects, who have up to
800–900 mmol glycosyl units/kg dw (Pernow &
Saltin, 1971; Duhamel et al., 2006; Gejl et al., 2014).
The glycogen utilization is very much dependent on
the exercise intensity. During exercise, the rate of
glycogen utilization is in the order of 0.6 to 3.6 mmol
glycosyl units/kg dw/min at 50% and 100% VO2max,
respectively, and can increase to 30–50 mmol glyco-
syl units/kg dw/min during maximal dynamic or sta-
tic contractions (Connett & Sahlin, 1996). Thus,
responses of muscle glycogen to perturbations such
as exercise and diet are now very well documented in
studies of humans as well as various animal models
(Jensen & Richter, 2011). However, the link between
glycogen depletion and the development of fatigue,
as well as the precise mechanism(s), whereby muscle
glycogen affects the series of events that ultimately
result in fatigue, are not fully understood. Interest-
ingly, it is also known that glycogen has other func-
tions such as being an energy store and that the size
of the glycogen stores affects, e.g., the carbohydrate
utilization, expression of various genes, insulin sensi-
tivity and basic cell function (Roach, 2002; Jensen &
Richter, 2011; Philp et al., 2012).

Role of muscle glycogen in muscle function

Although the fundamental aspects of glycogen regu-
lation are clearly documented in any biochemistry
text, with most single enzymatic and regulatory steps
well described, it is remarkable that the scientific
community has only theories to explain why exercise
cannot continue when muscle glycogen is low.
Hence, the link between glycogen depletion and the
development of fatigue, as well as the precise mecha-
nism whereby muscle glycogen affects the series of
events that ultimately result in fatigue, are not fully
understood. However, studies, from the single fiber
to the whole body level, collectively indicate that
steps in muscle activation are affected by glycogen
levels, with low glycogen levels being linked with
decreased muscle function (Chin & Allen, 1997; Bar-
nes et al., 2001; Nielsen et al., 2009; Ørtenblad et al.,
2011). The sequence of complex events leading to
contraction, collectively known as excitation-con-
traction (E-C) coupling, starts with action potentials
(APs) depolarizing the sarcolemma and the trans-
verse (T)-system membrane, which activates the volt-
age sensors in the triad junction and subsequently
opens the Ca2+ release channels in the sarcoplasmic
reticulum (SR) (Stephenson, 1996). The subsequent
10- to 20-fold increase in the cytosolic [Ca2+] leads
to activation of the contractile apparatus and force
generation in the muscle fiber. The mechanism(s) of
low glycogen affecting the muscle function may be

dependent on the muscle cell energy status, that is,
its [ATP], and a number of the steps in the E-C cou-
pling are either directly or indirectly dependent on
the energy level of the muscle fiber. Both the ion
pumping at the transverse tubular (t)-system and
sarcolemma (NaK-ATPase) as well as the SR
Ca-ATPase are directly dependent on ATP and are
affected by either low [ATP] or high by-products of
the metabolism (i.e., ADP or Pi). Also, the myosin
ATPases at the contractile apparatus are directly
dependent on ATP, and affected by metabolic
by-products (e.g., Pi).
Studies on the levels of SR vesicles from mechan-

ically skinned and intact rodent single fibers and
human studies, have pointed to a modulating role
of glycogen availability on SR Ca2+ handling
(Stephenson, 1996; Chin & Allen, 1997; Duhamel
et al., 2006; Nielsen et al., 2009, 2014; Ørtenblad
et al., 2011). Thus, by using both rat and toad fiber
bundles, it has been demonstrated that when recov-
ery after glycogen-reducing contractions occurs in
the absence of glucose, glycogen does not recover
and fiber bundles fatigue more rapidly and show
reduced tetanic intracellular [Ca2+] transients in a
subsequent fatigue run (Chin & Allen, 1997). In
line with this, studies on SR vesicles from trained
and untrained human muscle, from both arm and
leg, have demonstrated an association between
reduced muscle glycogen and decreased SR vesicle
Ca2+ release rate (Duhamel et al., 2006; Ørtenblad
et al., 2011; Gejl et al., 2014). Furthermore, from
these human studies, it is evident that muscle glyco-
gen levels should be below approximately
300 mmol/kg dw before the SR vesicle Ca2+

release rate is impaired. Also, by using the mechan-
ically skinned muscle preparation, where bulk
myoplasmic ATP and PCr concentration can be
kept high and constant, muscle glycogen content
and muscle fatigability have been shown in several
studies (Stephenson et al., 1999; Barnes et al.,
2001; Nielsen et al., 2009) but not all (Goodman
et al., 2005). Thus, muscle glycogen level affects the
E-C coupling, and presumably the SR Ca2+ release
rate, irrespective of myoplasmic high bulk ATP
concentrations. Importantly, the association
between low glycogen and E-C coupling failure
with high bulk [ATP] does not preclude an energy-
dependent mechanism and compartmentalized
energy transfer between glycogenolytic derived
ATP and energy-controlled processes in the E-C
coupling. This may include an optimal coupling
between voltage sensors and SR RyRs in the triad
junction (see the paragraph the compartmentalized
cell). Together, these data strongly point to the
emerging possibility that reduced muscle glycogen
results in an impairment of SR function and/or
other steps in the E-C coupling.
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The compartmentalized muscle cell

Several conditions need to be satisfied for the muscle
cell to sustain an optimal energy production from
the glycogen stores in order to keep energy home-
ostasis: (1) a fast and constant conversion of glyco-
gen to ATP, which in turn is dependent on a high
capacity and fast regulation of the enzyme machin-
ery, as well as a close proximity of these regulating
enzymes and the glycogen itself and (2) a short diffu-
sion distance between the ATP production site and
the metabolically sensitive steps in the E-C coupling.
The first criterion is met by the existence of the glyco-
gen particles with the associated enzymes and regu-
lating proteins, and the second criterion is met with
the spatial distribution of these particles in the mus-
cle cell. Both of these conditions are met by the bio-
chemical arrangement of the glycogen particles and
by the spatial distribution of these particles in the
muscle cell.
In muscle cells, specialized cellular functions are

highly organized within structural and functional
compartments. The main constituent of the muscle
fiber is the myofibrils occupying around 80% of the
volume, serving as the molecular motor of the muscle
fiber. The myofibrils are surrounded by the SR, with
the terminal cisternae abutting the t-tubular system
on each side of the z-line. This arrangement ensures
the conversion of the action potential to the SR
Ca2+ release and eventually, to muscle contraction.
Together, the t-system and the SR form a triad junc-
tion, around 12 nm wide, with a diffusional
restricted space of more than 90% of the t-system’s
length, and with a high metabolic activity (Dulhunty
et al., 1984). The ATP-producing mitochondria are
located just beneath the sarcolemma and mostly
between the myofibrils, mainly near the I-band
(Ørtenblad & Stephenson, 2003). Thus, the highly
organized muscle cell forms many compartments
and thereby microenvironments with high ATPase
activity and restricted diffusional access of metabo-
lites. In line with this, glycogen and enzymes in the
glycolytic pathway are localized in these restricted
areas of the muscle cell with a high and fluctuating
energy turnover, and may serve as a mechanism to
both channel and control the muscle cell energy turn-
over in order to avoid deleterious energy deficits in
the cell (Han et al., 1992). In line with this, several
studies suggest that glycolytic ATP production is
linked to membrane ion transport mechanisms
(NaK-pumps and SR Ca2+ pumps) involved in
skeletal muscle E-C coupling and subsequent relax-
ation (for review see Dhar-Chowdhury et al., 2007).
This specialized role of glycolytic ATP is likely to
derive from the close association of the glycogen par-
ticles, glycolytic enzymes and the membrane ion
transporters (Wanson & Drochman, 1972; Entman

et al., 1980; Xu & Becker, 1998; Kruszynska et al.,
2001) creating an optimal arrangement for efficient
energy transfer. Therefore, exhaustion of endoge-
nous glycogen stores could impair E-C coupling
despite the availability of high amounts of energy-
rich phosphates.
Furthermore, the cytosol of the muscle cell is tra-

ditionally interpreted as being a homogeneous com-
partment with freely diffusible proteins, ions and
metabolites. Although the cytosol is an aqueous
environment, the high concentration of molecules
makes it very different from dilute aqueous solu-
tions. The high density in the cytosol can be calcu-
lated to render the aqueous phase as a gel-like
structure with poor diffusability (Srere, 1967; Ling &
Walton, 1976). Thus, diffusion of metabolite inter-
mediates and end products may be very limited and
a slow process that is insufficient to provide
energy supply in cells with a high metabolism, such
as muscle cells.

Subcellular distribution of glycogen

In recent studies (Marchand et al., 2002, 2007; Niel-
sen et al., 2009, 2010a,b, 2011, 2014, 2015), the sub-
cellular distribution of glycogen has been described
on the basis of definitions of three locations
(Fig. 1a–c): (a) subsarcolemmal glycogen, which is
particles located from the outermost myofibril to the
sarcolemma (Fig. 1b); (b) intermyofibrillar glycogen,
which is particles located between the myofibrils
(Fig. 1c); and (c) intramyofibrillar glycogen, which is
particles located within the myofibrils (Fig. 1c).
These definitions are based on the seminal observa-
tions by Frid�en and co-workers suggesting a localiza-
tion-dependent utilization of glycogen during
various types of exercise (Sj€ostr€om et al., 1982;
Frid�en et al., 1985, 1989).
Using three different approaches, it has been

shown that the link between glycogen and muscle
fatigue most likely originates from a connection
between intramyofibrillar glycogen and SR Ca2+

release. This was shown in mechanically skinned rat
muscle fibers (Nielsen et al., 2009), isolated human
SR vesicles (Ørtenblad et al., 2011), and intact
mouse muscle fibers (Nielsen et al., 2014). Interest-
ingly, intramyofibrillar glycogen is also preferentially
depleted during prolonged exercise (Marchand et al.,
2007; Nielsen et al., 2011), which suggests that this
could be the explanation for the glycogen-dependent
component in the complexity of muscle fatigue.
However, a study showing a gain of function with
elevated levels of intramyofibrillar glycogen still
remains to be conducted.
Of the three glycogen locations, the cellular vol-

ume fraction of intramyofibrillar glycogen seems to
be easily influenced by several factors and this
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particular pool will be the focus in this review (see
Nielsen & Ørtenblad, 2013 for a discussion of the
regulation of intermyofibrillar and subsarcolemmal
glycogen). Intramyofibrillar glycogen is preferen-
tially restored after exercise accompanied by severe
depletion of glycogen (Marchand et al., 2007) but
not after exercise with only modest depletion (Niel-
sen et al., 2011, 2012). Recently, the cellular volume
fraction of intramyofibrillar glycogen was doubled
early in recovery (3–24 h) after completion of an
eccentric exercise bout (15 9 10 contractions) (Niel-
sen et al., 2015) indicating that a factor associated
with muscle contractions could be the signal to store
glycogen within the myofibrils. Conversely, 2 weeks
of cast immobilization induced a 50% down-regula-
tion of intramyofibrillar glycogen in vastus lateralis
(Nielsen et al., 2010b). It would, therefore, be logical
that regular endurance training would mediate a
preferential increase in intramyofibrillar glycogen.
However, 10 weeks of aerobic training of obese indi-
viduals did not increase intramyofibrillar glycogen

more than in the other locations, and further, the
high level of intramyofibrillar glycogen found in elite
endurance-trained athletes (Nielsen et al., 2011) can
be achieved in the recovery period after only one
bout of exercise (Nielsen et al., 2015).
Further insights into the role and regulation of

intramyofibrillar glycogen may be achieved by com-
paring different species. There is a remarkable differ-
ence in the total glycogen content in skeletal muscle
between rodents and humans, with the rat (soleus)
and mouse (FDB) having only approximately 30%
and 20%, respectively, of the total glycogen content
found in human muscle fibers from vastus lateralis
and triceps brachii. Also, the relative subcellular dis-
tribution of glycogen is markedly different between
these rodent and human skeletal muscles (Fig. 1c),
with intramyofibrillar glycogen comprising approxi-
mately 70%, 25%, and 9–12% in the investigated
mouse, rat, and human skeletal muscle, respec-
tively (Nielsen et al., 2011, 2014 and unpublished
observations). Strikingly, the absolute level of

(a)

(c)

(b)

(d)

Fig. 1. Despite large differences in total glycogen content, skeletal muscles from mice and humans display equal amounts of
glycogen located within the myofibrils (intramyofibrillar glycogen). (a) Overview electron microscopy image (magnification
93200) of a human skeletal muscle fiber. (b) Electron microscopy image (magnification 940 000) of the subsarcolemmal
region. Gray circle indicates the location of the subsarcolemmal glycogen particles (black dots) often found close to mitochon-
dria. (c) Electron microscopy image (magnification 940 000) of the myofibrillar region showing the intermyofibrillar (white
circle) and intramyofibrillar (black circle) glycogen particles. (d) Glycogen volume per fiber volume as distributed in the three
different locations of a mouse FDB skeletal muscle (data adapted from Nielsen et al., 2014) compared with human skeletal
type I and II muscle fibers (data adapted from Nielsen et al., 2011).
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intramyofibrillar glycogen is very similar across these
species, comprising around 0.3–0.5 volume percent
of the fiber, independent of the total glycogen con-
tent. Based on this finding, intramyofibrillar glyco-
gen may have a fundamental role in maintaining
normal E-C coupling, which necessitates a certain
amount of glycogen in this pool.
Furthermore, we found differences in the mean

glycogen particle diameter in mouse (15 nm), rat
(24 nm) and human type I (28 nm) and II
(30 nm) muscle fibers. This could be speculated to
be due to differences in resting turnover rates of
the glycogen particles in response to higher resting
metabolic rate of small mammals. Importantly,
there is an exponential relationship between glyco-
gen particle diameter and the number of glycosyl
units (Shearer & Graham, 2004), which in our cal-
culations of the cellular glycogen volume fractions
are taken into account by correcting the volume
fraction estimate for differences in particle size (as-
sumed to be spheres) as proposed by Weibel
(1980, equation 4.20). In general, we find a high
concordance between the cellular glycogen volume
fraction as estimated by electron microscopy and
a biochemical measurement [R2

C = 0.56,
P < 0.0001 (see Nielsen et al., 2011)].

Conclusions

Skeletal muscle fibers are highly organized cells
where organelles and inclusions are arranged in
order to obtain an efficient E-C coupling and accom-
panying energy production and delivery despite only
limited free diffusion of molecules. Within this
framework glycogen particles are stored in different
locations serving different tasks. In particular, glyco-
gen particles located within the myofibrils seem to be
important for SR Ca2+ release and, in turn, normal
E-C coupling.

Physiological significance of a link between
glycogen and the E-C coupling

It is of vital importance for living cells to possess
signaling systems that keep the balance between
ATP utilization and ATP production because the
[ATP] must remain within a narrow range for nor-
mal cell function and a significant depletion of
ATP has irreversible deleterious effects on cell
functional integrity. This should be particularly
important for cells that have a high ATP turn-
over, where energy turnover in skeletal muscle can
increase dramatically up to 20-fold during aerobic
exercise and 1- to 200-fold during high intensity
exercise. Thus, the muscle is faced with intricate
problems related to metabolic regulation during
exercise. The precision of adjusting the rate of

ATP-generating processes to the energy require-
ments is remarkable and is achieved by both feed-
forward and feedback control (Hochachka &
Matheson, 1992) (Fig. 2). There are several well-
known pathways whereby the rate of ATP produc-
tion is regulated by processes associated with a
change in ATP demand. However, in order to
ensure that the rate of ATP utilization does not
exceed the maximum capacity of ATP production
it would be necessary that cells have a reverse sig-
naling pathway whereby the ATP-generating
capacity restrains the rate of ATP utilization.
Glycogen breakdown is of major importance for
ATP regeneration during exercise and therefore
low glycogen may possess such a feedforward sig-
nal, restraining the energy turnover. Reduced
levels of muscle glycogen is associated with both
reduced SR Ca2+ release (Duhamel et al., 2006;
Nielsen et al., 2009, 2014; Ørtenblad et al., 2011)
and membrane excitability (James et al., 1999;
Dutka & Lamb, 2007). Thus, at low glycogen
levels, reduced SR Ca2+ release will decrease the
muscle cell Ca2+ turnover and thereby be a feed-
forward signal restraining the rate of ATP utiliza-

Fig. 2. Proposed physiological significance of glycogen
affecting the E-C coupling steps. The conventional view of
ATP homeostasis in muscle is that feedback signals, such
as ADP, Pi, the cyclic AMP cascade and Ca2+, stimulate
the ATP production, keeping the ATP homeostasis during
high ATP utilization. However, in order to ensure that
the rate of ATP utilization does not exceed the maximum
capacity of ATP production, it would be necessary that cells
have a reverse signaling pathway whereby the ATP-generat-
ing capacity restrains the rate of ATP utilization. Glycogen
breakdown is of major importance for ATP regeneration
during exercise and therefore low glycogen may possess such
a feedforward signal, restraining the energy turnover by
decreasing SR Ca2+ release and membrane excitability. This
would decrease the muscle cell Ca2+ turnover and thereby
reduce the rate of ATP utilization.
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tion, while allowing a weaker muscle contraction,
but nevertheless a contraction in response to nerve
stimulation. This effect of low muscle glycogen on
E-C coupling may serve as a built-in mechanism,
which links the metabolic/energetic state of the

muscle fiber to energy utilization, preventing com-
plete energy depletion in the triad junction.

Key words: Glycogen granule, energy compartmen-
talization, exercise, E-C coupling.
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