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Abstract

Aim: Highly prevalent diseases such as insulin resistance and heart failure are charac-
terized by reduced metabolic flexibility and reserve. We tested whether Na/K-ATPase
(NKA)-mediated regulation of Src kinase, which requires two NKA sequences specific to
the a1 isoform, is a regulator of metabolic capacity that can be targeted pharmacologically.
Methods: Metabolic capacity was challenged functionally by Seahorse metabolic
flux analyses and glucose deprivation in LLC-PK1-derived cells expressing Src
binding rat NKA a1, non-Src-binding rat NKA a2 (the most abundant NKA isoform
in the skeletal muscle), and Src binding gain-of-function mutant rat NKA o2. Mice
with skeletal muscle-specific ablation of NKA al (skal—/—) were generated using a
MyoD:Cre-Lox approach and were subjected to treadmill testing and Western diet.
C57/B16 mice were subjected to Western diet with or without pharmacological in-
hibition of NKA a1/Src modulation by treatment with pNaKtide, a cell-permeable
peptide designed by mapping one of the sites of NKA a1/Src interaction.

Results: Metabolic studies in mutant cell lines revealed that the Src binding regions
of NKA al are required to maintain metabolic reserve and flexibility. Skal—/—
mice had decreased exercise endurance and mitochondrial Complex I dysfunction.
However, skal—/— mice were resistant to Western diet-induced insulin resistance
and glucose intolerance, a protection phenocopied by pharmacological inhibition of
NKA al-mediated Src regulation with pNaKtide.

Conclusions: These results suggest that NKA o1/Src regulatory function may be tar-
geted in metabolic diseases. Because Src regulatory capability by NKA al is exclu-
sive to endotherms, it may link the aerobic scope hypothesis of endothermy evolution

to metabolic dysfunction.
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1 | INTRODUCTION

Metabolic capacity, comprised of reserve (the ability to in-
crease metabolic rate to meet changing energy demands)
and flexibility (the ability to switch between different met-
abolic pathways depending on substrate availability), is vital
for maintaining homeostasis when faced with changing en-
ergy demands and fuel availability, and the loss of metabolic
capacity is associated with many end-stage chronic human
diseases such as heart failure, liver failure, and steatohepa-
titis.'"™ Conversely, increased metabolic capacity is linked
to improved health outcomes.>> Despite the importance of
metabolic reserve and flexibility in mammalian physiology
and pathophysiology, the mechanisms by which they are reg-
ulated are only minimally understood.’

In addition to its role as an ion transporter, the ubiquitous
mammalian Na/K-ATPase (NKA) al isoform encoded by
the ATP1A1 gene has been identified as an important sig-
nalling platform because of its ability to form a functional
receptor complex with Src.’ Among the processes regulated
by al NKA/Src signalling are the Warburg effect in can-
cer'®! and increased mitochondrial ROS production, which
can further activate the ol NKA/Src pathway and generate a
positive feedback loop.'? Targeting this signalling through o1
NKA has been shown to attenuate metabolic syndrome,”'16
and decreased ol NKA expression is involved with multi-
ple disease states associated with metabolic disturbances, in-
cluding heart failure,"’ cancer,'*'® diabetic neuropathy19 and
polycystic ovarian syndrome.20 In contrast to al NKA, the
expression of other mammalian isoforms which do not signal
through Src (a2, o3 and o) is restricted to specific tissues.?!
In view of its links to mitochondrial ROS production and the
highly conserved nature of Src binding sites in mammalian
ATP1A1, we postulate that the acquisition of Src binding
sites in ol NKA affords a fundamental regulatory mechanism
of metabolic capacity, which supports growth and endurance.
Conversely, it may also represent a fundamental mechanism
of metabolic dysregulation when animals are in a chronic
state of nutritional over-supply.

To test these hypotheses, we developed an in vitro system
to compare the metabolic profiles of cells expressing the wild-
type Src binding al isoform, the wild-type non-Src binding
o2 isoform, a previously characterized loss-of-function Src
binding mutant ol isoform,*” and a previously characterized
Src binding, gain-of-function o2 mutant.”> We then gener-
ated a mouse model with a skeletal muscle-specific ablation
of ATPIAI1, taking advantage of the prior observation that
the o2 isoform is the primary driver of ion-pumping during
skeletal muscle contraction.’* Moreover, in view of the well-
established role of skeletal muscle in the regulation of glucose
metabolism and insulin sensitivity,s’zs‘28 we further utilized
this model to address the role of Src binding a1 NKA in the
development of metabolic syndrome. These genetic studies

reveal a novel mechanism regulating metabolic reserve and
flexibility that can be targeted pharmacologically to mitigate
metabolic dysfunction.

2 | RESULTS
2.1 | The impact of Src binding sites in
ATP1A1 on metabolic capacity in vitro

Previous studies have identified two ATP1Al-specific
Src binding sites which are completely conserved within
mammalian species (the NaKtide sequence and Y260,
Table S1).'%%2%32 To assess the physiological significance
of ATPIA1 Src binding, we generated three stable cell lines
from LLC-PK1, a porcine renal epithelial cell line, using a
well-established knock down and rescue approach.”**! AAC-
19 cells express wild-type rat al, LX-a2 cells express a rat
o2 that lacks the Src binding sites, and LY-a2 express a mu-
tant rat o2 that was engineered to contain both Src binding
sites (Table S2). Western blotting confirmed the expected
expression of the selected NKA isoforms (Figure S1A).
Detailed characterizations of these cell lines were previously
reported,”>**>? and revealed that the expression of these
transgenes further reduces the expression of endogenous pig
ol to an undetectable level, making it possible to probe the
properties of transgenes without interference from the en-
dogenous al NKA. 1023303233 1 the context of the present
study, it is important to note that all these lines exhibit normal
ouabain-sensitive ATPase activity.23’32’34 However, LX-a2
and A420P fail to effectively regulate Src. As a result, in con-
trast with AAC-19 or LY-a2, baseline Src phosphorylation at
Y419 is elevated, and ouabain does not stimulate Src kinase
or downstream effectors such as ERK and Akt in those cells
(summarized in Table S2).

In routine culture, we noted a rapid acidification of LX-
o2 cells’ culture medium compared to AAC-19 (Figure S1B),
which led us to compare glucose metabolism between these
cell lines. As depicted in Figure 1A, LX-a2 cells consumed
nearly twofold more glucose than AAC-19 cells. Interestingly,
expression of the gain-of-function Src binding mutant o2
in LY-a2 cells restored glucose consumption to the level of
AAC-19 controls (Figure 1A). This increased glycolysis was
substantiated by increased lactate production in LX-a2 com-
pared to AAC-19 cells (Figure 1B), confirming that the in-
crease in glucose consumption correlated with an increase in
aerobic glycolysis. Again, LY-a2 cells exhibited a metabolic
profile similar to that of control AAC-19 cells.

To identify whether al NKA-mediated regulation of Src
is responsible for enhanced metabolic flexibility and thus,
a decreased reliance on glycolysis, cell proliferation was
monitored in glucose-deprived media. Both AAC-19 and
LY-a2 cells were able to proliferate under glucose-deprived
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previously characterized stable cell lines expressing wild-type or Src- binding mutant forms of NKA a1 and NKA a2 were assessed. The Src-

binding sequences and Src-signalling properties of each line is summarized in Table S2. A, Glucose consumption of LLC-PK1-derived cells
expressing rat WT ol (AAC-19), rat WT a2 (LX-a2) or rat Src binding gain-of-fucntion mutant «2 (LY-a2) (n =9, < .001). B, Lactate
measured in the media of AAC-19, LX-a2 and LY-a2 cells after 72 h cell growth (n =3, P < .01, p< .001). C, Growth of AAC-19 (squares),
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conditions. In contrast, LX-a2 cells failed to survive alto-
gether (Figure 1C). To determine the degree to which LX-
a2 cells were reliant upon glycolysis for ATP production,
we treated cells with increasing concentrations of the com-
petitive glycolytic inhibitor 2-deoxy-D-glucose (2-DG) and
measured the impact of glycolysis inhibition on cellular ATP
levels. At low concentrations of 2-DG, only LX-a2 exhibited
a significant decrease in cellular ATP (Figure 1D). These data
indicate that the loss of the al NKA/Src interaction increases
reliance on glycolysis and decreases metabolic flexibility, but
they do not address the question of metabolic reserve.

For this reason, we subjected these cells to Seahorse met-
abolic flux analyses (Figure 2). When LX-a2 cells were sub-
jected to the mitochondrial stress test, both basal and maximal
oxygen consumption rates (OCR) were decreased (Figure 2A-
C). Most significantly, a 65% reduction in the ability to in-
crease mitochondrial respiration to meet changing metabolic
needs, known as spare respiratory capacity, (Figure 2D) was
noted. On the other hand, LY-a2 cells displayed a metabolic
profile identical to that of al-expressing AAC-19 cells. To
test whether the gain of Src binding also affects glycolytic
properties, we measured the extracellular acidification rate
(ECAR) of LX-a2 cells (Figure 2E). Although LX-a2 and
AAC-19 cells exhibited similar basal glycolytic activity, the

maximum ECAR of LX-a2 measured in the presence of oli-
gomycin decreased. This was in sharp contrast with AAC-19
cells in which ECAR increased (Figure 2F,G) and indicates
a decrease in the ability to increase glycolysis to meet chang-
ing metabolic needs, known as spare glycolytic capacity.
Together with the decrease in spare respiratory capacity, this
indicates a complete loss of metabolic reserve in LX-a2 cells
(Figure 2H). In all cases, LY-a2 cells exhibited a metabolic
profile identical to AAC-19 controls, indicating that the loss
of metabolic reserve and flexibility in the LX-a2 cells was
due specifically to the lack of the Src binding and not to other
differences between the isoforms. This conclusion is further
supported by Seahorse analysis of cells expressing a loss-of-
function Src binding mutant a1l NKA, A420P, in which a mu-
tation in the Src binding NaKtide sequence (A420P) disrupts
the NKA al/Src interaction (Table 82).22 These A420P cells
exhibited decreases in spare respiratory and glycolytic capac-
ity compared to AAC-19 controls (Figure S2).

2.2 | Generation of an in vivo mouse model

To address the relevance of these findings in animal
physiology, we used a MyoDiCre/Lox system to develop
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a skeletal muscle-specific al NKA knockout mouse
(skal—/—) as a model to assess the physiological signifi-
cance of the ol NKA/Src interaction in metabolic regula-
tion (Figure S3A). Skeletal muscle was chosen as a model
because it is a metabolically dynamic tissue in which NKA
ol, unlike most other tissues, is a minor isoform while the
remaining (75%-90% depending on estimates) > of NKA
is the non-Src-binding o2 isoform.*** In addition, prior
transgenic studies have documented that while skeletal
muscle-specific knockout of a2 did not affect skeletal mus-
cle size or fibre type composition, the resulting deficits in
K*-transport abolished their ability to match force genera-
tion to contraction stimuli.***’* Given these results, the
knockout of al was expected to have a minimal effect on
NKA-dependent ion pumping capacity of the skeletal mus-
cle. However, if al NKA signalling is a key regulator of
metabolic capacity as demonstrated by Figures 1 and 2,
genetic deletion of skeletal muscle al NKA would cause
a switch to more glycolytic myofibres, causing decreased
exercise endurance.

The ablation of a1 NKA in skal—/— skeletal muscles was
confirmed with both Western blot and immunohistochem-
istry (Figure 3A,B). Expression of the a2 isoform was not
changed in skal—/— mice compared with skal+/+ controls

(Figure 3A) and the total NKA activity of crude membranes
as measured by ouabain-sensitive ATPase activity was also
unaffected (Figure 3C), indicating that the muscles main-
tained their Na*/K™ transport capacity.

Skal—/— gastrocnemius muscles were more than 35%
smaller than those of sko1+/+ control littermates (Figure 3D),
revealing a role for al in growth in vivo that mirrors that
observed in vitro.** This decrease in muscle mass was fur-
ther confirmed in the soleus (Figure S3B). Additionally, the
number of fibres per muscle decreased in skal—/— mus-
cles (Figure 3E), with a corresponding hypertrophy of Type
IIB glycolytic fibres (Figure 3F-H). There was also a clear
change in the ratio of oxidative to glycolytic muscle fibres.
Further histochemical analysis revealed proportionately more
glycolytic type 1IB fibres in the skal—/— white gastrocne-
mius muscle, with a corresponding decrease in the number
of mixed-oxidative type IIA fibres and a complete lack of
oxidative type I fibres (Figure 3I). This fibre type switch sug-
gests a transition to a metabolism reliant on glycolysis con-
sistent with the in vitro cell culture data (Figures 1 and 2).
This underscores the similarities between this animal model
and the cell model and further supports the notion of a shift
from oxidative to glycolytic metabolism in skeletal muscle of
skl —/— mice.*
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2.3 | Impact of NKA ol ablation on muscle
metabolism and performance

Although the fibre type switch suggested a more glyco-
lytic metabolism in skal—/— muscles, further experiments
were needed to confirm the impact on muscle metabolism
and performance. Blood lactate was unchanged in resting
mice (1.7 + 0.2 mmol/L in skal—/— (n = 9) compared to
1.5 +£ 0.2 mmol/L in skal+/+ (n = 7), P > .05), suggesting
a minimal change in resting muscle metabolism in skal—/—
mice. However, a key component of muscle health and perfor-
mance is the ability to increase metabolism to allow for peak
exercise performance. To determine whether the ablation of
al NKA in skeletal muscle impacts the metabolic capacity
and flexibility needed to exercise, we subjected skal—/—
mice to a treadmill test designed to challenge both speed
and endurance. In a treadmill test at speeds up to 25 m/min,

skal—/— ran as well as skal+/+ controls (Figure 4A), which
contrasts sharply with the phenotype observed in the o2
knockout mouse.?**”* This contrast highlights the differ-
ent roles of the two isoforms in skeletal muscle. However,
skal—/— mice showed a 50% reduction in endurance as
measured by distance to fatigue (Figure 4B), which sug-
gests a lack of oxidative metabolic capacity and an inability
to adapt to changing metabolic demands during exercise.
Functionally, mitochondrial Complex I activity was de-
creased in skal—/— gastrocnemius muscle homogenates
(Figure 4C), confirming an overall decrease in mitochondrial
metabolic capacity in skal—/— gastrocnemius muscles.

To use an unbiased approach to probe for changes in sig-
nalling pathways involved in the regulation of skeletal mus-
cle metabolism, we conducted RNA sequencing analyses
of skal—/— gastrocnemius muscles. As depicted in the heat
map in Figure 4D, several groups of genes were altered in
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gastrocnemius of skal—/— mice. We further analysed the Gene
Ontology enrichment of differentially expressed genes and vi-
sualized the result in a network map by Cytoscape (Figure S4).
These analyses revealed changes in signalling pathways related
to cell metabolism, ROS production via changes in oxygen and
hypoxia sensing, protein assembly, cytoskeleton organization,
and cell differentiation and morphogenesis.

We then explored the transcriptional regulation of met-
abolic genes in skal—/— and skal+/4+ muscles. Skal—/—
gastrocnemius muscles exhibited decreased expression of
the master regulator of mitochondrial biogenesis, Ppargcla
(peroxisome proliferator activated receptor y coactivator la,
PGC-1a) (Figure 4E). Similarly, expression of Atp5al (ATP
synthase F1 subunit o) and Acadm (medium-chain acyl-CoA
dehydrogenase) was decreased in skol—/— gastrocnemius
muscles (Figure 4F-G). Additionally, expression of key

glycolytic enzymes was decreased in skal—/— muscles com-
pared to skal+/+ muscles (Figure 4H-J).

To further determine whether the metabolic defects observed
in our in vitro studies and those suggested by the phenotype of
skal—/— mice could have similar transcriptional mechanisms,
we analysed the mRNA expression of the same metabolic genes
in AAC-19, LX-a2 and LY-a2 cells. Similar to our observations
in skol —/— muscles, expression of mitochondrial metabolism-
related genes were down-regulated in LX-a2 cells compared to
AAC-19 cells, and these defects were partially restored in LY-a2
cells (Figure 4K-M). In contrast, although expression of Pfkm
(phosphofructokinase) was decreased in LX-o2 cells, we ob-
served no change in other glycolytic gene expression in LX-o2
cells (Figure 4N-P). Contrary to the mitochondrial genes, LY-
a2 expression did not rescue expression of Pfkm (Figure 4P).
The similarities in expression of key oxidative metabolic genes
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FIGURE 5 Dysregulation of NKA al signalling pathway in skal—/— muscles. A, Schematic of NKA «l signalling pathway, illustrating the
known effectors in the signalling cascade initiated by the binding of cardiotonic steroids (CTS) to al NKA. B, Representative immunofluorescent
images of gastrocnemius muscles from skol+/4 and skal—/— mice stained for NKA al (red) and p-Src (green). C, Representative Western

blots for p-ERK, ERK, p-Akt, Akt, pS9-GSK3p, GSK3p, Src, and p-actin. D-E, Phosphorylation and expression of ERK (D) and Akt (E) in
skol+/+ and skal—/— gastrocnemius muscles (n = 5-6, *P < .05, P < .01 ). F, Expression of Src in skal+/+ and skal—/— muscles (n = 6.

#P < .05). G, Phosphorylation and expression of GSK-3p in skal+/+ and skal—/— gastrocnemius muscles (n = 5-6, *P < .001). H, Glycogen
content of gastrocnemius muscles from male skal+/+ and skal—/— mice (n = 5-6, *P < .05). I, Protein carbonylation in skal1+/+ and skal—/—

gastrocnemius muscles (n = 4-5, P< .01)

between the renal epithelial cells and skal—/— muscles sug-
gest a similar molecular mechanism underlying the regulation
of mitochondrial metabolism in both models. In contrast, the
differences in the expression pattern of the glycolytic genes in
skol—/— muscle and LX-a2 cells suggest distinct regulation of
glycolysis in these systems.

2.4 | Altered kinase signalling in
skal—/— muscles

The combination of altered fibre type composition, decreased
exercise endurance, decreased complex I activity and decreased

expression of metabolic genes confirmed that skal —/— muscles
exhibit metabolic defects. These data, combined with the un-
changed NKA activity in crude membrane fractions and the iso-
form specificity of this phenotype suggest that the lack of NKA
ol signalling through Src may be responsible for the metabolic
dysregulation in skal—/— muscles. To determine whether dys-
regulation of the NKA a1/Src signalling pathway is a possible
mechanism that ultimately leads to this metabolic dysregula-
tion, we analysed the activation of several key enzymes in the
NKA al signalling cascade, including Src, ERK, Akt and gly-
cogen synthase kinase 3P (GSK3p) (Figure 5). The sequence
of activation of NKA al/Src signalling upon cardiotonic ster-
oid (CTS) binding to NKA «l, which triggers an activation
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of NKA al-associated Src and amplification by reactive oxy-
gen species (ROS) is shown in Figure 5A. In the absence of
NKA al signal, a redistribution and upregulation of pSrc away
from the cell plasma membrane was observed by immuno-
fluorescence in enlarged fibres of skal—/— muscle sections
(Figure 5B). This was consistent with previous observations in
the NKA ol knockdown epithelial cell line PY—17,40 and led to
a constitutive activation of ERK and Akt in skal—/— muscles
revealed by western blot (Figure 5C-E). Hence, unchecked Src
activity associated with upregulation of downstream kinases, a
hallmark of NKA «1/Src disruption in cells,34’40 occurs in this
in vivo model. An upregulation of total Src expression was also
detected by western blot in the skal—/— muscle (5C and 5F),
which has not been previously observed in vitro. Furthermore,
while the level of inhibitory phosphorylation of GSK3p was
unchanged in skal—/— muscles, total GSK3p was increased,
indicating higher overall levels of active GSK3p (Figure 5G).
This was consistent with a decreased levels of glycogen stor-
age in skal—/— muscles (Figure 5H). Lastly, because increased
ROS production is a known effect of dysregulated NKA o1/
Src signalling, we analysed the levels of carbonylated proteins
in ska—/— gastrocnemius muscles. Consistent with dysregula-
tion and constitutive activation of the NKA al signalling path-
way, protein carbonylation was increased in skal—/— muscles
(Figure 5I).

2.5 | Skeletal muscle NKA ol and
susceptibility to diet-induced metabolic
dysfunction

The above findings suggest that the loss of the Src binding a1
isoform leads to decreased metabolic reserve and flexibility in
skeletal muscle. The loss of metabolic capacity is associated
with increased susceptibility to metabolic syndrome in the face
of chronic overnutrition, such as when animals are fed a high-
fat, high-fructose Western diet (WD), which increases patho-
logical ROS stress, promotes tissue inflammation and ultimately
causes insulin resistance and glucose intolerance. Since skeletal
muscle plays an important role in both glucose homeostasis and
metabolic flux,?**® this prompted us to test whether expression
of ATP1A1 links the benefits of enhanced muscle metabolic
capacity and endurance to decreased susceptibility to diet-
induced metabolic dysfunction, specifically the development of
glucose intolerance and insulin resistance. Therefore, we sub-
jected skal—/—mice to WD to observe how they adapted to the
metabolic stress of chronic overnutrition.'* Baseline body mass
was similar between skal—/— and skal+/4+ mice assigned to
normal chow (NC) or Western diet (WD) (Table S4). Because
of their FVB-dominant mixed-strain background, even wild-
type controls gained less weight than C57BL/6J mice would
on the same diet and failed to develop hepatic steatosis as de-
termined by histological analysis and liver mass (Figure 6A),

a result of the well-documented FVB resistance to obesity.41
However, tissues collected after 12 weeks of WD revealed a
significant increase in epidydimal and subcutaneous adipose
tissues in control skarl+/+ mice (Figure 6B-C).

To further probe the impact of skal—/— on the devel-
opment of metabolic syndrome, we measured fasting blood
glucose and conducted glucose tolerance tests (GTT) and in-
sulin tolerance tests (ITT). As depicted in Figure 6D, after
12 weeks of WD, fasting glucose was significantly elevated
only in WD-fed skal+/+ mice. A GTT administered after
6 weeks of WD showed increased glucose intolerance as
measured by the area under the curve (AUC) only in skol+/+
mice, while WD-fed skal—/— mice maintained normal
glucose clearance (Figure 6E). An ITT administered after
12 weeks revealed impaired insulin sensitivity in skol+/+
mice but not in skal—/— mice fed with WD as measured by
AUC (Figure 6F). In both cases, glucose clearance was not
different between skol+/+4 and skal—/— mice fed with nor-
mal chow but was significantly decreased in skol+/+ mice
compared to skal —/— mice fed with WD (Figure 6F,G).

Since activation of the al NKA/Src is associated with in-
creased ROS production and ROS stress is central to the de-
velopment of diet-induced metabolic dysfunction, we measured
the activation of the nuclear factor erythroid 2-related factor 2
(Nrf2) pathway, which increases the expression of antioxidant
enzymes on a WD.* As depicted in Figure 7, WD increased
expression of Nrf2 and its targets (Figure 7A-C), indicating that
WD-induced ROS stress elicited a robust antioxidant response
in skal+/4+ muscles. This conclusion was further strengthened
by the induction of glutathione S-transferase mu 1 (Gstml)
(Figure 7D). In contrast, no changes in the expression of these
genes were observed in the gastrocnemius of skal—/— mice,
suggesting that the ablation of al attenuates ROS stress, con-
sistent with what has been report«sd.12 To further assess ROS
signalling, we also measured protein carbonylation, an indicator
of an increase in H,O,. As depicted in Figure 7E, a comparable
increase in protein carbonylation was noted in both skol—/—
and skoal4+/4+ mouse gastrocnemius. Furthermore, analysis of
the expression of cytokines and antioxidant response genes in
liver and epidydimal adipose tissue revealed that the apparent
protective effect of the ablation of skeletal muscle NKA al
extended to the liver but not epidydimal adipose tissue, sug-
gesting limited systemic protection from metabolic disruption
(Figure S5).

2.6 | Pharmacological

interruption of a1l NKA/Src binding
attenuates the progression of non-alcoholic
steatohepatitis in C57BL/6J mice

The above metabolic protection afforded by the genetic de-
letion of ATP1ALI in skeletal muscle provides compelling
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FIGURE 6 Impact of skeletal muscle-specific ablation of NKA al on reaction to Western diet. A, Representative images of haematoxylin and

eosin stained livers from skal4/4 and skal—/— mice fed NC or WD showing no clear evidence of steatosis. B, Epidydimal fat pad mass to body
weight (BW) ratio in skal4/+ and skal—/— mice after 12 weeks on a Western diet (WD) or normal chow (NC) (skal+4/4+ NC n = 8, skal+/+ WD
n = 14, skal—/— NC n = 4, skal—/— WD n = 12). C, Subcutaneous fat pad (SubQ)/BW ratio in skal+/+ and skal—/— mice after 12 weeks on WD
or NC (skal+/+ NC n = 8, skal+/+ WD n = 14, skal—/— NC n = 4, skal —/— WD n = 12). D, Liver mass to BW ratio in skal+/+ and skal—/—
mice after 12 weeks on a WD or NC (skal+/4+ NC n = 8, skal+/+ WD n = 14, skal—/— NC n = 4, skal—/— WD n = 12). E, Fasting blood glucose
in skal+/+ and skal—/— mice after 12 weeks on WD or NC (skal+/+ NC n =4, skal+/+ WD n =5, skal —/— NC n =4, skal—/— WD n=4). F,
Glucose tolerance test and area under the curve of skal—/— (triangles) and skal+4/4 (squares) mice after 6 weeks on WD or NC (skal+/+ NCn =7,
skal+/+ WD n = 6, skal —/— NC n = 4, skal—/— WD n = 4). G, Insulin tolerance test of skal —/— (triangles) and skal+/+ (squares) mice after

12 weeks on Western diet (skal+/+ NC n =4, skal+/+ WD n =5, skal —/— NC n = 4, skal—/— WD n =4). (*P < .05, p< .01, p< .001). Data
are represented as mean + SEM and analysed with a two-way ANOVA with a Holm-Sidak correction for multiple comparisons

evidence for a role of al NKA-mediated Src signaling in
developing diet-induced hepatic inflammation and oxidative
stress, which ultimately leads to the development of NASH.
However, the skal+/+ and skal—/— mice were on a mixed
FVB background, and FVB mice, unlike C57BL/6J mice, are
known to be resistant to obesity and NASH.*' Therefore, to
further test this hypothesis, and to evaluate whether pNaK-
tide, a peptide derived from ol NKA that blocks the formation
of the al NKA/Src complex, could be developed as a drug
candidate for NASH, we treated WD-fed C57BL/6] mice
with 5 mg/kg pNaKtide every other day. This treatment re-
sulted in a significant decrease in weight gain and moderately
improved body composition (Figure 8A,B). Like skol—/—,
pNaKtide treatment attenuated liver inflammation, normaliz-
ing the expression of Ccl2, Tnfa, and the macrophage marker
F4/80 (Figure 8C-E). Furthermore, pNaKtide abolished
the induction of the Nrf-2 target gene HmoxI (Figure 8F).
Finally, pNaKtide protected livers from WD-induced hepatic
steatosis (Figure 8G). Hence, we conclude from these find-
ings that pNaKtide, by disrupting the formation of a1l NKA/
Src complex, blocks WD-induced ROS stress and inflamma-
tion, thus preventing the progression of NASH.

3 | DISCUSSION

In this study, we have made three important observations.
First, we report for the first time that al NKA signalling

through Src is a hitherto unidentified regulator of metabolic
capacity. This first set of studies also provides molecular
insights into NKA isoform heterogeneity (Figures 1 and 2).
Second, we were able to demonstrate the metabolic impor-
tance of the al isoform in an in vivo model. The ablation of
ol NKA caused a switch from oxidative to glycolytic mus-
cle and a significant hypertrophy of glycolytic Type IIB fi-
bres in gastrocnemius muscles (Figure 3). Consequently, it
significantly reduced endurance (Figure 4). Paradoxically,
it also afforded protection against diet-induced glucose in-
tolerance and insulin resistance by reducing ROS stress and
inflammation in three vital metabolic tissues (Figures 6 and
7, Figure S5). Finally, these new findings, taken together
with previous reports on the in vivo efficacy of pNaKtide in
metabolic syndrome, validate the ol NKA/Src interaction as
a novel therapeutic target for metabolic syndrome (Figure 8).

3.1 | The significance of NKA signalling in
animal physiology

It is important to recognize the unique nature of ATP1Al
signalling through Src for regulating metabolic capacity in
mammalian cells. Specifically, our gain-of-Src-binding and
loss-of-Src-binding studies indicate that the acquisition of Src
binding by al NKA is essential for generating metabolic re-
serve (Figure 2). This contrasts with other recognized path-
ways, such as PPARy,43 PGC-loc,44 AMPK,45 and pyruvate
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FIGURE 7 Oxidative stress and antioxidant response in skal—/— and skal4/+ mice on Western diet. A-D, Expression of Nrf2-related genes

in gastrocnemius muscles from skal4/+ (squares) and skal —/— (triangles) mice on normal chow (NC, filled symbols) and Western diet (WD,

open symbols): Nuclear factor erythroid 2-related factor 2 (Nfe2/2, A), heme oxygenase 1 (Hmox1, B), NAD(P)H quinone dehydrogenase 1 (Ngo!,

(), and glutathione S-transferase mu 1 (Gstml, D) (n = 4-6, *P < .05, P < 01).E, Change in protein carbonylation in gastrocnemius muscles
from skal4/4 (squares) and skal—/— (triangles) mice on NC (filled symbols) and WD (open symbols) relative to NC controls (n = 4-5, *P < .05,
P < .01). Data are represented as mean + SEM and analysed with a two-way ANOVA with a Holm-Sidak correction for multiple comparisons

dehydrogenases,46 which play important but nonessential roles
in the generation of metabolic reserve. Similarly, NKA/Src in-
teraction increased metabolic flexibility (Figures 1 and 2).
Furthermore, we demonstrated that the skeletal muscle-
specific knockout of al produced a phenotype distinct from
the skeletal muscle-specific knockout of a2 (ska2—/-),
which is the primary isoform necessary for the maintenance
of skeletal muscle contraction, especially at high stimuli fre-
quencies.24’37’38 The use of the MyoD-iCre system to generate
the skal—/— mouse, as previously selected by Radzyukevich
et al to obtain the ska2—/— model,***®* greatly facilitates the
comparison of the two phenotypes and reveals clear isoform-
specific functions. Structurally, in contrast with the loss of
NKA o2, the loss of NKA al substantially decreased mus-
cle size, related to a loss of myofibres and with an appar-
ent compensatory increase in fibre size in skal—/— muscles
(Figure 3). Given the early onset of expression of MyoD
during mouse embryogenesis,‘w'49
specific effect is likely related to a role of NKA a1 on muscle
differentiation. The present study did not investigate whether
this skal—/— feature was related to a loss of Src-regulatory
function or to the loss of other ATP1A1 function, such as the

such profound isoform-

regulation of the Wnt/B-catenin signalling recently revealed
by Wang et al during mouse organogenesis.so

Metabolically, differences between skal —/— and ska2—/—
phenotypes do support the hypothesis that the ol isoform
is responsible for the regulation of metabolic capacity, and
the altered localization of p-Src with baseline activation of
downstream kinases in skol —/— muscles suggest that this is
related to Src dysregulation (Figure 5). Indeed, loss of Src
binding in renal epithelial cells leads to comparable changes
in expression of metabolic genes (Figure 7). These meta-
bolic changes were represented by the switch to more glyco-
lytic muscle fibres (Figure 3I) and the decreased endurance
(Figure 4A) in skal—/— mice. Additionally, while the basal
rate of glycolysis appeared to be increased in the cell model,
maximum glycolysis was lower in cells lacking Src binding
capacity and there was no glycolytic reserve (Figure 2), indi-
cating a loss of glycolytic capacity that is consistent with the
decrease in expression of most metabolic genes (Figure 4).
Thus, we speculate that the evolution of Src binding in mam-
mals may have increased metabolic reserve and flexibility,
which the aerobic scope hypothesis posits were necessary for
the evolution of endothermy.5 !
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FIGURE 8 Pharmacological targeting of al NKA signaling through Src in diet-induced metabolic dysfunction. A, Weight gain in C57J/BL6
over 12 weeks of WD or NC with 5 mg/kg pNaKtide injection or vehicle injection every 2 days. (n = 10, 'P < .01, *P < .001 NC + Vehicle vs

WD + Vehicle; *P < .05, **P < .005 WD + Vehicle vs WD + pNaKtide) B, Effects of pNaKtide on body composition after 12 weeks WD. C-F,
Hepatic expression of F4/80 (C), Ccl2 (D), Tnfa (E), and HmoxI (F) after 12 weeks diet treatment. G, Representative micrographs of liver sections
stained with H&E to show lipid accumulation. (n = 6, *P < .05, P< .01, < .001). Data are represented as mean + SEM and are analysed with a

one-way ANOVA with a Holm-Sidak correction for multiple comparisons

Notably, both Src binding sites appear to be important for
regulating metabolic capacity. In addition to the cell lines used
in this study (LX-a2, LY-a2, AAC-19 and A420P), we also
created an LLC-PK1-derived cell line expressing a Y260A
mutant rat o1, which also exhibited decreased mitochondrial
metabolism, increased reliance on glycolysis and decreased
metabolic reserve.'® We also recognize that there are differ-
ences in the al NKA regulation of metabolism between the
cell lines and the skal—/— mouse model, as indicated by the
difference in expression of glycolytic enzymes in the two
models (Figure 4). We attribute this to the differences in met-
abolic demands between the two tissue types and note that
these differences between the models in this study are limited

to glycolytic enzymes. In spite of these apparent differences in
the regulation of glycolytic enzyme expression in the in vivo
and in vitro models, the loss of oxidative metabolism was con-
sistent, thus confirming the importance of al NKA in regulat-
ing mitochondrial metabolism and metabolic flexibility.

3.2 | NKA/Src interaction as a molecular
target for developing therapeutics for
metabolic syndrome

The first evidence linking al NKA to ROS production came
from our early studies of cardiotonic steroids in cultures of
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cardiac myocytes.52 Subsequently, we documented that stim-
ulation of the al NKA/Src receptor complex by cardiotonic
steroids increased ROS production in multiple cell types via
both mitochondria and NADPH oxidase activation.'®!>13-3352
These ROS then stimulate the ol NKA/Src complex, form-
ing an amplification loop for the pathological production of
ROS.'? Targeting the al NKA/Src interaction with pNaktide,
a peptide inhibitor of the signalling complex that has been used
by our group and others,'"*>3 terminates this amplification
loop, thereby preventing the generation of pathological ROS
stress. These in vitro studies were further supported by recent
in vivo animal studies.'>'>>* Administration of pNaKtide has
previously been reported to restore insulin sensitivity and glu-
cose tolerance in animals subjected to WD.!3:15:16 However, it
is important to note that pNaKtide has been used at 25 mg/kg
(administered every 7 days) in those previous in vivo studies,
while the present study is the first to report efficacy at a lower
dose administered more frequently (5 mg/kg administered
every 2 days) (Figure 8), which further advances our knowl-
edge about the drug development potential of pNaKtide.

The skal—/— phenotype provides strong genetic evidence
for arole of 1 NKA/Src interaction in the development of diet-
induced insulin resistance, glucose intolerance, and liver inflam-
mation (Figures 6 and 7). These findings, taken together with
the pharmacological studies of pNaKtide, validate the ol NKA/
Src interaction as a molecular target for the development of new
therapeutics for metabolic syndrome. Moreover, these phar-
macological studies of pNaKtide at a much lower dose (5 mg/
kg vs 25 mg/kg) have provided compelling evidence of the po-
tency and efficacy of pNaKtide in blocking liver ROS stress,
inflammation, and the progression of NASH without the con-
cern of significant side effects (Figure 8). Interestingly, our new
findings indicate that the loss of al-mediated Src signalling in
skeletal muscle is sufficient to confer systemic protection from
diet-induced glucose intolerance and insulin resistance and re-
duce oxidative stress and inflammation in target organs. These
protective effects appear to be organ-specific, with most of the
protection afforded to the liver. In view of the demonstrated role
of cross-talk between skeletal muscle, liver and adipose,42’54’55
it is reasonable to suggest that skeletal muscle-specific delivery
of pNaKtide might be sufficient to produce therapeutic benefits
in metabolic syndrome. This will further reduce the potential of
pNaKtide-induced systemic effects.

In addition to ROS stress and inflammation, the poten-
tial contribution of elevated GSK3f expression in skal—/—
mouse skeletal muscles should be considered. High GSK3p
expression is not only consistent with the detected decrease
in muscle glycogen content (Figure 5D), but could provide
one of many links between the metabolic defects and de-
creased growth in skal—/— muscles (Figure 3).% In addition
to protecting skal—/— mice from WD-induced insulin resis-
tance (Figure 6), the absence of al NKA caused a significant
decrease in muscle mass (Figure 3D), a switch to glycolytic

muscle fibres, and a 50% decrease in running endurance
(Figure 4B), all of which could be a result of decreased meta-
bolic capacity.6’39 Therefore, we propose that the evolutionary
acquisition of Src binding sites in ATP1A1 came with a trade-
off: the increased metabolic reserve and flexibility enhanced
mitochondrial metabolism and increased exercise endurance
came at the cost of increased susceptibility to diet-induced
glucose intolerance and insulin insensitivity. Interestingly, this
idea that both improved mitochondrial efficiency and severely
reduced mitochondrial capacity can preserve glucose homeo-
stasis in the face of a WD has been proposed before,”’ with
Koves et al postulating that incomplete p-oxidation of lipids
rather than the lipids themselves leads to lipotoxicity-induced
insulin resistance, a possibility that still needs to be explored
in our models. Together, these new findings reveal al NKA
signalling through Src as a novel regulator for generating met-
abolic reserve and flexibility in mammals as well as a vali-
dated drug target. Furthermore, this offers a novel explanation
for exercise-induced increases in al NKA expression.5 8.39
This hypothesis is further supported by the reports that indi-
viduals with natural running ability have high basal levels of

«l in skeletal and cardiac muscle.®*°!

3.3 | Limitations
We recognize that there are a number of important unanswered
questions. Decreased ol expression has been shown to de-
crease muscle size in the global NKA al haplodeficient mouse
model,%? but the growth pathways have yet to be identified.
It is also important to note that in addition to skeletal muscle,
other cells such as cardiomyocytes, adipocytes and glial cells
also express both a2 and ol NKA. Increased cardiac expres-
sion of genes associated with the p-oxidation of lipids in the
global NKA ol haplodeficient mouse is one of the very few
data available for comparison to date,63 which emphasizes the
need for additional tissue-specific genetic approaches. Thus, it
remains to be investigated how much of the impact of tissue-
specific NKA al ablation on skeletal muscle metabolism re-
ported here applies to other tissues expressing more than one
NKA isoform. Additionally, total expression of a protein as-
sessed by Western blotting does not document its cellular dis-
tribution and/or function. Finally, because the skol—/— mice
were generated on a dominant FVB mixed-strain background,
which caused them to accumulate less fat mass than C57BL/6J
mice fed a WD (Figure 8), we recognize that the genetic back-
ground of our transgenic animal model may influence or limit
our conclusions about the impact of skeletal muscle ol abla-
tion on the development of metabolic syndrome.15 4l
Additionally, there are a few contradictions between the
skal—/— phenotype and the current accepted links between
increased running endurance to better health outcomes, in-
cluding improvements in insulin sensitivity and glucose
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tolerance,®* and the potential negative impacts of ablating

NKA «l and its signalling should not be overlooked. The as-
sociation between severely attenuated mitochondrial metab-
olism and decreased susceptibility to diet-induced metabolic
dysfunction is, however, consistent with the hypothesis that
incomplete P oxidation of lipids and not the lack of mito-
chondrial metabolism is responsible for insulin resistance.”’
Moreover, the lack of exercise endurance in skoul —/— mice is
consistent with studies that have clearly demonstrated a pos-
itive correlation between increased exercise endurance and
higher al NKA expression in the muscle of inbred rats.®!

3.4 | Conclusion

In short, the data presented here describe a common mecha-
nism underlying the following dichotomy: the generation of
metabolic reserve and flexibility in the muscle, and conse-
quently exercise endurance, comes at the cost of metabolic
intolerance to a Western diet. These new molecular insights,
together with the findings from previous studies utilizing
pNaKtide, suggest that the «l NKA/Src interaction can be
a novel molecular target for the development of new phar-
macological approaches to treating metabolic disorders. The
unfavourable characteristics of the skal—/— phenotype also
emphasizes the importance of maintaining adequate NKA al
expression and function for muscle growth and metabolism
as pNaKtide and its derivatives are explored further as drug
candidates for NASH and other metabolic disorders.

4 | MATERIALS AND METHODS

4.1 | Reagents

The polyclonal anti-NKA ol antiserum NASE and poly-
clonal anti-NKA o2 antiserum HERED used for Western
blots were raised in rabbits and were generous gifts from Drs.
T. Pressley and P. Artigas at Texas Tech University Health
Sciences Center (40). Anti-a tubulin antibody (Sigma, cata-
log number T5168) was used as a loading control. Secondary
antibodies were horseradish peroxidase-conjugated anti-
rabbit and anti-mouse from Santa Cruz Biotechnology Inc
(catalog number sc-2004 and sc-2005 respectively).

4.2 | Cell culture

42.1 | Site-directed mutagenesis and
generation of mutant-rescued stable cell lines

Mutant cell lines used in this work were derived from
LLC-PK1 cells (ATCC). The generation of «l NKA knock
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down PY-17 cells from LLC-PK1 has been described in de-
tails.>® PY-17 cells express about 8% of al NKA in com-
parison to that in LLC-PK1 cells, and do not express other
isoforms of NKA. Using the well-established protocol of
knockdown and rescue, we have generated a number of sta-
ble cell lines.'***¥ The generation and characterization of
the al-rescued AAC-19 cells, ol mutant-rescued A420P, a2-
rescued LX-a2 and o2 mutant-rescued cells used in this study
have been rf:porttad.22’23’30’32 Src binding sequences and Src
signalling status published for each line used in this study
is summarized in Table S2. After cells reached 95%-100%
confluence, they were serum-starved overnight and used for
experiments unless indicated otherwise. All cell lines were
all cultured in DMEM plus 10% FBS with 1% penicillin/
streptomycin.

422 | Cell growth assay

Cell growth assay was performed as previously described.!
Briefly, 20,000 cells/well were seeded in triplicates in 12-
well plates in glucose-free DMEM containing 10% FBS and
1% penicillin/streptomycin. Cells were serum-starved for at
least 12 hours to achieve cell cycle synchronization. At indi-
cated time points, cells were trypsinized, and the number of
cells was counted with a haemocytometer.

423 | Biochemical measurement of
ATP and lactate

ATP measurements were performed using CellTiter-Glo
Luminescent Cell Viability Assay Kit (Promega, Cat #
G7570). According to the protocol provided by the manu-
facture, 10,000 cells per well were cultured in 96-well cul-
ture plate. After treatment with 2-DG (Sigma-Aldrich, Cat#
D6134) at indicated concentrations in serum-free DMEM
for 45 minutes, assay reagents were reconstituted and added
into culture plate. Afterwards, reactants were transferred to
opaque-walled 96-well plate, and luminescent counts were
determined with microplate reader.

Lactate measurement was done as described by Barker.*

42.4 | Media glucose depletion

Media was collected from cells after 3 days of incubation.
Glucose concentration in the media was measured using a
Glucose Colorimetric Assay Kit from Cayman Chemical
(Item no. 10009582). Glucose concentrations were subtracted
from the glucose concentration in fresh media to determine
media glucose depletion by each cell line, and then normal-
ized to the number of cells as determined by trypsinizing,
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pelleting, resuspending and counting with a hemocytometer,
so that the final number from each experiment was derived
from the following equation:

glucose depletion per 1000 cells over 3 days =

[glucosefresh media] - [glucose3 day old media]

number of cells

x 1000 cells

425 |
media

Cell proliferation in glucose-deprived

Cells were plated and grown in media consisting of glucose-
free DMEM, 10% FBS, and 1% Penicillin/Streptomycin,
and cell number was counted after O, 24, 36, and 48 hours of
proliferation.

42,6 | Seahorse metabolic flux analysis

Cells were plated in Seahorse XFp cell culture plates and
were subjected to both the mitochondrial stress test (Agilent
Technologies, Cat # 103010-100) and the glycolytic stress
test (Agilent Technologies, Cat #103017-100) supplied by
the manufacturer, with the injection of oligomycin, trifluo-
romethoxy carbonylcyanide phenylhydrazone (FCCP), rote-
none and antimycin A, glucose and 2-deoxyglucose (2-DG),
as described in Table S3. Three measurements of oxygen
consumption rate and extracellular acidification rate were
taken at baseline and after each injection. The appropriate
concentration of FCCP was determined by FCCP titration
as recommended by the manufacturer, and all future ex-
periments were performed with this concentration of FCCP
(1.0 nmol/L).

427 | Animals

Mice with floxed endogenous NKA ol isoform from Dr
Gustavo Blanco at Kansas University Medical Center were
crossed with FVB. Cg-Myodltm?2.1(icre)Glh/Jmice pur-
chased from Jackson Labs. Mice homozygous for floxed al
(alflox/flox) and heterozygous for MyoDiCre (MyoDiCre/
WT) were bred with alflox/flox MyoDWT/WT mice, re-
sulting in litters of alflox/flox MyoDiCre/WT (skal—/—)
mice with alflox/flox MyoDWT/WT controls (skol+/+).
Skoal—/— mice were born with the expected Mendelian fre-
quency and appeared normal. Skal—/— mice and skol+/+
control littermates were housed in 12-hour light and dark cy-
cles at constant temperature and humidity. All animal proce-
dures were approved by the Marshall University Institutional
Animal Care and Use Committee.

4.2.8 | Blood lactate testing

Blood lactate was determined using a Lactate Plus Meter
(Nova Biomedical) on blood obtained from conscious, fed
mice using a tail clip.

429 | Treadmill testing

12-week-old male and female skal—/— mice and litter mate
controls were placed in the six lanes of an Exer 3/6 treadmill
from Columbus Instruments equipped with a shock detection
system. Animals were acclimated to the treadmill for 3 days
at 5 m/min for 5 minutes at a 5° angle and were subjected to
the testing protocol on the fourth day. Mice began the testing
protocol running at 5 m/m for five minutes and increased by
2 m/min each minute up to 25 m/min, then continued running
at 25 m/min until they reached fatigue. Each shock adminis-
tered and each visit to the shock grid was recorded for each
animal. Fatigue was defined as 10 consecutive seconds spent
on the shock grid, and the shock was discontinued to each
mouse upon reaching fatigue.

4.2.10 | Tissue collection

Mice were anaesthetized with 50 mg/kg pentobarbital admin-
istered via IP injection. Tissues were dissected and weighed.
Muscles used for Western blot analysis, qPCR or enzymatic
activity assays were flash frozen in liquid nitrogen then
stored at —80°C until later use. Muscles used for histological
analysis were fixed in 10% neutrally buffered formalin for
24 hours then stored in 70% ethanol until they were embed-
ded in paraffin blocks.

42.11 | Western blot

Gastrocnemius muscles were first powdered in liquid nitro-
gen before homogenizing in ice-cold radioimmunoprecipita-
tion (RIPA) buffer (0.25% sodium deoxycholate, 1% Nonidet
P-40, ImM EDTA, 1mM PMSF, 1mM sodium orthovana-
date, ImM Sodium fluoride, 150 mmol/L NaCl, 50 mmol/L
Tris-HCI, pH 7.4 and 1% protease inhibitor cocktail) with
a Potter-Elvehjem tissue homogenizer. Homogenates were
centrifuged at 14 000 g for 15 minutes, supernatants were
collected, and the protein content was measured using DC
Protein Assay Kit from BioRad (catalog number 500-0114
and 500-0113). Protein loading was determined by first estab-
lishing a linear range for each protein analysed, and loading
protein amounts within the linear range. Each gel included
at least 2 control samples to allow for a semi-quantitative
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analysis of relative protein expression. Equal amounts of pro-
tein of each sample were loaded, separated by SDS-PAGE on
a 10% bis acrylamide gel with a 4% stacking gel at 65 V for
30 minutes for stacking and 100V for 2 hours to separate, and
transferred to nitrocellulose membranes except for Src, which
was transferred to 0.2 pm PVDF membranes. Transfers were
performed using the BioRad TransBlot Turbo semi-dry trans-
fer apparatus using the 7 minute turbo transfer. Membranes
probed for al, a2 total Akt, total ERK, total GSK-3p, total
Src, and actin were blocked in 5% milk in Tris-buffered sa-
line with Tween-20 (TBST), while membranes probed for
p-Akt, p-ERK, and p-GSK-3p were blocked in 5% BSA in
TBST. Primary antibodies were added overnight in blocking
buffer at 4°C. Membranes were washed thrice with TBST,
and secondary antibodies were added for 1 hour in blocking
buffer at room temperature. Membranes were visualized with
Western Lightning® Plus-ECL (Western Lightning) and ra-
diographic film. Densitometric quantification was performed
using Imagel software from the National Institute of Health,
and all results were normalized to actin expression as a load-
ing control. Relative expression was normalized to the ap-
propriate controls, as indicated in the Y-axis of each graph.

4212 | RT-qPCR

RNA was extracted from tissues and cells using TRIzol
Reagent (Life Technologies Corporation, Carlsbad, CA,
USA) according to manufacturer's instructions. Briefly,
tissues were homogenized in 1 mL of TRIzol on ice, then
incubated at room temperature for 5 minutes. 200 pL of chlo-
roform was added to each sample and shaken to mix well,
then incubated at room temperature for 2-3 minutes. Samples
were centrifuged at 12 000 g for 15 minutes at 4°C, and the
aqueous layer was transferred to a clean RNAse-free tube.
The RNA was precipitated by adding 500 pL of isopro-
panol and incubating at 4°C for 10 minutes, then centrifug-
ing at 12 000 g for 10 minutes. The pellet was then washed
with 1 mL 75% ethanol, vortexed, and then centrifuged
at 7500 g for 5 minutes at 4°C. The ethanol was removed
and the pellet was allowed to dry at room temperature for
10-15 minutes before suspending the pellet in RNase-
free water. The amount and quality of extracted RNA was
measured using the Nanodrop 2000 (Thermo Scientific,
Waltham, MA, USA), and the average RNA concentration
and A260/280 ratio for each type of sample is reported in
Table S5. SuperScript III First-Strand Synthesis SuperMix
for qRT-PCR (Life Technologies Corporation) was used to
synthesize first-strand cDNA. Gene expression was analysed
by real-time quantitative RT-PCR using the LightCylcer 480
SYBR Green I Master mix (Roche) using a LightCycler 480
Instrument I (Roche). Relative expression was calculated
using the comparative Ct method with data normalized to
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Actab (liver and skeletal muscle), Rnl8s (adipose), or Gapdh
(AAC-19, LX-a2, and LY-a2 cell lines) as previously de-
scribed.® RNA quality is reported in Table S5, and primer
sequences are listed in Table S6.

42.13 | RNA sequencing and data analysis
RNA was extracted from whole gastrocnemius muscles
using a combination of TRIzol Reagent (Life Technologies
Corporation) and an RNeasy kit (Qiagen) the method de-
scribed byBhatnagar, Panguluri, Kumar.® RNA sequencing
was performed by Novogene. A heatmap of the top 70 dif-
ferential expressed genes were visualized by log2 normal-
ized fragments per kilobase million (Fpkm), using cytoscape
3.7.1° and clusterMaker2.® Gene Ontology (GO) enrich-
ment were analysed using BiNGO,” and then visualized
using EnrichmentMap.70

4.2.14 | Membrane fractionation

Crude membrane fractions were prepared from frozen
ol4+/— and al+/+ gastrocnemius muscles following a pro-
cedure modified from Walas and Juel.”' Frozen muscles
were ground into a fine powder with a mortar and pestle. The
resulting powder was homogenized in ice-cold fractiona-
tion buffer (250 mmol/L mannitol, 30 mmol/L L-histidine,
5 mmol/L EGTA and 0.1% deoxycholate, adjusted to pH 6.8
with Tris-base) for 30 seconds with a Fisher Tissue Meiser
handheld homogenizer. The crude homogenate was centri-
fuged at 3000 g for 30 minutes and the supernatant was then
centrifuged at 190,000xg for 90 minutes. The pellet was re-
suspended in 30 mmol/L histidine, 250 mmol/L sucrose, and
1 mmol/L EDTA, pH 7.4, and protein concentration was de-
termined using the DC Protein Assay Kit from BioRad (cata-
log number 500-0114 and 500-0113).

4.2.15 | ATPase activity assay

Ouabain-sensitive ATPase activity in crudes membrane
fractions was determined by measuring ATP hydrolysis
as previously described.”*”® Released inorganic phosphate
(Pi) was detected using a malachite-based Biomol Green
reagent. Samples containing 10 pg of protein were added to
a reaction mix containing 20 mmol/L Tris-HCL, 1 mmol/L
MgCl12, 100 mmol/L NaCl, 20 mmol/L KCI, and 1 mmol/L
EGTA-Tris, pH 7.2. Ouabain was added to the samples to a
final concentration of 1 mmol/L to completely inhibit both
ol and a2 isoforms of the NKA. After 10 minutes of prein-
cubation at room temperature, the reaction was started by
adding Mg-ATP at a final concentration of 2.25 mmol/L



KUTZ ET AL.

=LLB A CTA PHYSIOLOGICA

and incubation at 37°C with shaking for 30 minutes. The
reaction was stopped with the addition of ice-cold 8% TCA,
and the concentration of Pi was measured spectrophoto-
metrically at OD 620 nm using Biomol Green as an in-
dicator (Enzo Life Sciences catalog # BML-AK111-250).
Maximal NKA activity was calculated as the difference be-
tween ATPase activity obtained in the absence or presence
of 1 mmol/L ouabain.

4.2.16 | Immunohistochemistry

Muscles were collected and then washed twice with ice-
cold PBS, fixed with 10% neutrally buffered formalin for
24 hours, and embedded in paraffin. Transverse sections of
the midbelly were immunostained for myosin heavy chain
(Myhc) fast and Myhc slow by Wax-It Histology Services
Inc, as described by Behan et al™* to differentiate between
type 1 and type 2 fibres. Additional sections were stained for
NKA al and for p-Src by Wax-It, Inc (Vancouver, Canada).
The samples were examined on a Leica confocal SP5 micro-
scopes (Leica Microsystems, Wetzlar, Germany). The images
were processed with the Leica Application Suite Advanced
Fluorescence (LAS/AF) suite (Leica Microsystems, Wetzlar,
Germany), FIJI platform, and the GNU Image Manipulation
Program (GIMP) to obtain maximum projections, extract lat-
eral slices and construct figures.

4.2.17 | Morphometric tissue analysis
(CSA and fibre types)

Images of muscles stained for fast and slow myosin heavy
chain were obtained by Wax-It, Inc with digital whole-slide
scanning. Aperio ImageScope software was used to deter-
mine the cross-sectional area (CSA) of each fibre. Fibres that
had been damaged were excluded from CSA analysis. Every
fibre of each type in each muscle was counted to determine
the average number of fibres per muscle.

42.18 | Western diet study

6-8-week-old male mice were placed on a 42% fat diet
with 4.2g/L. fructose water with controls on a normal
chow diet for 12 weeks. Glucose tolerance tests were per-
formed at 6 weeks and insulin tolerance tests were per-
formed at 12 weeks. Tissues were collected and weighed
after 12 weeks of diet treatment, and flash frozen in liquid
nitrogen or fixed in 10% neutrally buffered formalin for
24 hours then transferred to 70% ethanol for shipment to
Wax-It Histology Services Inc, for paraffin embedding and
haematoxylin and eosin staining.

4.2.19 | pNaKitide diet study

12-week-old male C57BL/6 mice were ordered from Jackson
Labs and randomized to receive normal chow + vehicle,
Western diet (42% fat chow with 4.2g/L. fructose water) +
vehicle or Western diet +5 mg/kg pNaKtide for 12 weeks.
pNaKtide was dissolved in phosphate-buffered saline and
administered via intraperitoneal injection every 2 days, while
vehicle-treated mice received phosphate-buffered saline via
intraperitoneal injection every 2 days. Body composition was
measured using an Echo-MRI (EchoMRI). Tissues were col-
lected after 12 weeks of treatment and either fixed in 10%
neutrally buffered formalin or flash frozen in liquid nitrogen
for future studies.

4220 | Glucose tolerance test

Fasting blood glucose was measured from the tail vein using
a OneTouch Ultra glucometer after a 6 hour fast. A 20% glu-
cose solution was administered via intraperitoneal injection
at a dose of 2 g/kg BW. Blood glucose was measured from
the tail vein at 15, 30, 45, 60, 90 and 120 minutes post injec-
tion. The area under the curve was calculated to determine
insulin resistance.

4221 | Insulin tolerance test

Fasting blood glucose was measured from the tail vein using
a OneTouch Ultra glucometer after a 6 hour fast. Insulin (0.15
units/mL) was administered via intraperitoneal injection at a
dose of 0.75 units/kg BW. Blood glucose was measured from
the tail vein at 15, 30, 45, 60, 90 and 120 minutes post injec-
tion. The area under the curve was calculated to determine
insulin resistance.

43 | Data analysis

Data presented are mean + SEM, and statistical analysis was
performed using the Student's #-test. When more than two
groups were compared, one-way ANOVA was performed
prior to post-hoc comparison of individual groups using
Dunnett's multiple comparison test. Significance was ac-
cepted at P < .05.
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