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A B S T R A C T   

The protein wolframin is localized in the membrane of the endoplasmic reticulum (ER), influencing Ca2+
metabolism and ER interaction with mitochondria, but the exact role of the protein remains unclear. Mutations in 
Wfs1 gene cause autosomal recessive disorder Wolfram syndrome (WS). The first symptom of the WS is diabetes 
mellitus, so accurate diagnosis of the disease as WS is often delayed. In this study we aimed to characterize the 
role of the Wfs1 deficiency on bioenergetics of muscles. Alterations in the bioenergetic profiles of Wfs1-exon-5- 
knock-out (Wfs1KO) male rats in comparison with their wild-type male littermates were investigated using high- 
resolution respirometry, and enzyme activity measurements. The changes were followed in oxidative (cardiac 
and soleus) and glycolytic (rectus femoris and gastrocnemius) muscles. There were substrate-dependent alter-
ations in the oxygen consumption rate in Wfs1KO rat muscles. In soleus muscle, decrease in respiration rate was 
significant in all the followed pathways. The relatively small alterations in muscle during development of WS, 
such as increased mitochondrial content and/or increase in the OxPhos-related enzymatic activity could be an 
adaptive response to changes in the metabolic environment. The significant decrease in the OxPhos capacity is 
substrate dependent indicating metabolic inflexibility when multiple substrates are available.   

1. Introduction 

The protein wolframin consists of 890 amino acids, and is located in 
the membrane of endoplasmic reticulum (ER) with nine trans-membrane 
domains [1–3]. Wolframin regulates Ca2+ homeostasis, has influence on 
the formation of mitochondria-associated ER membrane (MAM) and 
affects Ca2+ transport between mitochondria and ER [4–6]. Alterations 
in intracellular wolframin content are associated with ER stress and 
activation of the Unfolded Protein Response (UPR) [7–16]. However, 
the exact mechanism of wolframin function is still not clear [8,17–20]. 

Mutations in the wolframin coding WFS1 gene cause autosomal 
recessive disorder Wolfram syndrome 1 (WS1) [21–23]. Usually WS 
starts with diabetes mellitus (DM, mostly during the first decade of the 
life), followed by optic atrophy (OA, in the beginning of the second 
decade), diabetes insipidus (DI) and deafness (D); therefore acronym 

DIDMOAD is used. Defects in the CDGSH Iron Sulfur Domain 2 (CISD2, 
or ERIS (endoplasmic reticulum intermembrane small protein or WFS2) 
gene, cause progression of illness with symptoms alike WS1, named 
Wolframin Syndrome type 2 (WS2, approximately 5–10% of the WS 
cases) [24,25]. However, till now a direct functional interaction be-
tween CISD2 and wolframin has not been detected [26,27]. 

WS first symptom, glucose intolerance, is due to the progressive loss 
of pancreatic β-cells. This, and simultaneous neuronal tissue degenera-
tion is initiated by ER stress, UPR activation and altered Ca2+ homeo-
stasis [28,29]. WS is a rare disease and is doubtlessly underdiagnosed, as 
after DM symptoms appear, diabetes and its complications are primarily 
targeted [30]. 

ER works in close functional interaction with mitochondria. Several 
symptoms of WS have common features with mitochondrial diseases like 
Friedreich ataxia and Leber’s hereditary optic neuropathy (LHON) 
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[31–33]. Direct mitochondrial DNA (mtDNA) deletions have been 
observed only in some of WS patients, but the altered regions vary and 
do not occur in most WS cases [33–36]. 

Besides nerve and β-cells, the content of the wolframin is high in the 
heart and skeletal muscles [2]. The role of the wolframin as Ca2+

metabolism regulator, and the fact that these muscles relay mostly on 
mitochondrial energy metabolism should cause strong alterations in the 
heart and oxidative muscle cells of WS patients. Also, development of 
the insulin resistance and diabetes in WS patients should be accompa-
nied by changes in both skeletal and heart muscles mitochondria as is 
described in patients with similar symptoms without WS [31,37]. It is 
necessary to clarify what modifications have taken place in the bio-
energetic profile of skeletal and heart muscle cells in wolframin defi-
ciency. Severe skeletal muscle dysfunction, and shift in muscle type have 
been detected in WS2 [24,25,38]. In the case of WS1 the reported al-
terations in the skeletal muscles are milder, if at all, and appear in a later 
stage of the disease. Structural defects in heart muscle of the WS1 pa-
tients is noticed in somewhat higher percentage than in average popu-
lation but it is not prevailing in all patients [30,39–41]. However, it has 
been shown that WFS1-deficient rat left ventricle cardiomyocytes had 
increased contractility (both amplitude and duration of the contraction) 
due to the prolonged cytosolic calcium transients [18]. Also, a higher 
relative incidence of sinus tachycardia and atrioventricular arrhythmias 
has been shown in WS patients [42]. 

In our previous study we investigated alterations in mitochondrial 
metabolism of Wfs1KO mice muscles and found decreased and less 
coupled NADH-linked ADP-stimulated respiration in comparison with 
wild type (WT) littermates [43]. These alterations were largely 
substrate-dependent. In Wfs1KO mice muscles the maximal mitochon-
drial respiration in the presence of Glutamate (Glut) and Malate (Mal) as 
respiratory system complex I (CI)-linked substrates was decreased in all 
studied muscle types, accompanied with significantly increased Leak 
respiration in glycolytic muscles. With Mal and Pyruvate (Pyr) as sub-
strates the increased Leak was detected only in glycolytic muscles 
(rectus femoris (RF)) and white gastrocnemius (GW)) and decrease in CI 
linked oxygen consumption was significant only in GW [43,44]. 
Decrease in adenylate and creatine kinase enzymatic activities of skel-
etal muscles of wolframin-deficient glucose-intolerant animals and 
changes in coupling of these enzymes to oxidative phosphorylation 
(OxPhos) suggest the reconfiguration of energy transport networks and 
thus could affect muscle performance at higher workloads [43]. 

Alterations in substrate preferences, detected in WFS1KO mice 
muscles, agree with the described incapability to use certain available 
substrates, metabolic inflexibility in diabetes and other metabolic dis-
eases [45]. In diabetic heart, even in hyperglycemic situation, heart 
muscle cells mostly use fatty acids (FA) [46,47]. In the contrary, the 
failing heart is metabolically inflexible with increased glucose meta-
bolism [47]. In the skeletal muscle cells of individuals with type-2 dia-
betes glucose oxidation is elevated and FA usage reduced [48,49]. 

The extent and severity of the alterations due to the WS in a specific 
cell type seems not to be directly related to the wolframin content of the 
cells. Therefore it is possible that some cells have developed adaptation 
mechanisms to overcome the wolframin deficiency. Knowledge of these 
means could give us valuable information for the development of better 
medication for WS. Also, WS1-specific change in the energy metabolism 
of muscle cells helps to clarify the role of wolframin in cells in different 
tissues to enable more precise medication. 

Generation and characterization of rat model of Wolfram syndrome 
(Wfs1-exon-5 KO, Wfs1KO), used in this study was described earlier 
[50]; exon 5 of Wfs1 gene is deleted in this model and results in 
appearance of WS symptoms [50]. This is a loss of function model and 
the order of appearance of WS symptoms is similar to the WS develop-
ment in humans. First, a decrease in glucose-stimulated insulin release is 
detected from 3 month of age in this Wfs1KO rat model, glucose intol-
erance progresses with age and culminates with severe hyperglycemia 
and insulin dependent diabetes mellitus at the age of 12 months [50]. 

From this age also brainstem and optic nerve neurodegeneration is 
observed. Diabetes mellitus and optic nerve atrophy appears in child-
hood or puberty for most of human WS patients, while in the rat model 
WS symptoms appear after sexual maturity. Drawing of direct parallels 
from rat studies to human patients must always be done with caution, 
such limitation is inherent for any animal model of human disease. 
However, this is unlikely to affect conclusion of this study on the role of 
Wfs1 on muscle bioenergetics. 

The aim of our research is to determine the alterations in bio-
energetics profile of the wolframin deficient muscle and clarify the role 
of the wolframin in the muscle energy metabolism. 

2. Methods 

2.1. Laboratory animals and chemicals 

In all the experiments we used wild type (WT) male Wistar rats and 
their Wfs1-deficient male littermates (age 8–9 months). Wfs1-deficient 
rats were generated by deletion of exon 5 in Wfs1 gene resulting in 
loss of 27 amino acids from the Wfs1 protein, and loss of function of the 
protein [50]. Breeding and genotyping of the rats were performed at the 
Laboratory Animal Centre of the Institute of Biomedicine and Trans-
lational Medicine, University of Tartu. The rats were housed under 
standard laboratory conditions (at constant temperature 22 ◦C and a 
12:12 h light/dark cycle with free access to food and water). Animal 
experiments were approved by the Estonian National Board of Animal 
Experiments (protocol nr. 114 from 13.10.2017) in accordance with the 
European Communities Directive (86/609/EEC). 

Only ultra-pure chemicals suitable for molecular biology and work 
with cell cultures were used in experiments. All chemicals were pur-
chased from Fluka and Sigma-Aldrich (Saint Louis, MO, USA). 

2.2. Preparation of skinned muscle fibers 

For fiber preparation animals were anaesthetized by intraperitoneal 
injection of ketamine (75 mg/kg) and dexmedetomidin (1 mg/kg), 
decapitated. Permeabilized fibers were prepared from the heart, m. so-
leus, GW and RF according to the methods described previously [51]. 
The cells’ sarcolemma was permeabilized by saponin treatment (50 
μg/mL) for 30 min at 4 ◦C. Fibers were washed in Mitomedium B solu-
tion: EGTA (0.5 mM), MgCl2.6H₂O (3.0 mM), K-lactobionate (60 mM), 
KH2PO4 (3.0 mM), taurine (20 mM), HEPES (20 mM), sucrose (110 
mM), dithiothreitol (DTT, 0.5 mM), bovine serum albumin (BSA, 5 
mg/ml)) at pH 7.1 supplemented with leupeptin (5 μM) for the protec-
tion of cytoskeletal proteins from lysosomal proteolysis and kept in the 
same solution at 4 ◦C under constant stirring until used for experiments. 

2.3. Measurements of oxygen consumption 

All measurements of oxygen consumption were performed by a high- 
resolution respirometry instrument Oxygraph-2K (OROBOROS In-
struments, Innsbruck, Austria). Experiments were carried out at 25 ◦C in 
the Mitomedium B solution [52], supplemented with BSA (5 mg/mL) 
under continuous magnetic stirring. The permeabilized fiber was 
weighted and inserted into the oxygraphic chamber with respiration 
media (Mitomedium B solution) supplemented with respiratory sub-
strates according to the protocol. The measured oxygen consumption 
rates are presented as nmolO2/min per mg wet weight. 

2.4. Respiratory complexes protocol (RC) 

In order to compare the individual capacity of the ETS complexes in 
relation to two substrate pathways, the classical protocol for measure-
ment of respiratory complexes was applied. All the concentrations pre-
sented in the following protocols are final concentrations in the 
oxygraphic camber. 
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Permeabilized muscle fibers were inserted into an oxygraph chamber 
filled with Mitomedium B solution supplemented with Mal (2 mM). First 
either Glut (Protocol 1A) or Pyr (Protocol 1B) was added to record basal 
Leak respiration in the absence of adenylates. Then in both protocols 
ADP (2 mM) was added and the respiratory capacity of ETS complex I 
(CI) was measured. After inhibition of CI with rotenone (Rot, 2.5 μM) the 
activity of complex II (CII) was determined in the presence of CII- 
dependent substrate, succinate (Suc, 10 mM). Then ETS complex III 
was inhibited with Antimycin A (AntA, 10 μM) and addition of N,N,N′, 
N′-tetramethyl-p-phenylenediamine (TMPD; 1 mM) demonstrates 
maximal capacity of complex IV (CIV). Finally, addition of NaCN (1 mM) 
inhibited cytochrome oxidase (COX) and blocked electron transport; as a 
result it allowed detecting residual oxygen consumption due to TMPD 
oxidation reaction. 

2.5. Substrate-uncoupler-inhibitor titration (SUIT) protocols 

To clarify the task of separate substrate branches of OxPhos and 
maximal respiratory capacity in the presence of multiple substrates, 
following modified SUIT protocols were used [53]. 

The SUIT-1 protocol was applied to determine the role of FA oxida-
tion linked OxPhos independently from glucose-linked pathway. In this 
protocol firstly Mal and octanoyl carnitine (Oct, 0.2 mM) were injected 
into the chamber to register basal Leak oxygen consumption, after that 
ADP (2 mM) was added to stimulate phosphorylation system. To com-
plement the system with substrate from glycolytic pathway, Pyr (5 mM) 
was inserted. In order to detect maximal capacity of CI, Glut (5 mM) was 
added into the chamber. Addition of Suc (10 mM) allowed to measure 
the ADP-dependent respiration when electrons are fed simultaneously to 
the ETS via CI and CII. Subsequent addition of ADP (final concentration 
of 5 mM) allowed controlling the limitations in the efficiency of ATP 
synthase [54]. The maximal capacity of the ETS was evaluated with 
titration of uncoupler carbonyl cyanide-4-(trifluoromethoxy) 
phenylhydrazone (FCCP) until saturation of respiration was reached. 
Subsequent inhibition of CI by Rot (2.5 μM) allowed to determine the 
CII-linked electron transfer capacity. Inhibition of Complex III (CIII) by 
AntA (10 μM) allowed to determine the residual oxygen consumption. 

In the third, SUIT-2 protocol, to control whether the contribution of 
glycolytic substrate pathway could have inhibitory influence on the ETS, 
the substrates were presented in reverse way. First Mal with Pyr was 
introduced, then, after registration of Leak respiration, ADP-dependent 
oxygen consumption was determined. Next, Oct was injected and com-
bined CI-substrate linked respiration was detected. Maximum CI-linked 
oxygen consumption rate was measured with the Glut. At the end, the 
CII-linked substrate Suc was added to activate ETS CII-dependent 
respiration. 

In the fourth, SUIT-3 protocol, maximal capacity of glucose-linked 
substrate pathway was determined independently from FA pathway. 
First Mal with Pyr was introduced into the chamber, then, after regis-
tration of Leak respiration, ADP-dependent oxygen consumption was 
determined. After that, maximum rate of NADH-linked oxygen con-
sumption was measured with the Glut. Then, in the presence of CII- 
linked substrate Suc joint CI and CII-dependent respiration was regis-
tered. Finally, the capacity of ETS was evaluated by titration with FCCP. 

2.6. Energy transfer pathways 

To determine the alterations in the energy transfer pathways, the 
influence of AK or CK pathway activation on the mitochondrial respi-
ration was measured. For that, after injection of substrates Mal and Glut, 
ATP-ases were activated with MgATP (2 mM in oxidative and 0.1 mM on 
glycolytic muscles). After that, addition of 10 mM Cr or 2 mM AMP 
activated the respective pathways and an increase in respiratory rate 
indicates an association between the respective energy transfer network 
and OxPhos [52]. 

2.7. Determination of enzymatic activities 

2.7.1. Preparation of cell lysates 
Pieces of muscles were snap frozen in liquid nitrogen and stored at 

− 80 ◦C. Tissues were grinded in liquid nitrogen with pestle and ho-
mogenized in the Tris-HCl (pH = 8.1), the medium containing KCl (0.9 
M), glucose (10 mM), MgCl2 (20 mM), EDTA-Na2 (10 mM), Triton X-100 
(0.25%) and leupeptin (5 μg/mL), at pH 8 using a Retsch Mixer Mill 
(Retsch) at 25 Hz for 2 min, then centrifuged at 12,000 rcf for 20 min at 
4 ◦C. The supernatants were used for enzymatic assays. Protein con-
centrations were determined by Pierce BCA Protein Assay Kit according 
to the manufacturer recommendations using bovine serum albumin 
(BSA) as a standard. 

2.7.2. Measurements of activities 
Determination of HK activity was performed using a spectropho-

tometer (PerkinElmer, U.S.) in solution containing Tris–HCl (50 mM), 
KCl (45 mM), NaH2PO4 (1 mM), EDTA-Na2 (0.5 mM), MgCl2 (7.7 mM) 
glucose (4.2 mM), NADP (0.6 mM), MgATP (6.7 mM), glucose-6- 
phosphate dehydrogenase (G6PD) (1 IU/mL), adjusted at 25 ◦C. The 
rate of NADPH formation was monitored after addition of homogenate 
at 340 nm [55]. 

ETS Complex I activity was measured with spectrophotometer 
(PerkinElmer, U.S.) from homogenates in phosphate buffer (100 mM, pH 
7.4) comprising NADH, Coenzyme Q1 stock B, KCN, and NaN3 ca. 100 s. 
At the end rotenone was added to record rotenone insensitive activity of 
the preparation [56]. 

Citrate synthase activity was measured spectrophotometrically in 
cell lysates at 25 ◦C with a FLUOstar Omega microplate reader. Citrate 
synthase (CS) activity was determined by measuring the rate of thioni-
trobenzoic acid production at 412 nm [57]. 

2.8. DNA extraction and mitochondrial DNA (mtDNA) copy number 

DNA was isolated from frozen rat muscle tissue samples using 
PureLinkTM Genomic DNA Mini Kit (Invitrogen, USA) according to the 
instructions provided by the manufacturer. DNA concentrations and 
quality were measured using the BioSpec-Nano spectrophotometer 
(Shimadzu, Japan). 

The DNA from muscles was used to determine the mitochondrial 
DNA copy number by the comparison of mitochondrial and nuclear DNA 
measured by real-time PCR using the Rat Mitochondrial DNA Copy 
Number Kit (MCN2) (Detroit R&D, USA). The manufacturer’s in-
structions were followed to prepare samples for PCR and to calculate the 
mtDNA copy number relative to nucDNA. 

3. Results 

In this study we determined alterations in the bioenergetic profile of 
the two oxidative (heart, soleus) and two glycolytic (RF and GW) mus-
cles of the 8–9 month old Wfs1 deficient rats in comparison to WT lit-
termates. To characterize alterations in the ETS profile, we measured 
sequential activation of ETS complexes and ADP-dependent oxygen 
consumption rate. We evaluated flexibility of OxPhos with different 
substrate combinations to switch between glucose-linked (Pyr) and FA 
(Oct) substrates. 

First we determined oxygen consumption capacity for respiratory 
chain complexes CI, CII and CIV individually (RC protocol, Fig. 1), using 
respective substrates/inhibitors (two alternative CI-linked substrate 
combinations: Mal with Glut and Mal with Pyr). We did not register any 
statistically significant alteration in Wfs1KO muscles in comparison with 
WT animals for either substrate combination (Table 1 in Supplements). 

Next we applied SUIT protocols where multiple ETS complexes are 
activated simultaneously, a situation which is more in line with in vivo 
conditions. At the beginning of the SUIT-1 protocol respiration is sup-
ported only by the FA pathway with Oct. In this state in the heart muscle 
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there was no difference in FA-linked respiration rate between WT and 
Wfs1KO. In contrast, in soleus, which also represents oxidative striated 
muscle, there was a clear decline in the respiratory rate with Oct in 
Wfs1KO animal (Fig. S1 in Supplements). Following the protocol, CI- 
linked respiration was then activated. Registered maximal CI-linked 
respiration and maximal OxPhos (CI + CII) were significantly reduced 
in both oxidative muscles of Wfs1KO compared to the WT (p=<0.01 
(Fig. 2); and p=<0.01 (Fig. S1 in Supplements);), for heart and soleus, 
respectively). In the normal heart, the sequential addition of substrates 
was followed by an increase in respiration rate and peaked at the highest 
level in the presence of the uncoupler (Fig. S1 in Supplements), 
reflecting the plasticity and the ability of mitochondrial energy meta-
bolism to use different substrates simultaneously. This plasticity appears 
to be altered in Wfs1KO animals and expresses as loss in efficiency to use 

glucose-linked carbon sources if mitochondria are already switched to 
FA oxidation. At the same time, when the same protocol was applied to 
glycolytic muscles there was no significant differences in the OxPhos 
rates in a situation when FA oxidation were activated before glucose- 
linked pathway of Wfs1KO in comparison with WT. 

We determined whether the decrease in the respiration rate with the 
glucose-linked substrate in oxidative muscle was caused by the FA 
pathway that inhibited utilisation of other CI-linked substrates with 
SUIT-2 protocol. We activated the pathways in the reversed order where 
the glucose-linked substrate, Pyr was added first. At these conditions no 
significant alteration was detected in Wfs1KO heart muscle (Fig. 2, 
Fig. S1 in Supplements) suggesting that FA pathway activation was the 
one that inhibited the glucose-linked pathway in the SUIT1 protocol. 
However, the OxPhos rates of the Wfs1KO soleus muscle are signifi-
cantly decreased regardless of the order of added substrates (p=<0.01, 
Fig. 2; Table 1 in Supplements). 

In glycolytic muscles, the maximal OxPhos capacity of the RF with 
SUIT2 protocol was lower in Wfs1KO rat (p < 0.05), whereas in the 
Wfs1KO GW muscle the CI-linked and maximal OxPhos capacity was 
even increased compared to WT (p < 0.05 and p < 0.01 respectively; 
Fig. 2). To the contrary of the WT RF muscle, in GW the addition of Oct 
after Pyr did not increase the respiration rates of WT and Wfs1KO rat GW 
to the level at which they reached when the substrates were added in 
reversed order (Fig. 2). 

We used SUIT-3 protocol to determine alterations in the use of the 
glucoses-linked substrate pathway. In the heart muscle there was no 
significant differences in the ETS capacity between Wfs1KO and WT 
when Pyr was used as a substrate. Again, reduced OxPhos rate was 
registered in soleus muscle of Wfs1KO rat (p < 0.01), and no significant 
change were observed in the ETS capacity in glycolytic muscles of 
Wfs1KO animals (Fig. 2). 

When comparing different substrate introduction orders within one 
muscle type only, some tendencies can be observed. In WT heart muscle 

Fig. 1. Representative trace of oxygraphic measurement. Analysis of the individual respiratory chain complexes activities. 
After insertion of the muscle fiber into the oxygraphic chamber we added CI – linked substrate glutamate (Glut, 5 mM; malate (2 mM) is in the medium), and the 
basal oxygen consumption rate without adenylates (Leak) is visible. Then the addition of ADP (2 mM) activates ATP-Synthase (maximal respiration via complex I 
(CI)). Thereafter, we inhibited CI with its specific inhibitor rotenone (Rot, 5 μM), added succinate (Succ, 10 mM) and registered maximal oxygen consumption 
capacity through CII. After insertion of antimycin A, (AntA, 10 μM), an inhibitor of complex III, we injected N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD, 1 
mM) and ascorbate (5 mM) to activate cytochrome c oxidase associated oxygen consumption, demonstrating the theoretical maximal respiration rate. Thereafter, we 
added Na cyanide (NaCN) to inhibit cytochrome c oxidase. Blue line – oxygen concentration in the medium, red line – oxygen consumption rate. 

Table 1 
Enzymatic activities of the wolframin-deficient (Wfs1KO) and wild type (WT) rat 
heart, m. soleus, m. rectus femoris (RF) and m. gastrocnemius white (GW) fibers.  

Enzyme Muscle WT Wfs1KO 

Citrate synthase μmol/mg 
protein 

Heart 156.3 ±9.8 156.9 ±9.0 
Sol 44.3 ±2.5 63.1 ±5.7* 
RF 15.4 ±0.9 17.1 ±0.9 
GW 19.0 ±2.3 29.0 ±2.8** 

Hexokinase μmol/mg protein Heart 53.7 ±2.6 60.3 ±2.3 
Sol 28.1 ±0.7 32.8 ±0.5 
RF 8.2 ±0.5 8.9 ±0.5 
GW 7.9 ±0.5 8.1 ±0.5 

Complex I μmol/mg protein Heart 438.0 ±26.6 489.2 ±51.4 
Sol 190.4 ±7.3 220.2 ±14.8 
RF 11.9 ±0.9 20.6 ±1.8** 

Complex I/CS Heart 2.8 ±0.2 3.1 ±0.4 
Sol 4.3 ±0.3 3.5 ±0.4 
RF 0.8 ±0.1 1.2 ±0.1* 

**p < 0.01; *p < 0.05; n = 6–10. 
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the maximal OxPhos capacity as well as CI-linked respiration rate is 
higher with SUIT1 and SUIT2 protocol (with Oct; p < 0.05) than with 
SUIT3 (without Oct). In case of Wfs1KO heart muscle the highest oxygen 
consumption rate was detected with SUIT2 protocol (Pyr added first) in 
comparison with SUIT1 and SUIT3 (p < 0.05), indicating the alterations 
in fatty acid pathway. In WT glycolytic RF muscle there is a tendency to 
achieve higher maximal oxygen consumption rate in the presence of Oct 
and Pyr than with Pyr alone (p < 0.05). In contrast, in Wfs1KO RF 
muscle the OxPhos rates with SUIT2 as well as SUIT3 (just Pyr) protocol 
are lower in comparison with the situation when the fatty acid pathway 
is activated first, followed by Pyr (SUIT1 protocol (p < 0.05)), indicating 
an inhibitory effect of glycolysis-linked pathway on FA pathway. 

To determine whether the fall in the oxygen consumption rate pre-
sent with CI-linked substrates in heart, soleus and RF muscle were 
caused by a possible decrease in CI enzymatic activity the corresponding 
measurements were performed. No significant difference was found 
between WT and Wfs1KO muscle (Table 1). Also, in order to check for 

alterations in the initial metabolic processing of intracellular glucose, 
we measured HK activity but no difference in Wfs1KO muscle was found 
(Table 1). 

To assess differences in the amount of muscle tissue mitochondria the 
measurements of citrate synthase (CS) activity were performed. Signif-
icantly higher CS activity was detected in the GW and soleus muscle of 
Wfs1KO in comparison with WT and a similar trend was observed in RF, 
while there were no changes in heart muscle (Table 1). We also 
measured mtDNA content relative to nuclear DNA to determine whether 
the relatively unchanged respiratory capacity in the heart muscle was 
also consistent with unchanged mitochondrial content. Slightly higher 
mtDNA content was detected in WFS1KO rat heart muscle in comparison 
with WT. 

Additionally, we performed oxygraphic measurements to identify 
possible modifications in energy transfer pathways in Wfs1KO muscles. 
We did not find any substantial alterations in parameters characterizing 
coupling between AK and CK energy transfer pathways and OxPhos 

Fig. 2. OxPhos capacity through CI and maximal OxPhos values with simultaneously activated CI and CII - linked substrate pathways. 
Maximal oxygen consumption rates with CI- linked substrates (CI) and in the presence of simul 
-taneously 
activated complex I (CI) and CII-linked substrates (Max OxPhos) in wolframin-deficient (Wfs1KO) and wild type (WT) rat heart, m. s 
oleus, m. r 
ectus femoris (RF) and m. g 
astrocnemius white (GW) fibers. In order to investigate the influence of multiple substrate pathways to the respiratory capacity, we used CI-linked substrates in 
variable order: in SUIT1 protocol (Oct-Pyr), first we inserted fatty acid - octanoyl carnitine (Oct, 0.2 mM), then added glucose-linked pathway substrate pyruvate 
(Pyr, 5 mM), para id="fspara0065">mM). In SUIT2 protocol (Pyr-Oct) first Pyr was introduced, then we added Oct, followed by Glut. In SUIT3 (Pyr) protocol we first 
injected Pyr and then Glut. In all the protocols malate (Mal, 2 mM) was in the medium and succinate (10 mM) was used as CII-linked substrate. Respiration rates are 
represented as nmol O2*min-1*mg ww-1; ***p <
0.001; **p <
0.01; * 
p < 0.05; n = 6– 
10. 
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(Table S2 in Supplements). 

4. Discussion 

Heart and skeletal muscle cells have high wolframin abundance [2]. 
However, functional impact of Wfs1 deficiency in muscles is poorly 
studied. Ataxia and respiratory problems of WS patients are assumed to 
be directly related with neurodegeneration, not to the alterations in 
muscle metabolism. Though, there are few reports demonstrating 
altered cardiac function in WS patients e.g. incidences of cardiac mur-
murs [30,58]. One case was documented in Tunisia - a patient with 
moderate WS is accompanied with cardiomyopathy [59]. Disturbed 
cardiac calcium signalling and cardiac function was also reported in a 
rat model of WS [18]. Our aim was to determine bioenergetics profile of 
Wfs1 deficient heart and skeletal muscles. 

In this study, 8–9 month old Wfs1KO rats were used. Previous 
research has shown that glucose intolerance and defective insulin 
secretion develops at the age of 7 month while basal blood and urine 
glucose levels are still normal [50]. The age was chosen to avoid artifacts 
related to elevated blood glucose. In order to investigate the alterations 
in muscles of different metabolic type we used two oxidative (heart and 
soleus) and two glycolytic (RF and GW) muscles. 

The bioenergetic profile of a tissue is characterized via measurement 
of mitochondrial oxygen consumption, which depends on two main 
substrate delivery pathways: FA oxidation and glycolysis-linked 
pathway. Every cell has its substrate pathway preference, but in 
healthy tissue most of the cell types are able to shift between the sub-
strates according to the metabolic situation. Inflexibility between these 
pathways is a hallmark in several metabolic diseases [45,47]. Similarly, 
decrease in the activity of some of the respiratory system complexes 
could be partly compensated by another. For example, increased CII 
activity accompanied with decreased CI one, is described in several 
tissues during aging and in the case of pathology [60–63]. 

Our study did not detect significant increase in the Leak oxygen 
consumption, indicating that functionality of the inner mitochondrial 
membrane of the muscles is not extensively altered in Wfs1 deficiency. 
Also, there were no significant alterations in maximal oxygen con-
sumption capacity of individual respiratory complexes in oxidative 
muscles. 

In Wfs1KO heart muscle the main alteration was inhibitory effect of 
activated FA pathway to the glucose-linked pathway usage. Our results 
are compatible with the previous knowledge that the energy production 
in the insulin resistant heart cells cannot effectively switch from FA to 
glucose-linked metabolism and rely primarily on FA oxidation, even in 
hyperglycaemic state [37,46,47]. Wfs1KO rats have insulin deficiency, 
while insulin sensitivity is not altered. Thus, these changes in heart 
muscle bioenergetics can be caused by insulin deficiency or Wfs1 defi-
ciency, but not by insulin insensitivity. Interestingly, when the sub-
strates are introduced in reversed order and the glucose-linked substrate 
pathway is activated before FA pathway, there was no difference be-
tween Wfs1KO and WT in the heart muscle fibre. The relatively small 
alteration in the heart muscle oxygen consumption could be explained 
by slightly increased mtDNA relative to nucDNA ratio in the heart 
muscle of Wfs1KO animals, indicating elevated mitochondrial content in 
Wfs1KO rats’ heart (Table S2 in Supplements). Similar results have been 
demonstrated in mice genetic model of type-1 diabetes [64]. 

In other oxidative muscle m. soleus, there was a significant decrease 
in the respiratory capacity of Wfs1KO animals with all substrate com-
binations and it was not related to the order in which the substrates were 
presented. Higher CS activity in Wfs1KO soleus muscle also suggests an 
adaptive increase in the number of mitochondria in response to a 
decrease in ETS capacity. However, these changes do not appear to be 
sufficient to maintain OxPhos level similar to that in WT. The activity of 
CI in both oxidative muscles does not differ between Wfs1KO and WT 
rat, so the declined OxPhos capacity in these tissues is not related to the 
decreased activity of this ETS complex. 

In both glycolytic muscles studied, we found slightly higher indi-
vidual RC complexes respiratory rates in Wfs1KO muscles which is 
accompanied with increased CS activity of tissue. 

In contrast to the heart muscle, Wfs1KO RF muscle display an 
inhibitory effect of glucose-linked pathway on FA usage. Similar phe-
nomena, elevated glucose oxidation and reduced FA usage, is described 
also in the skeletal muscle cells of individuals with type-2 diabetes and 
other metabolic diseases [48,49,65]. The bioenergetics profile of 
Wfs1KO GW muscle indicates adaptive rearrangements in tissue level, as 
both CS activity and therefore also oxygen consumption rates per tissue 
mass have increased. Similar changes in muscle fibre type were 
described in RF muscle of Wfs1 deficient mice [44]. 

Altogether, the most common alteration in the bioenergetics of the 
muscle cells, caused by the wolframin deficiency is metabolic inflexi-
bility in substrate usage (Fig. 3). 

In Wfs1KO heart muscle the glucose-linked pathway is impaired 
when the FA pathway is activated first. But in glycolytic RF muscle, the 
activation of glucose-linked pathway blocks the FA usage. Interestingly, 
in oxidative soleus muscle the decrease in the OxPhos capacity is irre-
spective to the substrate pathway, while in glycolytic GW, higher CS 
activity preserves the OxPhos capacity in Wfs1KO muscle. Similar shift 
is visible in glycolytic RF muscle where in Wfs1KO muscle has higher CI 
activity than in WT. 

Fig. 3. Alterations in the bioenergetics profile in the rat muscle due to the 
WFS1 deficiency Wolframin 
-deficiency alters Ca2+ metabolism and unfolded protein response (UPR) in 
endoplasmic reticulum. This initiates abnormalities in the OxPhos substrate use 
profile, leading to a loss of metabolic flexibility. The relatively small alterations 
like an increased mitochondrial content and/or increase in the 
activities of some OxPhos-related enzymes 
in skeletal and heart muscle during development of WS could be may be 
adaptive changes initiated by alterations in the metabolic environment:. 
MtDNA – mitochondrial DNA; CS - citrate synthase. 
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This study demonstrates that the lack of wolframin doesn’t cause 
universal changes in different muscles. However, deficiency of this 
protein contributes to the development of metabolic inflexibility in 
striated muscle tissue. In addition, the ability of mitochondria to use 
different substrate simultaneously is impaired. It remains to be investi-
gated whether such metabolic inflexibility contributes to WS associated 
neuronal loss. 
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