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Glycogen storage disease type IV (GSD 1V) is caused by mutations in the glycogen branching enzyme gene
(GBET1) that lead to the accumulation of aberrant glycogen in affected tissues, mostly in the liver. To
determine whether dysfunctional glycogen metabolism in GSD IV affects other components of cellular
bioenergetics, we studied mitochondrial function in heterozygous Gbel knockout (Gbeﬁ/’) mice.
Mitochondria isolated from the livers of Gbe1*/~ mice showed elevated respiratory complex I activity and

increased reactive oxygen species production, particularly by respiratory chain complex IIl. These ob-
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servations indicate that GBE1 deficiency leads to broader rearrangements in energy metabolism and that
the mechanisms underlying GSD IV pathogenesis may include more than merely mechanical cell damage
caused by the presence of glycogen aggregates.

© 2021 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights

reserved.

1. Introduction

Glycogen branching enzyme (GBET1, EC 2.4.1.18) introduces reg-
ular branching points in the glycogen structure during its synthesis.
The branched structure of glycogen improves its solubility in the
intracellular milieu and provides an essential amount of free ends
for glycogen synthesis and degradation [1]. Proper glycogen
structure may also be important for the interaction of glycogen
with proteins regulating glycogen turnover as well as other meta-
bolic pathways [2].

The importance of GBE1 activity to cell function becomes
apparent when we look at the consequences of pathogenic muta-
tions in the GBE1 gene, causing glycogen storage disease type IV

Abbreviations: BSA, bovine serum albumine; CCCP, carbonyl cyanide m-chlor-
ophenylhydrazone; CI, CII, ClII, CIV, respiratory complexes I, II, IIl and IV; CoQ, co-
enzyme Q; GBE1, glycogen branching enzyme; GSD IV, glycogen storage disease
type IV; HSP60, 60 kDa heat shock protein; ROS, reactive oxygen species; TIM23,
mitochondrial import inner membrane translocase subunit; TOM20, translocase of
outer membrane 20 kDa subunit; WT, wild-type.
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(GSD V) [3]. This disease is characterized by the intracellular
accumulation of structurally abnormal, poorly branched glycogen
molecules, accompanied by dysfunctions in the liver, cardiac and
skeletal muscle, and neural tissue [4]. The intracellular mechanisms
responsible for those dysfunctions remain poorly studied, and it is
not clear to what extent the secondary metabolic disturbances may
contribute to cell damage.

Several mouse models of GBE1 deficiency with different extents
of decreased GBE1 activity have been described [5—8]. Homozy-
gous Gbe1 knockout in mice was lethal during fetal development or
in the perinatal period [5,6], while heterozygous Gbel knockout
was accompanied by altered liver glycogen structure, but there was
no accumulation of excessive glycogen in this tissue [8]. In the livers
of aged Gbel™/~ mice, we found increased oxidative stress and
decreased activity of mitochondrial respiratory complex I, indi-
cating that the impaired glycogen structure accompanying GSD IV
can lead to cellular stress even in the absence of glycogen over-
accumulation [8].

Oxidative stress occurs when reactive oxygen species (ROS)
synthesis overwhelms intracellular antioxidant mechanisms. One
of the intracellular ROS sources is the mitochondrial respiratory
chain [9]. Moderate ROS release from mitochondria participates in
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intracellular signaling, such as in the feedback regulation of mito-
chondrial function [10]. However, when produced in excess, mito-
chondrial ROS are potentially harmful to the cell. There is increasing
evidence that mitochondrial dysfunction is involved in the patho-
genesis of various metabolic or neurodegenerative diseases [11],
and thus, interest in investigating mitochondrial function under
pathological conditions has emerged.

In previous work, we presented evidence for increased oxidative
stress and impairment within the mitochondrial respiratory chain
in the livers of aged Gbe1*/~ mice [8]. In the current study, we
performed a more detailed investigation of mitochondrial function
and mitochondrial ROS production in GBE1-deficient mouse liver
tissue.

2. Materials and methods

The Gbel heterozygous knockout mouse on a C57BL/6 mouse
background was obtained as described previously [8]. The animals
analyzed were adult males (4 months old), and experiments were
conducted using littermates. All procedures were approved by the
PCB Animal Experimentation Committee and were in accordance
with the National Institutes of Health and the European Commu-
nity Council Directive guidelines for the care and use of laboratory
animals.

Mouse liver mitochondria were isolated by differential centri-
fugation [12]. Livers were homogenized in cold isolation medium
(225 mM mannitol, 75 mM sucrose, 0.1 mM EGTA, 5 mM Tris, 5 mg/
ml bovine serum albumin (BSA), pH 7.4) with a motor-driven
Potter-Elvehjem homogenizer (600 rpm). Debris was removed by
two centrifugations at 740xg for 5 min. Mitochondria were then
sedimented by means of a 10-min centrifugation at 9000xg and
subsequently washed in isolation medium without BSA. The ob-
tained mitochondrial pellet was suspended in isolation medium
without BSA, supplemented with 1 mM MgCl,. All procedures were
carried out on ice, centrifugations were performed at 4 °C.

Oxygen consumption rates were measured with an 02k oxy-
graph (Oroboros Instruments, Austria) at 30 °C in measurement
medium (110 mM mannitol, 60 mM Tris, 60 mM KCl, 10 mM
KH3PO4, 0.5 mM EDTA, 5 mM MgCly, pH 7.4) with 10 mM glutamate
and 10 mM malate as respiratory substrates. Respiratory state 3 was
achieved by the addition of 0.4 mM ADP.

The release of reactive oxygen species (ROS) from isolated
mitochondria was measured as described previously [13] at 30 °Cin
the same measurement medium as in the respiratory measure-
ments, using an Amplex red fluorescent probe (1 M) in the pres-
ence of horseradish peroxidase (20 U/ml) and superoxide
dismutase (35 U/ml). Amplex red oxidation was followed at
Aex = 560 nm and Aey = 590 nm. At the end of each measurement,
13 800 U/ml catalase was added, and the catalase-insensitive slope
was subtracted from the measurement results. In each experiment,
liver mitochondria were isolated in parallel from one mouse with
wild-type Gbel (WT) and one Gbel™/~ mouse, and the measure-
ments from both preparations were taken simultaneously.

The activities of respiratory complexes I (CI), Il (CII) and IV (CIV)
were measured with microplate ELISA kits (Abcam, UK) following
the manufacturer’s instructions. Citrate synthase (CS) activity was
determined as described previously [14]. The levels of respiratory
proteins were checked by Western blot with the use of Total
OXPHOS Rodent WB Antibody Cocktail (Abcam). The mitochondrial
content of the homogenates was checked by Western blot with the
antibodies directed against 60 kDa heat shock protein, HSP60
(Abcam), mitochondrial import inner membrane translocase sub-
unit TIM23 (Abcam) and translocase of outer membrane 20 kDa
subunit, TOM20 (Santa Cruz Biotechnology, USA).
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3. Results and discussion

In our previous study, we detected increased oxidative stress
and impaired mitochondrial respiratory chain function in the livers
of aged Gbe1*/~ mice [8]. Those animals had 50% decrease in Gbel
levels [8] and activities (unpublished data) in the liver, resulting in
mild decrease in glycogen branching degree but not leading to
excessive glycogen accumulation [8]. Since mitochondria are
important intracellular ROS sources, we took a closer look at
mitochondrial function and ROS production in the livers of young
Gbe1*!~ animals.

The respiration rates were similar in mitochondrial preparations
from the livers of WT and Gbel"/~ mice (Fig. 1A). In contrast, ROS
production was significantly higher in Gbe1*/~ mouse mitochon-
dria, irrespective of which substrates were used to fuel the mito-
chondrial respiratory chain: glutamate and malate, which drive CI-
dependent respiration, or succinate, which is a CII substrate
(Fig. 1C). This reveals, that in Gbel-deficient mouse liver tissue
alterations of intracellular ROS synthesis can be observed much
earlier than the symptoms of oxidative tissue damage [8].

In mitochondrial respiratory chain the main superoxide-
producing sites are located at CI and CIII [9,15]. Those two sites
differ with respect to the intracellular compartment to which the
superoxide is released: CllI-derived superoxide is released mostly
into the intermembrane space, while CI is responsible for ROS
release into the matrix [15]. As a result, superoxide produced at
these two sites has different potential targets and physiological
effects [16]. In isolated mitochondria fueled with either
glutamate + malate, or with succinate, both CI and CIII can
contribute to the superoxide synthesis (Fig. 1B): when succinate is
used, ROS synthesis by CI depends on the extent of reversed elec-
tron transfer from CII to CI, while forward electron transfer drives
the CllI-dependent ROS synthesis [17]. To assess the contribution of
CI and CIII to the observed increase in ROS synthesis in the liver
mitochondria of Ghe1*/~ mice, we checked the effect of respiratory
chain modulators on mitochondrial ROS release. Since ROS syn-
thesis by the respiratory chain strongly depends on the redox status
of the superoxide-releasing sites [9], we modulated respiratory
chain redox state with the following chemicals: protonophore
carbonyl cyanide m-chlorophenylhydrazone (CCCP, 1 uM), which
dissipates mitochondrial membrane potential, promoting oxidation
of respiratory chain redox centers, and the respiratory chain in-
hibitors: CI inhibitor rotenone (1 pM) and CIII inhibitor antimycin A
(2 pg/ml), which lead to a reduction in reaction centers upstream of
the inhibitor target site. Out of the conditions applied, the most
significant difference between mitochondria isolated from the
livers of WT and Gbel™~ mice was found in the presence of
succinate + rotenone or succinate + CCCP (Fig. 1C and D). The
common feature of these two conditions is that Cl is not involved in
electron transfer, since electrons are introduced to the chain at CII
and reverse electron transfer through ubiquinone to Cl is prevented
either via inhibition of CI by rotenone or via depolarization of
mitochondria by CCCP. Thus, ROS measured under these conditions
originate mostly from CIII. Additionally, leveling ROS generation of
WT and Gbel*!~ mitochondria fueled with glutamate + malate
upon addition of rotenone speaks for CIII being responsible for the
higher ROS release from Gbe1*/~ liver mitochondria also in the
presence of CI substrates.

There are several factors that determine Clll-dependent super-
oxide release. The main is the CoQ redox state, which depends on
the CoQ content, relative activities of respiratory complexes as well
as on organization of the respiratory chain into supercomplexes
[18,19]. Interestingly, the alterations of CoQ content as well as of
respiratory supercomplexes organization have been postulated to
play a role in various metabolic diseases due to their impact on
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Fig. 1. ROS production and respiration rates in isolated liver mitochondria from wild-type (WT) and Gbe1*/~ mice. (A) Mitochondrial respiration rates in presence of glutamate and
malate only (state 2) and after ADP addition (state 3). Graphs present mean values + SD from n = 4 independent experiments. The measurements were performed with 0.15 mg of
mitochondrial protein in 2.1 ml final volume of the measurement medium. (B) Mitochondrial respiratory chain - sites of action of the applied inhibitors. (C) ROS production by
isolated mouse liver mitochondria. In each experiment the preparations from one WT mouse and one Gbel*/~ mouse livers were prepared and analyzed in parallel. The results were
normalized to the values measured in particular experiment for WT mitochondria in the presence of glutamate + malate + CCCP. Graph presents mean values + SD from n = 4
independent experiments. *p < 0.05, **p < 0.01 compared to WT, according to Student’s t-test. (D) Representative traces of Amplex red oxidation by WT (grey lines) and Gbe1*/~
(black lines) mice liver mitochondria in selected experimental options. For each measurement, 30 pg of mitochondrial protein was used in 0.5 ml of the measurement medium. anti:
antimycin A, cat: catalase, CoQ — coenzyme Q, cyt ¢ — cytochrome c, IMS — mitochondrial intermembrane space, rot: rotenone, succ: succinate.

mitochondrial ROS production [20,21]. Apart from CoQ redox state,
ROS release from CIII can be affected by cytochrome c content in the
intermembrane space as well as by total CIII levels and activities
[18]. In our study, similar ROS production rates in the presence of
antimycin A indicate comparable maximal capacity of CIII to pro-
duce superoxide in both groups. Moreover, the content of repre-
sentative respiratory chain proteins did not differ between WT and
Gbe1*/~ mice mitochondria, showing similar content and stoichi-
ometry of particular respiratory complexes (Fig. 2B). We detected
the increased Cl activity in the liver mitochondria from Gbel™~
mice (with CII and CIV activities not differing between the groups)
(Fig. 2A), however, this does not clarify the elevated ROS production
under conditions when electron transfer bypassed CI. Thus, the
exact reason of higher CllI-dependent ROS release in mitochondria
from Gbe1l-deficient livers remains to be determined.

In addition to studying isolated mitochondria, we also investi-
gated the content and activity of mitochondrial respiratory com-
plexes in total liver homogenates. In contrast to what was seen in
isolated mitochondria, the activities of CI were similar in homog-
enates from WT and Gbel*/~ mice (Fig. 2C). Determination of
mitochondrial markers (CS activity and the levels of proteins
characteristic for different mitochondrial compartments: matrix
protein HSP60, TIM23 from the inner mitochondrial membrane and
TOM20 from the outer mitochondrial membrane) revealed, that
mitochondrial content did not differ significantly between the
groups (Fig. 2C and D). In the liver homogenates from Gbe1*/~ mice
the levels of respiratory chain proteins seemed slightly increased,
but without reaching statistical significance (Fig. 2D). The observed
discrepancy between the results obtained for isolated mitochon-
dria and whole tissue homogenates concerning CI activity may
reflect the fact, that mitochondrial preparations contain a
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subpopulation of all mitochondria present in the tissue [22,23],
which should always be taken into consideration in experiments
based on subcellular fractionation. The obtained results indicate,
that in Gbe1*/~ mouse livers a subpopulation of mitochondria with
lower CI activity was not present in the final mitochondrial pellet,
possibly due to its higher fragility and disruption during the
isolation procedure. Increased CI activity in isolated Gbe1*/~ liver
mitochondria preparations can reflect an adaptive response to
compensate for lower CI activity in another mitochondrial sub-
population. Interestingly, in our previous studies performed with
aged Gbel*/~ mice, we detected lower complex I activity in liver
homogenates from Gbel*/~ animals than from WT littermates,
indicative of respiratory chain damage progressing with age [8].

To date, the issue of mitochondrial dysfunctions has not been
explored in GSD IV, however there are reports showing mito-
chondrial alterations in other types of GSDs, for instance in type I, II
and V [24—-26]. It is also known that many glycogen storage dis-
orders are accompanied by impaired autophagy, which can trans-
late to less efficient clearance of damaged mitochondria and,
subsequently, dysfunction of these organelles [27]. Whether such
impairment also occurs in GSD IV remains to be determined, as the
data concerning this disease are strongly limited due to its rare
prevalence. However, autophagy appears worth exploring in the
context of mitochondrial dysfunction observed in Gbel-deficient
tissues.

Our results point to new directions in investigating the patho-
genesis of GSD IV that go beyond focusing on excessive glycogen
accumulation alone. We observed an increase in mitochondrial ROS
production in the GSD IV model with unaltered glycogen levels,
which additionally shows that not only glycogen levels but also its
structure is important in the regulation of cellular bioenergetics.
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Fig. 2. Activities and levels of respiratory complexes in isolated liver mitochondria (A, B) and in liver homogenates (C, D) from wild-type (WT) and Gbe1*/~ mice. (A) Total activities
of respiratory complexes in the isolated liver mitochondria (n = 3). (B) Respiratory proteins content in the isolated liver mitochondria (n = 4). (C) Total activities of respiratory
complexes and of citrate synthase in the liver homogenates (n = 5). (D) Respiratory proteins content in the liver homogenates (n = 5). Bar graphs present means + standard
deviations. Data were normalized against mean values measured for WT samples. For each of the respiratory complexes the levels of one representative subunit was determined, as
indicated next to the Western blot image. As loading controls, TOM20 was used for isolated mitochondria samples and B-actin was used for liver homogenates. *p < 0.05 compared
to WT, according to Student’s t-test. Roman numerals -V refer to particular respiratory complexes. Below the graphs, the representative Western blot result is presented.
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