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ABSTRACT

Recent studies have revealed a resemblance of a HIF-regulated heart and brain glycolytic profiles prompting
the hypothesis that the classical cell-to-cell lactate shuttle observed between astrocytes and neurons
operates also in heart — between cardiac fibroblasts and cardiomyocytes. Here, we demonstrate that co-
culturing of cardiomyocytes with cardiac fibroblasts leads to orchestrated changes in expression and/or
localization pattern of glucose metabolism enzymes and lactate transport proteins in both cell types. These
changes are regulated by paracrine signaling using microvesicle-packed and soluble factors released to the
culture medium and, taken together, they concur with the cardiac lactate shuttle hypothesis. The results
presented here show that similarity of heart and brain proteomes demonstrated earlier extend to
physiological level and provide a theoretical rationale for designing novel therapeutic strategies for
treatment of cardiomyopathies resulting from disruption of the maturation of cardiac metabolic pathways,
and of heart failure associated with metabolic complications and age-related heart failure linked with
extracellular matrix deposition and hypoxia.

INTRODUCTION

During the last twenty years several lines of evidence
have accumulated, based mainly on observations of cell
co-culture models, that cells building some organs
(neurons and astrocytes in brain, cancer cells and cancer
associated fibroblasts in some cancers) communicate with
each other exchanging energetic substrates such as lactate
and glutamine (for review see: [1, 2]), and releasing
molecules which affect physiology and morphology of
their in vivo partner cells, for example, significantly
altering expression of metabolic enzymes [e.g. 3].

Our recent proteomic studies of mouse organs have
revealed that the expression pattern of energy
metabolism enzymes in mouse heart closely resembles
mouse brain [4]. Brain and heart are built of two major
types of cells: neurons and astrocytes, and

cardiomyocytes and fibroblasts, respectively. It has
been shown that both neurons and cardiomyocytes
preferentially utilize lactate, even in the presence of
glucose, which makes them highly sensitive to hypoxia
[5]. It has also been shown that astrocytes take up the
majority of the brain glucose and metabolize it to lactate
which is then transported to neurons and enters the
Krebs cycle [1]. However, up to now, practically none
of studies on the expression/activity of proteins in the
whole heart assumed that the fibroblast-cardiomyocyte
cross-talk may significantly influence these parameters.

Therefore, considering the resemblance of the heart and
brain glycolytic profiles, and physiological response of
neurons and cardiomyocytes to hypoxia, we have
proposed that the classical cell-to-cell lactate shuttle
operates also in heart where fibroblasts deliver lactate to
cardiomyocytes [4, 6].
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Although our hypothesis has been backed up with
predominantly fibroblastic localization of two proteins
responsible for a high basal glucose uptake (hexokinase 1)
and release of lactate from a cell (monocarboxylate
transporter 4, MCT4) [6], it relied mostly on results of
proteomic studies of the whole rodent heart. Thus, we
decided to test if our hypothesis has any relevance to
intercellular relations in heart, i.e. if cardiac fibroblasts
can influence cardiomyocytic metabolism just as they do
in cancer, or as astrocytes influence neuronal processes.
To this end, we cultured for 48 h mouse cardiac myocytes
(HL-1 cell line) alone or together with fibroblasts isolated
from mouse heart. Then, we checked localization of
proteins involved in regulation of glucose metabolism and
proliferation, and searched for the possible mechanism by
which the cells may communicate and mutually modify
their biology. Results of our experiments demonstrate that
co-culturing of cardiomyocytes with fibroblasts leads to
orchestrated changes in metabolic protein
expression/localization which concur with the fibroblasts-
to-cardiomyocytes lactate shuttle hypothesis, and that
these changes are regulated both by microvesicle-
delivered and soluble factors of the culture medium.
Moreover, the similarity of aging-related changes in brain
and heart might suggest that the metabolic cross-talk
between fibroblasts and cardiomyocytes is impaired in old
animals and also in animals suffering from obesity-related
diabetic complications.

RESULTS AND DISCUSSION

The most pronounced manifestation of the
cardiomyocyte-fibroblast cross-talk was reduction of
the proliferative capacity of both cell types assessed by
cellular expression of Ki-67, a protein widely accepted
as a proliferation marker. In the monocultures, over
90% of both cell types had Ki-67—positive nuclei
(Figure 1; Supplementary Figure 1A). However, co-
culture of these cells significantly reduced the number
of Ki-67—positive nuclei of cardiomyocytes (almost 2-
fold) and, much less markedly (~1.3x), fibroblasts
(Figure 1; Supplementary Figure 1A).

To verify this result the cell cycle analysis was
performed. 48h co-culture of cardiomyocytes and
fibroblasts led to over 1.2-fold increase of percentage of
cells in GO/G1 phase (from over 52% in the
monocultures to 67% in the co-culture), and to about
1.8-fold decrease of percentage of the cells in G2/M
phase (from over 30% in both monocultures to ~17% in
the co-cultures) (Supplementary Figure 1B).

This may indicate a transition of the co-cultured cells
from hyperplasia to hypertrophy which mimics the
postnatal shift in mode of cardiac growth [7], and
should coincide with decrease of glycolytic potential of

cardiomyocytes (switching from the “fetal” to “mature”
phenotype) [8].

Therefore we tested the subcellular localization of
fructose 1,6-bisphosphatase 2 (FBP2, so-called muscle
isozyme), a moonlighting protein which, aside from
regulation of glycogen synthesis from carbohydrate
precursors, is involved in cell cycle-dependent events [9]
and protection of cells against stress conditions [10, 11].

It has been demonstrated that nuclear accumulation of
the enzyme is related to proliferative capacity of muscle
cells [12], and that in HL-1 cardiomyocytes, it oscillates
in a cell cycle-dependent manner [9] and is also
dependent on GSK3 activity [10].

In HL-1 cells monoculture, FBP2 had nucleo-
cytoplasmic localization [13] (Figure 1). In contrast, in
cardiac fibroblasts monoculture, majority of the cells
lacked substantial nuclear immunostaining and FBP2
seemed to be distributed homogeneously in cytoplasm.
One of the most conspicuous effects of cardiac
myocytes-fibroblasts co-culture was disappearance of
FBP2 from nuclei of cardiomyocytes and accumulation
of the protein in nuclei of fibroblasts (Figure 1).

Thus, to check what triggered the nucleo-cytoplasmic
shuttle of FBP2 we investigated the changes in GSK3
phosphorylation level.

In the co-culture, there were no observable changes in
the intensity of immunostaining against total form of
GSK3 (data not shown) in any of the two cell types.
However, a slight (1.4x) decrease of the active form of
GSK3 (Y216-P) and similar (1.5x) increase of the
inactive form (S9-P) was observed in cardiomyocytic
nuclei (Figure 1; Supplementary Figure 1D). On the
other hand, in the fibroblasts’ nuclei, the amount of the
active form of GSK3 increased (2.3x) and inactive form
(S9-P) decreased (2.5x) (Supplementary Figure 1D).

GSK3 is a multifunctional kinase and its inhibition has an
anti-hypertrophic effect on heart and reduces FBP2
nuclear retention [10, 14]. Since both in cardiomyocytes
and in fibroblasts, the observed changes of
phosphorylation status of the kinase were limited to
nuclear GSK3 they were probably related to other
functions of GSK3 than regulation of glycogen synthesis
(e.g. regulation of FBP2 nucleo-cytoplasmic shuttle).

Thus, taking into account all the above results, it can be
inferred that co-culture influences the cell cycle
progression in both cell types, and reduces proliferative
potential of cardiac myocytes — a phenomenon
associated with postnatal maturation that culminates in
a decreased cardiomyocyte number in aging hearts.

WWW.aging-us.com

3389

AGING



Cardiomyocytes

Fibroblasts

Co-culture

GSK3 Y216-P merge | GSK3 S9-P merge

Fibroblasts Cardiomyocytes

Co-culture

Figure 1. Changes in subcellular localization and immunostaining intensity of Ki-67, FBP2 and FBP2-regulating kinase GSK3
evoked by cardiomyocytes-fibroblasts co culture. On merged pictures actin appears as green and nuclei are shown in blue. White
arrows point to cardiomyocytes. Bar = 20 um.
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Concomitantly with the FBP2 distribution changes seen
in the co-culture, a noticeable (4-fold, p<0.001) increase
of anti-HIF-1o. (Hypoxia-inducible factor la) staining
was observed in fibroblasts, especially in the nuclei
(Figure 2; Supplementary Figure 1C). This was in
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contrast to the hypothesized role of FBP isoforms in
cancers. It has been shown that in renal carcinoma, the
liver isozyme (FBP1) decreases the rate of glycolysis
exerting an antagonistic effect both on the rate of
glycolysis and on the level of HIF [15]. It has been also
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Figure 2. Changes in subcellular localization and immunostaining intensity of HIF-1a and proteins involved in glucose
transport, and lactate transport and production evoked by cardiomyocytes-fibroblasts co culture. On merged pictures actin
appears green and nuclei are shown in blue. White arrows point to cardiomyocytes. Bar = 20 um. If the changes in fluorescence subcellular
distribution were not evident, corrected total cell fluorescence of individual cells was calculated and presented in percentage frequency

graphs. RFU — relative fluorescence units.
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demonstrated that FBP2 may suppress glycolytic
pathway in gastric cancer [16]. Contrarily, it has been
shown that HIF1a can increase FBP transcript about five-
fold during 48 h of hypoxia [17]. However, since in our
study, the cardiomyocyte-fibroblast co-culture was kept
in normoxic conditions thus, the observed changes could
not be explained by the effect of low oxygen availability.
Nevertheless, since the alteration FBP2-related
fluorescent signal intensity was confined to nuclear
compartment the observed changes are most probably
related to a moonlighting function of the enzyme which
is not directly related to its catalytic action.

HIF is the Nobel Prize-worthy main regulator of cellular
metabolic response to hypoxia [18] and it stimulates the
expression of practically all glycolytic enzymes in
healthy and cancer cells [19, 20]. However, deletion of
HIF-1 in cardiomyocytes affects heart function even
under normoxic conditions [21]. Expression of HIF-1a
can be induced by growth factors, and at the protein level
HIF-1a is stabilized by products of glycolysis, especially
pyruvate, which creates a feed-forward signaling
mechanism [22]. Importantly, this stabilization is
independent on hypoxia [23].

Conditions wherein cells express hypoxia proteins
regardless of the oxygen status are described as
“pseudohypoxia”. It parallels to Warburg effect in which
HIF-1 up-regulates genes related to glycolytic energy
metabolism in normoxia and which is thus defined as
aerobic glycolysis. Both the states are most frequently
mentioned in relation to cancer cells. The pseudohypoxic
state is often observed at the tumor—stromal interface.
However, the acquisition of pseudohypoxic phenotype by
cells has been observed in numerous physiological as
well as pathological conditions, including diabetes,
inflammation, differentiation and aging [24-27].
Pseudohypoxic and Warburg effect displaying cells are
lactic acid producing due to HIF-la-induced up-
regulation of genes related to glycolysis and also to
glucose and lactate transport [28, 29].

Moreover, it has been shown that stabilization of HIF-
lo. (not only during stress but also at baseline
conditions) can trigger combined adaptations in
glutamine and glucose metabolism: stimulating
glutathione synthesis from glutamine and “sparing”
glucose for maintenance of energy status of cells. In
such cells, an increased 13C incorporation into
glycolytic intermediates (i.e. lactate) and decreased
incorporation into TCA cycle intermediates were
observed [30]. This observation is in agreement with
papers demonstrating that HIF-1 can induce changes
leading to inhibition of the PDH complex [31, 32] what
in turn, reduces entry of glucose-derived carbon into the
TCA cycle increasing conversion of pyruvate to lactate.

However, such changes leading to the lactate-producing
(Warburg-like) phenotype has never been reported
previously in cardiac fibroblasts.

Consistently  with  the alterations expected in
pseudohypoxic/Warburg effect displaying cells, we
observed that the co-culturing increased glucose
transporter 1 (GLUT1)-related fluorescence in
fibroblasts (D=0.29, p<0.001), at the same time
reducing it in HL-1 cells (D=0.45, p<0.001) (Figure 2).
In turn, fluorescence related to the B isoform of lactate
dehydrogenase (LDHB) served to convert lactate to
pyruvate [33] increased in cardiomyocytes (D=0.54,
p<0.001). It also increased slightly in fibroblasts, but
only in nuclei (D=0.47, p<0.001) (Figure 2), which
suggests that it is related to a transcription regulator role
of LDH [34]. We also observed migration of
monocarboxylate transporter 1 (MCT1), the isoform
facilitating L-lactate influx, to membrane of
cardiomyocytes in co-culture (Figure 2). It is in
accordance with our previous proteomic studies
showing that in mouse heart, the high amount of
enzymes involved in lactate uptake and its oxidation to
pyruvate reflects the phenomenon of lactate
consumption by this organ [6].

Although we have also shown that in mouse heart, the
MCT4 transporter, primarily expressed in highly
glycolytic cells and used to facilitate lactic acid efflux,
is present mainly in fibroblasts, we found no observable
differences of MCT4-related fluorescence in fibroblast
between mono- and co-cultures (data not shown) which
suggests that fibroblasts express this transporter
independently on culture conditions.

On the other hand, the expression of lactate
dehydrogenase A (LDHA), the isoform suited to
pyruvate-to-lactate conversion [33], was increased in
fibroblasts co-cultured with cardiomyocytes (D=0.39,
p<0.001). Changes in cardiomyocytes from co-cultures
were less unambiguous (p=0.03). Moreover, just like
LDHB, the enzyme showed the tendency to accumulate
in nuclei. This accumulation, however, might be related
to moonlighting functions of LDHA. The enzyme has
been shown to participate in a regulation of gene
expression by participation in the Oct-1 co-activator S
(OCA-S) transcription complex formation [34] and by
controlling availability of NAD®* for the sirtuin-1
deacetylase system [35]. It has been also demonstrated
that LDHA up-regulates HIF-1a expression in normoxic
conditions by enhancing lactate production (see in [33]).

In search for support of our hypothesis, we tested if co-
culturing of cardiomyocytes with fibroblasts can
influence the regulatory enzymes of glycolysis (HK,
PFK, PK), the main regulator of stability of glycolytic
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complex in a cell (PGAM), and aldolase — the enzyme
occupying central  position in glycolysis and
gluconeogenesis.

Our previous study has demonstrated that hexokinase 1
(HK1), the isoform typical of high glucose uptake cells,
is predominantly localized in cardiac fibroblasts [6].
Here, we show that HK2, the main isoform of cardiac
myocytes, is localized on mitochondria of HL-1 cells in
the monoculture, but not when they were co-cultured
with fibroblasts (Figure 3). This may reflect an
adaptation of cardiomyocytes to co-culture-induced
changes in metabolic conditions (i.e. the increased
supply of lactate) and result in the redirection of
glucose-6-phosphate (G6P) from glycolysis to new
metabolic routes in cardiomyocytes. It has been shown
that dissociation of HK2 from mitochondria promotes
G6P channeling to glycogen synthesis and PPP, instead
of using it as a fuel to mitochondrial metabolism [36].

Although co-culturing apparently did not induce obvious
changes in PFKM amount and distribution (data not

HK2 on mitochondria

Monoculture

Cardiomyocytes

Fibroblasts

shown), we observed opposing alterations in TIGAR
expression in the two types of co-cultured cells: its
reduction in fibroblast (D=0.6, p<0.001) and increase in
HL-1 cells (D=0.76, p<0.001) (Figure 4). The TIGAR
protein by lowering intracellular level of fructose-2,6-
bisphosphate — a PFK activator, negatively regulates
glycolysis and channelizes the intermediates to pentose
phosphate pathway (PPP) [37] which generates
putatively protective and reparative molecules. Inhibition
of glycolysis in HL-1 cell supplied with an energetic
substrate (lactate) by fibroblasts is compatible with the
observations  suggesting  fibroblast-to-cardiomyocyte
lactate shuttle. Additionally, the elevated expression of
TIGAR can modulate the HL-1 cells apoptotic response
to mild stress induced by augmented concentration of
lactate excreted into the culture medium by fibroblasts.

Also in line with the hypothesis, in co-cultures, the C-
terminus of PGAM2 became detectable in cytoplasm of
cardiomyocytes (Figure 4). In standard monoculture
conditions, this region of PGAM is usually exposed to
solvent only in nucleoli (Figure 4; [38]). In cytoplasm, the

Co-culture

Co-culture

Figure 3. Co-culturing-induced changes in mitochondrial localization of HK2 and PKM. The studied proteins are shown in white,

mitochondria —in green and nuclei — blue. Bar = 10 um.
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C-terminal region of PGAM is involved in stabilization of
the multienzymatic glycolytic complex (and thus,
unavailable to antibodies) regulating the cellular rate of
ATP synthesis in glycolysis. Disruption of this complex in
a cell, induced for example by high concentrations of
exogenous lactate, results in decrease of glucose oxidation
to lactate, and correlates with emergence of the C-
terminus of PGAM in cytoplasm [39].

We did not observe any noticeable changes in
distribution and expression of aldolase in the co-
cultures (data not shown). However, aldolase is one of
the most abundant proteins in every cell type and its
total concentration is not supposed to restrict the rate of
glycolysis [4]. On the other hand, aldolase, together
with PGAM2 and other enzymes of triose phosphate
metabolism, is a part of the macromolecular complex
crucial for the ATP synthesis in glycolysis [40]. We can
deduce dissociation of such complex, and thus,
reduction of glycolytic flux, in the co-cultured
cardiomyocytes from the observation of the C-terminal
region of PGAM2 in cytosol of these cells.

The PKM staining in the monocultures revealed that the
enzyme is localized on mitochondria. In turn, in the co-
cultures, PKM was densely packed around nuclei of
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both cell types (Figure 3). It has been shown that in
cancer cells, PKM2 but not PKM1 promotes
mitochondrial elongation by effecting the fusion
(mitofusin 2) and fission (Drpl) proteins. The observed
“energetic” outcomes of the fusion have been
contradictory [41, 42] and necessitate further studies.
However, to our knowledge, this is the first paper
showing that PKM interact with mitochondria in
healthy cells. Since the co-culturing induced similar
changes both in fibroblasts and in cardiomyocytes, it is
particularly hard to infer the metabolic meaning of this
interaction.

Intriguingly, we found that co-culture resulted in
considerable increase in ROS production in fibroblasts
(D=0.79, p<0.001) (Figure 4). The ROS increase in
fibroblasts is consistent with the observed reduction of
TIGAR-related fluorescence in these cells — expression
of TIGAR protein has been shown to be inversely
related to intracellular ROS levels (see in [43].
Furthermore, it has been shown that mild oxidative
stress can stimulate glucose uptake by up-regulating
GLUT1 expression [44, 45], which we observed in
fibroblasts from co-cultures (Figure 2). ROS can also
up-regulate HIF-1A transcription and translation by
several pathways (for review see in [46]).

14 p=0019

H

12 p=0.01

TIGAR

Lactate production (pmolicell)

fibroblasts

80 HL-1 co-culture

RFU

O fibroblasts monoculture

fibroblasts co-culture
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Figure 4. Co-culturing-induced changes in visibility of PGAM2 C-terminus, immunostaining intensity of TIGAR, and ROS
and lactate production. PGAM2 is presented in white, nuclei are blue. White arrow point to cardiomyocytes. Bar = 10 um. Lactate
production is presented as pmol of lactate per cell per 48 h. Error bars represent standard deviation from three measurements. RFU —

relative fluorescence units.
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An additional indicator of the increased glycolytic
activity and lactate secretion by fibroblasts in the co-
culture was the higher lactate accumulation in the
medium collected from the co-culture in comparison
with that detected in the monoculture media (Figure 4).

Together, it appears that co-culturing of cardiomyocytes
with fibroblasts leads to orchestrated changes in protein
expression/localization concurring with the fibroblasts-
to-cardiomyocytes lactate shuttle hypothesis.

Careful screening of the co-culture plates revealed that
these changes were independent on physical contacts
between the two cell types (Supplementary Figure 1D).
It has been shown, however, that the protein and nucleic
acid cargo of extracellular vesicles, called microvesicles
or exosomes [47], shed from fibroblasts mediates cross-
talk between them and other cell types, e.g. cancer cells
(for review see [48]). In response to stress, cardiac
fibroblast—derived vesicles containing microRNA can
mediate HL-1 cardiomyocyte hypertrophy [49]. In turn,
the “cardiosomes” can transfer genetic information to
fibroblasts [50]. Thus, we tested if the observed
differences in protein localization/expression between
the cells in mono- and co-culture emerged from
paracrine signaling factors or vesicles secreted to the
culture medium.

The culture medium from the cardiomyocyte-fibroblast
co-culture was “fractionated” into supernatant and
microvesicles fraction using ultracentrifugation. Then,
the microvesicles were stained with a green fluorescent
dye PKH67 and added to monocultures of fibroblasts

HL-1

Figure 5. Microvesicles uptake into cardiomyocytes and fibroblasts. Cells were

Fibroblast

and cardiomyocytes. Alternatively, the fibroblast and
cardiomyocyte monocultures were treated with the
unstained microvesicles or supernatant fractions and
subcellular localizations of HIFloa, FBP2 and C-
terminal region of PGAM2 were determined.

24h incubation of cells with PKH67-stained
microvesicles resulted in their accumulation in both cell
types (Figure 5), as it has been shown before [49].

Treatment of the cells with isolated microvesicles
mimicked the effect of the cardiomyocyte-fibroblast co-
culture on FBP2 and HIF1a nuclear amount. In almost
70% of cardiomyocytes FBP2 was absent from the
nucleus. In the same time, the enzyme accumulated in
nuclei of about 80% of fibroblasts, and the HIFla-
related fluorescence increased markedly in nucleus of
almost every cell. Depletion of microvesicles from the
co-culture medium completely abolished these changes
(Figure 6), which implies that a microvesicle-derived
factor was responsible for the observed behavior of
FBP2 and HIF1a.

By contrast, both microvesicles and supernatant fraction
were able to induce the emergence of the C-terminus of
PGAM in cytoplasm (Figure 6). This indicated, not
unexpectedly, that the stability of glycolytic complexes
was controlled by more than one factor.

Quite recently, based on the observed similarities in brain
and heart glycolytic profiles, and in physiological
response of these organs to hypoxia we have suggested
that the classical cell-to-cell lactate shuttle operates not

incubated with isolated and PKH67-labeled

microvesicles (green) for 24 h. Actin is shown in white and nuclei in blue. Bar = 10 um.
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Figure 6. Microvesicle- and supernatant-induced changes in cardiomyocytes and fibroblasts. The studied proteins are shown in
white, nuclei—in blue. Bar = 10 um.
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only between astrocytes and neurons but also between
fibroblasts and cardiomyocytes [4, 6]. During the last
decade various aspects of functional coupling between
fibroblasts/cardiac epithelial cells and cardiomyocytes
have been intensively studied. However, as yet, the effect
of the cell-to-cell cross-talk on the expression of basic
energy metabolism proteins is poorly understood. Some
recent studies have demonstrated that cardiomyocytes
may stimulate glycolytic flux in endothelial cells by
releasing exosomes loaded with GLUT transporters and
glycolytic enzymes [51]. This phenomenon is
hypothesized to play an important role in the response of
heart to hypoglycemic conditions [52]. By contrast, much
less is known about the impact of cardiomyocytes-
cardiac fibroblasts cross-talk on glycolysis. In this report,
we demonstrated that co-culturing of these two types of
cells changed expression and subcellular localization of
proteins involved in regulation of glycolysis and lactate
release/uptake (HIF-1a, FBP2, TIGAR, HK2, PKM2,
PGAM2, GLUT-1, LDHA and B), in fibroblasts and
cardiomyocytes, in a manner suggesting stimulation of
glycolytic metabolism in fibroblasts and reduction of
glycolytic capacity in cardiomyocytes. This coupling was
mediated mainly by the cargo of microvesicles. However,
the stability of glycolytic complex was regulated also by
some soluble factor(s) released directly into the culture
medium. This was not unexpected, as we have shown
that such complex is regulated by concentration of
metabolites, e.g. lactate [39]. Along with the changes in
metabolic profiles, the co-culturing affected the
proliferative potential of both cell types which was
associated with changes in subcellular localization and/or
phosphorylation status of proteins known to regulate both
energy metabolism and cell cycle progression. The co-
culture-induced changes resembled the postnatal
switching from the “fetal” to “mature” cardiac
phenotype. Such “switching” might be additionally
substantiated by reduction of the “embryonic” smooth
muscle actin [53] immunostaining intensity (from faint to
virtually none) of both types of the co-cultured cells (data
not shown).

Recently, we have shown that in aging hippocampi,
there is a rise in production of extracellular matrix
(ECM) proteins which can lead to spatial separation
of astrocytes and neurons and impede metabolic
cross-talk between them. In the same time,
concentrations of glycolytic enzymes increase in
neurons and, as a result, they become independent of
astrocytic metabolism and stop consuming astrocyte-
derived lactate. [54]. In aging heart, pathological
hypertrophy accompanied by hypoxia and increase in
ECM deposition is an independent risk factor for heart
failure (for review see [55]). Furthermore, high
glucose/diabetic conditions may stimulate production
of ECM in heart [56].

The results described here show that the similarities of
heart and brain proteomes demonstrated earlier extend to
physiological level, and provide yet another piece of
evidence that cardiomyocytes and fibroblasts form a
metabolic syncytium in which the exchange of important
chemical signals takes place not only through gap
junctions but also through excretion of signals/vesicles
into cellular milieu. This cross-talk induces transitions
that mimic the postnatal shift in mode of cardiac growth.
On the other hand, the similarity of aging-related changes
in brain and heart (e.g. increase in ECM deposition)
might suggest that the metabolic cross-talk between
fibroblasts and cardiomyocytes is impaired in old animals
and also in animals suffering from obesity-related
myocardial insulin resistance.

In conclusion, these results imply that alterations in
metabolic  cooperation between fibroblasts and
cardiomyocytes should be taken into account in course
of designing therapeutic strategies for treatment of
early-life cardiomyopathies that result from disruption
of the maturation of cardiac metabolic pathways, and
also heart failure associated with aging and metabolic
complications, e.g. obesity-related diabetic conditions
linked to ECM deposition and adversely affecting
myocardial mechanical function and tolerance to
ischemia and reperfusion.

MATERIALS AND METHODS
Cell lines and chemicals

HL-1 cardiomyocytes, a murine cell line [57] was a gift
from Dr. W.C. Claycomb (Louisiana State University
Health Science Center, New Orleans, LA, USA).

Murine cardiac fibroblasts were isolated from hearts of
newborn C57BL/6 mice according to [58]. The protocol
of isolation was approved by the Il Local Scientific
Research Ethical Committee, Wroclaw University of
Environmental and Life Sciences and every effort was
made to minimize the number of animals used for the
experiments.

If not stated otherwise, all the chemicals were bought
from Sigma-Aldrich.

Cell culture

HL-1 cardiomyocytes were cultured in Claycomb
medium as described before [13]. Fibroblasts were
initially cultured in glutamine-containing DMEM low
glucose medium supplemented with 10% fetal bovine
serum and penicillin (100 units/ml)/streptomycin (100
mg/ml). The cells were maintained at 37°C under 5%
CO,. To test the effects of co-culturing, the
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cardiomyocytes and fibroblasts were seeded together (in
the 3 to 1 ratio [59]) or alone on coverslips covered with
fibronectin, and cultured in Claycomb medium for 48 h.

Immunocytochemistry

Cells growing on coverslips were fixed in 4%
paraformaldehyde, permeabilized with 0.1% Triton X-
100 in PBS and incubated with 3% BSA in PBS to
reduce nonspecific binding of antibodies. Then cells were
incubated overnight with a primary antibody and 1 h with
an appropriate secondary antibody (Supplementary Table
1). To visualize nuclei, actin cytoskeleton and
mitochondria, the cells were counterstained with
respectively, DAPI, Phalloidin-Alexa 488
(ThermoFisher) and  MitoTracker Deep Red
(ThermoFisher). To avoid confusion resulting from the
use of secondary antibodies conjugated to different
fluorochromes, the studied proteins are always presented
in pictures as white.

Images were acquired on FV-1000 confocal microscope
(Olympus) with 60x (oil, Plan SApo, NA=1.35)
objective using the Sequential scan option. The
fluorescence intensity was measured and the corrected
total cell fluorescence (CTCF) of individual cells was
calculated using the Cell*F software (Olympus).

If the changes in fluorescence subcellular distribution
were not evident in pictures, data was presented in
percentage frequency (“cumulative distribution™) plots
(created with GraFit program). For statistical analyses
of cumulative distribution plots the two sample
Kolmogorov—Smirnov test was used. The experiments
were repeated three times with similar results and
representative data from one experiment is shown in
figures.

Cell cycle analysis

Cell cycle analysis was performed using a Muse™ cell
cycle kit from Millipore according to the
manufacturer’s instructions. Briefly, cells were seeded
in the same density as mono- and co-cultures. After 48
h they were harvested by trypsinization, washed with
PBS and fixed with 70% ethanol (-20°C, 5 h). Then
they were incubated with 200 pl of the Muse Cell Cycle
Reagent for 30 min at room temperature in the dark.
The percentage of cells in GO/G1, S and G2/M phases
was then calculated using a Muse Cell Analyzer
(Millipore).

Microvesicle purification and labeling

After 48 h of cardiomyocyte-fibroblast co-culture, the
culture medium from 75 ml culture flask was collected

and microvesicles were purified according to the
method described in [50]. To confirm their isolation and
uptake by cells, microvesicles were stained with PKH67
Green Fluorescent Cell Linker Kit and incubated for 24
h (as described in [49]) with cardiomyocytes and
fibroblasts monoculture. Then, the cells were fixed in
2% paraformaldehyde, counterstained with phalloidin-
Alexa 633 (ThermoFisher) and DAPI and observed in
confocal microscope. Alternatively, the monocultures
were treated for 48 h with unstained microvesicles or
supernatant remained after the isolation procedure and
subcellular localization of HIF1a, FBP2 and C-terminal
region of PGAM2 was determined.

Measurement of cellular ROS production

To measure intracellular ROS production, the cells
growing on coverslips were loaded with 5 pM
dihydrofluorescein diacetate (H2DCF-AC; 20 min,
37°C), thoroughly rinsed with Hank’s Balanced Salt
Solution, and mounted on slides. Live cells were
examined with the Olympus I1X71 fluorescence
microscope equipped with the Cell*F software
(Olympus). The fluorescence of the dye was excited at
488 nm for 500 ms. the corrected total cell fluorescence
(CTCF) of individual cells was calculated using the
Cell™F software (Olympus), and presented in percentage
frequency (“cumulative distribution”) graph. The
experiments were repeated three times with similar
results and representative data from one experiment is
shown in Figure 4. Collected data was analyzed as
described above (“Immunocytochemistry’).

Lactate assay

Lactate release into culture medium was assayed based
on spectrophotometric measurement of NAD+
reduction at 340 nm (as described in [60]), using
samples of the medium from the mono- and co-cultures
after 48 h of the culture. The measurement of NAD+
reduction monitored at 340 nm was performed with the
Agilent 8452A diode array spectrophotometer. The
experiment was performed in triplicate. The results are
expressed as mean and standard deviation. For an
evaluation of statistical significance the Student’s t-test
was used. A probability of p < 0.05 was considered to
represent a significant difference.

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.
FUNDING

A.G., D.R and J.A.M. were supported by the Polish
National Science Centre (grant number UMO-

WWW.aging-us.com 3398

AGING



2015/19/B/NZ1/00332). J.A.M. was supported by East
Carolina University (grant number 111104 and 111110-
668715-0000).

REFERENCES

1. Magistretti PJ, Allaman I. A cellular perspective on
brain energy metabolism and functional imaging.
Neuron. 2015; 86:883—901.
https://doi.org/10.1016/j.neuron.2015.03.035
PMID:25996133

2. Lisanti MP, Martinez-Outschoorn UE, Sotgia F.
Oncogenes induce the cancer-associated fibroblast
phenotype: metabolic symbiosis and “fibroblast
addiction” are new therapeutic targets for drug
discovery. Cell Cycle. 2013; 12:2723-32.
https://doi.org/10.4161/cc.25695 PMID:23860382

3. Mamczur P, Borsuk B, Paszko J, Sas Z, Mozrzymas J,
Wisniewski JR, Gizak A, Rakus D. Astrocyte-neuron
crosstalk regulates the expression and subcellular
localization of carbohydrate metabolism enzymes.
Glia. 2015; 63:328-40.
https://doi.org/10.1002/glia.22753
PMID:25257920

4. Wisniewski JR, Gizak A, Rakus D. Integrating
Proteomics and Enzyme Kinetics Reveals Tissue-
Specific Types of the Glycolytic and Gluconeogenic
Pathways. J Proteome Res. 2015; 14:3263-73.
https://doi.org/10.1021/acs.jproteome.5b00276
PMID:26080680

5. Brooks GA. Cell-cell and intracellular lactate shuttles.
J Physiol. 2009; 587:5591-600.
https://doi.org/10.1113/jphysiol.2009.178350
PMID:19805739

6. Rakus D, Gizak A, Wisniewski JR. Proteomics Unveils
Fibroblast-Cardiomyocyte  Lactate  Shuttle and
Hexokinase Paradox in Mouse Muscles. J Proteome
Res. 2016; 15:2479-90.
https://doi.org/10.1021/acs.jproteome.5b01149
PMID:27302655

7. leda M, Tsuchihashi T, Ivey KN, Ross RS, Hong TT,
Shaw RM, Srivastava D. Cardiac fibroblasts regulate
myocardial proliferation through betal integrin
signaling. Dev Cell. 2009; 16:233—44.
https://doi.org/10.1016/j.devcel.2008.12.007
PMID:19217425

8. Lopaschuk GD, Jaswal JS. Energy metabolic phenotype
of the cardiomyocyte during development,
differentiation, and postnatal maturation. J Cardiovasc
Pharmacol. 2010; 56:130-40.
https://doi.org/10.1097/FJC.0b013e3181e74a14
PMID:20505524

10.

11.

12.

13.

14.

15.

16.

17.

Mamczur P, Sok AJ, Rzechonek A, Rakus D. Cell cycle-
dependent expression and subcellular localization of
fructose 1,6-bisphosphatase. Histochem Cell Biol.
2012; 137:121-36.
https://doi.org/10.1007/s00418-011-0884-1
PMID:22057438

Gizak A, Pirog M, Rakus D. Muscle FBPase binds to
cardiomyocyte  mitochondria  under  glycogen
synthase kinase-3 inhibition or elevation of cellular
Ca2+ level. FEBS Lett. 2012; 586:13-19.
https://doi.org/10.1016/j.febslet.2011.11.032
PMID:22154964

Wisniewski J, Pirég M, Hotubowicz R, Dobryszycki P,
McCubrey JA, Rakus D, Gizak A. Dimeric and
tetrameric  forms  of  muscle  fructose-1,6-
bisphosphatase play different roles in the cell.
Oncotarget. 2017; 8:115420-33.
https://doi.org/10.18632/oncotarget.23271
PMID:29383170

Gizak A, Wrobel E, Moraczewski J, Dzugaj A. Changes
in subcellular localization of fructose 1,6-
bisphosphatase during differentiation of isolated
muscle satellite cells. FEBS Lett. 2006; 580:4042-46.
https://doi.org/10.1016/].febslet.2006.06.042
PMID:16814784

Gizak A, Zarzycki M, Rakus D. Nuclear targeting of
FBPase in HL-1 cells is controlled by beta-1 adrenergic
receptor-activated Gs protein signaling cascade.
Biochim Biophys Acta. 2009; 1793:871-77.
https://doi.org/10.1016/j.bbamcr.2009.02.005
PMID:19250949

Antos CL, McKinsey TA, Frey N, Kutschke W, McAnally
J, Shelton JM, Richardson JA, Hill JA, Olson EN.
Activated glycogen synthase-3 beta suppresses
cardiac hypertrophy in vivo. Proc Natl Acad Sci USA.
2002; 99:907-12.
https://doi.org/10.1073/pnas.231619298
PMID:11782539

Li B, Qiu B, Lee DS, Walton ZE, Ochocki JD, Mathew
LK, Mancuso A, Gade TP, Keith B, Nissim |, Simon MC.
Fructose-1,6-bisphosphatase opposes renal
carcinoma progression. Nature. 2014; 513:251-55.
https://doi.org/10.1038/nature13557
PMID:25043030

Li H, Wang J, Xu H, Xing R, Pan Y, Li W, Cui J, Zhang H,
Lu Y. Decreased fructose-1,6-bisphosphatase-2
expression promotes glycolysis and growth in gastric
cancer cells. Mol Cancer. 2013; 12:110.
https://doi.org/10.1186/1476-4598-12-110
PMID:24063558

Cota-Ruiz K, Leyva-Carrillo L, Peregrino-Uriarte AB,
Valenzuela-Soto EM, Gollas-Galvan T, Gomez-Jiménez

WWW.aging-us.com

3399

AGING


https://doi.org/10.1016/j.neuron.2015.03.035
https://www.ncbi.nlm.nih.gov/pubmed/25996133
https://doi.org/10.4161/cc.25695
https://www.ncbi.nlm.nih.gov/pubmed/23860382
https://doi.org/10.1002/glia.22753
https://www.ncbi.nlm.nih.gov/pubmed/25257920
https://doi.org/10.1021/acs.jproteome.5b00276
https://www.ncbi.nlm.nih.gov/pubmed/26080680
https://doi.org/10.1113/jphysiol.2009.178350
https://www.ncbi.nlm.nih.gov/pubmed/19805739
https://doi.org/10.1021/acs.jproteome.5b01149
https://www.ncbi.nlm.nih.gov/pubmed/27302655
https://doi.org/10.1016/j.devcel.2008.12.007
https://www.ncbi.nlm.nih.gov/pubmed/19217425
https://doi.org/10.1097/FJC.0b013e3181e74a14
https://www.ncbi.nlm.nih.gov/pubmed/20505524
https://doi.org/10.1007/s00418-011-0884-1
https://www.ncbi.nlm.nih.gov/pubmed/22057438
https://doi.org/10.1016/j.febslet.2011.11.032
https://www.ncbi.nlm.nih.gov/pubmed/22154964
https://doi.org/10.18632/oncotarget.23271
https://www.ncbi.nlm.nih.gov/pubmed/29383170
https://doi.org/10.1016/j.febslet.2006.06.042
https://www.ncbi.nlm.nih.gov/pubmed/16814784
https://doi.org/10.1016/j.bbamcr.2009.02.005
https://www.ncbi.nlm.nih.gov/pubmed/19250949
https://doi.org/10.1073/pnas.231619298
https://www.ncbi.nlm.nih.gov/pubmed/11782539
https://doi.org/10.1038/nature13557
https://www.ncbi.nlm.nih.gov/pubmed/25043030
https://doi.org/10.1186/1476-4598-12-110
https://www.ncbi.nlm.nih.gov/pubmed/24063558

18.

19.

20.

21.

22.

23.

24,

25.

S, Hernandez J, Yepiz-Plascencia G. Role of HIF-1 on
phosphofructokinase and fructose 1, 6-
bisphosphatase expression during hypoxia in the
white shrimp Litopenaeus vannamei. Comp Biochem
Physiol A Mol Integr Physiol. 2016; 198:1-7.
https://doi.org/10.1016/j.cbpa.2016.03.015
PMID:27032338

Wang GL, Semenza GL. General involvement of
hypoxia-inducible factor 1 in transcriptional response
to hypoxia. Proc Natl Acad Sci USA. 1993; 90:4304-08.
https://doi.org/10.1073/pnas.90.9.4304
PMID:8387214

Ilyer NV, Kotch LE, Agani F, Leung SW, Laughner E,
Wenger RH, Gassmann M, Gearhart JD, Lawler AM,
Yu AY, Semenza GL. Cellular and developmental
control of 02 homeostasis by hypoxia-inducible factor
1 alpha. Genes Dev. 1998; 12:149-62.

https://doi.org/10.1101/gad.12.2.149 PMID:9436976

Luo W, Semenza GL. Pyruvate kinase M2 regulates
glucose metabolism by functioning as a coactivator
for hypoxia-inducible factor 1 in cancer -cells.
Oncotarget. 2011; 2:551-56.
https://doi.org/10.18632/oncotarget.299
PMID:21709315

Cerychova R, Pavlinkova G. HIF-1, Metabolism, and
Diabetes in the Embryonic and Adult Heart. Front
Endocrinol (Lausanne). 2018; 9:460.
https://doi.org/10.3389/fend0.2018.00460
PMID:30158902

Lu H, Dalgard CL, Mohyeldin A, McFate T, Tait AS,
Verma A. Reversible inactivation of HIF-1 prolyl
hydroxylases allows cell metabolism to control basal
HIF-1. J Biol Chem. 2005; 280:41928-39.
https://doi.org/10.1074/jbc.M508718200
PMID:16223732

Lu H, Forbes RA, Verma A. Hypoxia-inducible factor 1
activation by aerobic glycolysis implicates the
Warburg effect in carcinogenesis. J Biol Chem. 2002;
277:23111-15.
https://doi.org/10.1074/jbc.M202487200
PMID:11943784

Williamson JR, Chang K, Frangos M, Hasan KS, Ido Y,
Kawamura T, Nyengaard JR, van den Enden M, Kilo C,
Tilton RG. Hyperglycemic pseudohypoxia and diabetic
complications. Diabetes. 1993; 42:801-13.
https://doi.org/10.2337/diab.42.6.801
PMID:8495803

Halligan DN, Murphy SJ, Taylor CT. The hypoxia-
inducible factor (HIF) couples immunity with
metabolism. Semin Immunol. 2016; 28:469-77.
https://doi.org/10.1016/j.smim.2016.09.004
PMID:27717536

26.

27.

28.

29.

30.

31.

32.

33.

34.

Mohlin S, Wigerup C, Jogi A, Pahlman S. Hypoxia,
pseudohypoxia and cellular differentiation. Exp Cell
Res. 2017; 356:192-96.
https://doi.org/10.1016/j.yexcr.2017.03.007
PMID:28284840

Verdin E. NAD* in aging, metabolism, and
neurodegeneration. Science. 2015; 350:1208-13.
https://doi.org/10.1126/science.aac4854
PMID:26785480

Hayashi Y, Yokota A, Harada H, Huang G.
Hypoxia/pseudohypoxia-mediated  activation  of
hypoxia-inducible factor-la in cancer. Cancer Sci.
2019; 110:1510-17.
https://doi.org/10.1111/cas.13990 PMID:30844107

Russel S, Gatenby RA, Gilles RJ. Chapter 4 -
Pseudohypoxia: Life at the Edge. In: Ecology and
Evolution of Cancer. Academic press. 2017. pp57-68.
https://doi.org/10.1016/b978-0-12-804310-3.00004-1

Stegen S, van Gastel N, Eelen G, Ghesquiére B, D’Anna
F, Thienpont B, Goveia J, Torrekens S, Van Looveren R,
Luyten FP, Maxwell PH, Wielockx B, Lambrechts D, et al.
HIF-la  Promotes  Glutamine-Mediated Redox
Homeostasis and Glycogen-Dependent Bioenergetics to
Support Postimplantation Bone Cell Survival. Cell
Metab. 2016; 23:265-79.
https://doi.org/10.1016/j.cmet.2016.01.002
PMID:26863487

Kim JW, Tchernyshyov |, Semenza GL, Dang CV. HIF-1-
mediated expression of pyruvate dehydrogenase
kinase: a metabolic switch required for cellular
adaptation to hypoxia. Cell Metab. 2006; 3:177-85.
https://doi.org/10.1016/j.cmet.2006.02.002
PMID:16517405

Papandreou I, Cairns RA, Fontana L, Lim AL, Denko
NC. HIF-1 mediates adaptation to hypoxia by actively
downregulating mitochondrial oxygen consumption.
Cell Metab. 2006; 3:187-97.
https://doi.org/10.1016/j.cmet.2006.01.012
PMID:16517406

Valvona CJ, Fillmore HL, Nunn PB, Pilkington GJ. The
Regulation and Function of Lactate Dehydrogenase A:
Therapeutic Potential in Brain Tumor. Brain Pathol.
2016; 26:3-17.

https://doi.org/10.1111/bpa.12299

PMID:26269128

He H, Lee MC, Zheng LL, Zheng L, Luo Y. Integration of
the metabolic/redox state, histone gene switching,
DNA replication and S-phase progression by
moonlighting metabolic enzymes. Biosci Rep. 2013;
33:e00018.

https://doi.org/10.1042/BSR20120059
PMID:23134369

WWW.aging-us.com

3400

AGING


https://doi.org/10.1016/j.cbpa.2016.03.015
https://www.ncbi.nlm.nih.gov/pubmed/27032338
https://doi.org/10.1073/pnas.90.9.4304
https://www.ncbi.nlm.nih.gov/pubmed/8387214
https://doi.org/10.1101/gad.12.2.149
https://www.ncbi.nlm.nih.gov/pubmed/9436976
https://doi.org/10.18632/oncotarget.299
https://www.ncbi.nlm.nih.gov/pubmed/21709315
https://doi.org/10.3389/fendo.2018.00460
https://www.ncbi.nlm.nih.gov/pubmed/30158902
https://doi.org/10.1074/jbc.M508718200
https://www.ncbi.nlm.nih.gov/pubmed/16223732
https://doi.org/10.1074/jbc.M202487200
https://www.ncbi.nlm.nih.gov/pubmed/11943784
https://doi.org/10.2337/diab.42.6.801
https://www.ncbi.nlm.nih.gov/pubmed/8495803
https://doi.org/10.1016/j.smim.2016.09.004
https://www.ncbi.nlm.nih.gov/pubmed/27717536
https://doi.org/10.1016/j.yexcr.2017.03.007
https://www.ncbi.nlm.nih.gov/pubmed/28284840
https://doi.org/10.1126/science.aac4854
https://www.ncbi.nlm.nih.gov/pubmed/26785480
https://doi.org/10.1111/cas.13990
https://www.ncbi.nlm.nih.gov/pubmed/30844107
https://doi.org/10.1016/b978-0-12-804310-3.00004-1
https://doi.org/10.1016/j.cmet.2016.01.002
https://www.ncbi.nlm.nih.gov/pubmed/26863487
https://doi.org/10.1016/j.cmet.2006.02.002
https://www.ncbi.nlm.nih.gov/pubmed/16517405
https://doi.org/10.1016/j.cmet.2006.01.012
https://www.ncbi.nlm.nih.gov/pubmed/16517406
https://doi.org/10.1111/bpa.12299
https://www.ncbi.nlm.nih.gov/pubmed/26269128
https://doi.org/10.1042/BSR20120059
https://www.ncbi.nlm.nih.gov/pubmed/23134369

35.

36.

37.

38.

39.

40.

41.

42.

Castonguay Z, Auger C, Thomas SC, Chahma M,
Appanna VD. Nuclear lactate dehydrogenase
modulates  histone  modification in  human

hepatocytes. Biochem Biophys Res Commun. 2014;
454:172-77.
https://doi.org/10.1016/j.bbrc.2014.10.071
PMID:25450376

John S, Weiss JN, Ribalet B. Subcellular localization of
hexokinases | and Il directs the metabolic fate of
glucose. PLoS One. 2011; 6:e17674.
https://doi.org/10.1371/journal.pone.0017674
PMID:21408025

Cheung EC, Athineos D, Lee P, Ridgway RA, Lambie W,
Nixon C, Strathdee D, Blyth K, Sansom OJ, Vousden
KH. TIGAR is required for efficient intestinal
regeneration and tumorigenesis. Dev Cell. 2013;
25:463-77.
https://doi.org/10.1016/j.devcel.2013.05.001
PMID:23726973

Gizak A, Grenda M, Mamczur P, Wisniewski J, Sucharski
F, Silberring J, McCubrey JA, Wisniewski JR, Rakus D.
Insulin/IGF1-PI3K-dependent nucleolar localization of a
glycolytic enzyme—phosphoglycerate mutase 2, is
necessary for proper structure of nucleolus and RNA
synthesis. Oncotarget. 2015; 6:17237-50.
https://doi.org/10.18632/oncotarget.4044
PMID:26033454

Kowalski W, Nocon D, Gamian A, Kotodziej J, Rakus D.
Association of C-terminal region of phosphoglycerate
mutase with glycolytic complex regulates energy
production in cancer cells. J Cell Physiol. 2012;
227:2613-21.

https://doi.org/10.1002/jcp.22998

PMID:22367961

Kowalski W, Gizak A, Rakus D. Phosphoglycerate
mutase in mammalian striated muscles: subcellular
localization and binding partners. FEBS Lett. 2009;
583:1841-45.
https://doi.org/10.1016/j.febslet.2009.05.004
PMID:19427860

Li T, Han J, Jia L, Hu X, Chen L, Wang Y. PKM2
coordinates glycolysis with mitochondrial fusion and
oxidative phosphorylation. Protein Cell. 2019;
10:583-94.
https://doi.org/10.1007/s13238-019-0618-z
PMID:30887444

Wu H, Yang P, Hu W, Wang Y, Lu Y, Zhang L, Fan Y,
Xiao H, Li Z. Overexpression of PKM2 promotes
mitochondrial fusion through attenuated p53
stability. Oncotarget. 2016; 7:78069-82.
https://doi.org/10.18632/oncotarget.12942
PMID:27801666

43.

44.

45,

46.

47.

48.

49.

50.

51.

Bensaad K, Tsuruta A, Selak MA, Vidal MN, Nakano K,
Bartrons R, Gottlieb E, Vousden KH. TIGAR, a p53-
inducible regulator of glycolysis and apoptosis. Cell.
2006; 126:107-20.
https://doi.org/10.1016/j.cell.2006.05.036
PMID:16839880

Prasad RK, Ismail-Beigi F. Mechanism of stimulation
of glucose transport by H202: role of phospholipase
C. Arch Biochem Biophys. 1999; 362:113-22.
https://doi.org/10.1006/abbi.1998.1026
PMID:9917335

Kozlovsky N, Rudich A, Potashnik R, Ebina Y,
Murakami T, Bashan N. Transcriptional activation of
the Glutl gene in response to oxidative stress in L6
myotubes. J Biol Chem. 1997; 272:33367-72.
https://doi.org/10.1074/jbc.272.52.33367
PMID:9407130

Movafagh S, Crook S, Vo K. Regulation of hypoxia-
inducible factor-1a by reactive oxygen species: new
developments in an old debate. J Cell Biochem. 2015;
116:696—703.

https://doi.org/10.1002/jcb.25074 PMID:25546605

Lawson C, Vicencio JM, Yellon DM, Davidson SM.
Microvesicles and exosomes: new players in
metabolic and cardiovascular disease. J Endocrinol.
2016; 228:R57-71.
https://doi.org/10.1530/JOE-15-0201
PMID:26743452

Steinbichler TB, Dudas J, Riechelmann H, Skvortsova
Il. The role of exosomes in cancer metastasis. Semin
Cancer Biol. 2017; 44:170-81.
https://doi.org/10.1016/j.semcancer.2017.02.006
PMID:28215970

Bang C, Batkai S, Dangwal S, Gupta SK, Foinquinos A,
Holzmann A, Just A, Remke J, Zimmer K, Zeug A,
Ponimaskin E, Schmiedl A, Yin X, et al. Cardiac
fibroblast-derived microRNA  passenger strand-
enriched exosomes mediate cardiomyocyte
hypertrophy. J Clin Invest. 2014; 124:2136-46.
https://doi.org/10.1172/JCI70577 PMID:24743145

Waldenstréom A, Gennebéack N, Hellman U, Ronquist
G. Cardiomyocyte microvesicles contain DNA/RNA
and convey biological messages to target cells. PLoS
One. 2012; 7:e34653.
https://doi.org/10.1371/journal.pone.0034653
PMID:22506041

Garcia NA, Moncayo-Arlandi J, Sepulveda P, Diez-Juan
A. Cardiomyocyte exosomes regulate glycolytic flux in
endothelium by direct transfer of GLUT transporters
and glycolytic enzymes. Cardiovasc Res. 2016;
109:397-408.

https://doi.org/10.1093/cvr/cvv260 PMID:26609058

WWW.aging-us.com

3401

AGING


https://doi.org/10.1016/j.bbrc.2014.10.071
https://www.ncbi.nlm.nih.gov/pubmed/25450376
https://doi.org/10.1371/journal.pone.0017674
https://www.ncbi.nlm.nih.gov/pubmed/21408025
https://doi.org/10.1016/j.devcel.2013.05.001
https://www.ncbi.nlm.nih.gov/pubmed/23726973
https://doi.org/10.18632/oncotarget.4044
https://www.ncbi.nlm.nih.gov/pubmed/26033454
https://doi.org/10.1002/jcp.22998
https://www.ncbi.nlm.nih.gov/pubmed/22367961
https://doi.org/10.1016/j.febslet.2009.05.004
https://www.ncbi.nlm.nih.gov/pubmed/19427860
https://doi.org/10.1007/s13238-019-0618-z
https://www.ncbi.nlm.nih.gov/pubmed/30887444
https://doi.org/10.18632/oncotarget.12942
https://www.ncbi.nlm.nih.gov/pubmed/27801666
https://doi.org/10.1016/j.cell.2006.05.036
https://www.ncbi.nlm.nih.gov/pubmed/16839880
https://doi.org/10.1006/abbi.1998.1026
https://www.ncbi.nlm.nih.gov/pubmed/9917335
https://doi.org/10.1074/jbc.272.52.33367
https://www.ncbi.nlm.nih.gov/pubmed/9407130
https://doi.org/10.1002/jcb.25074
https://www.ncbi.nlm.nih.gov/pubmed/25546605
https://doi.org/10.1530/JOE-15-0201
https://www.ncbi.nlm.nih.gov/pubmed/26743452
https://doi.org/10.1016/j.semcancer.2017.02.006
https://www.ncbi.nlm.nih.gov/pubmed/28215970
https://doi.org/10.1172/JCI70577
https://www.ncbi.nlm.nih.gov/pubmed/24743145
https://doi.org/10.1371/journal.pone.0034653
https://www.ncbi.nlm.nih.gov/pubmed/22506041
https://doi.org/10.1093/cvr/cvv260
https://www.ncbi.nlm.nih.gov/pubmed/26609058

52.

53.

54.

55.

56.

Garcia NA, Ontoria-Oviedo |, Gonzélez-King H, Diez-
Juan A, Sepulveda P. Glucose Starvation in
Cardiomyocytes Enhances Exosome Secretion and
Promotes Angiogenesis in Endothelial Cells. PLoS
One. 2015; 10:e0138849.
https://doi.org/10.1371/journal.pone.0138849
PMID:26393803

Driesen RB, Verheyen FK, Debie W, Blaauw E, Babiker
FA, Cornelussen RN, Ausma J, Lenders MH, Borgers
M, Chaponnier C, Ramaekers FC. Re-expression of
alpha skeletal actin as a marker for dedifferentiation
in cardiac pathologies. J Cell Mol Med. 2009; 13:896—
908.
https://doi.org/10.1111/j.1582-4934.2008.00523.x
PMID:19538254

Drulis-Fajdasz D, Gizak A, Wéjtowicz T, Wisniewski JR,
Rakus D. Aging-associated changes in hippocampal
glycogen metabolism in mice. Evidence for and
against astrocyte-to-neuron lactate shuttle. Glia.
2018; 66:1481-95.
https://doi.org/10.1002/glia.23319 PMID:29493012

Meschiari CA, Ero OK, Pan H, Finkel T, Lindsey ML.
The impact of aging on cardiac extracellular matrix.
Geroscience. 2017; 39:7-18.
https://doi.org/10.1007/s11357-017-9959-9
PMID:28299638

Feng B, Chen S, Chiu J, George B, Chakrabarti S.
Regulation of cardiomyocyte hypertrophy in diabetes

57.

58.

59.

60.

at the transcriptional level. Am J Physiol Endocrinol
Metab. 2008; 294:E1119-26.
https://doi.org/10.1152/ajpendo.00029.2008
PMID:18413674

Claycomb WC, Lanson NA Jr, Stallworth BS, Egeland
DB, Delcarpio JB, Bahinski A, 1zzo NJ Jr. HL-1 cells: a
cardiac muscle cell line that contracts and retains

phenotypic characteristics of the adult
cardiomyocyte. Proc Natl Acad Sci USA. 1998;
95:2979-84.

https://doi.org/10.1073/pnas.95.6.2979
PMID:9501201

Zafeiriou MP, Noack C, Zelarayan LC. Isolation and
Primary Culture of Adult Mouse Cardiac Fibroblasts.
Bio Protoc. 2016; 6:1860.
https://doi.org/10.21769/BioProtoc.1860

Pinto AR, llinykh A, Ivey MJ, Kuwabara JT, D’Antoni
ML, Debuque R, Chandran A, Wang L, Arora K,
Rosenthal NA, Tallquist MD. Revisiting Cardiac
Cellular Composition. Circ Res. 2016; 118:400-09.
https://doi.org/10.1161/CIRCRESAHA.115.307778
PMID:26635390

Sok AJ, Gizak A, Mamczur P, Piotrowska A, Knapik A,
et al. Demethylation with 5-Aza-2’-deoxycytidine
Affects Oxidative Metabolism in Human and Mouse
Non-small Cell Lung Cancer Cells. J Cancer Sci Ther.
2014; 6:036—044.
https://doi.org/10.4172/1948-5956.1000246

WWW.aging-us.com

3402

AGING


https://doi.org/10.1371/journal.pone.0138849
https://www.ncbi.nlm.nih.gov/pubmed/26393803
https://doi.org/10.1111/j.1582-4934.2008.00523.x
https://www.ncbi.nlm.nih.gov/pubmed/19538254
https://doi.org/10.1002/glia.23319
https://www.ncbi.nlm.nih.gov/pubmed/29493012
https://doi.org/10.1007/s11357-017-9959-9
https://www.ncbi.nlm.nih.gov/pubmed/28299638
https://doi.org/10.1152/ajpendo.00029.2008
https://www.ncbi.nlm.nih.gov/pubmed/18413674
https://doi.org/10.1073/pnas.95.6.2979
https://www.ncbi.nlm.nih.gov/pubmed/9501201
https://doi.org/10.21769/BioProtoc.1860
https://doi.org/10.1161/CIRCRESAHA.115.307778
https://www.ncbi.nlm.nih.gov/pubmed/26635390
https://doi.org/10.4172/1948-5956.1000246

SUPPLEMENTARY MATERIALS
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Supplementary Figure 1. Changes in protein localization/expression and cell cycle progression induced by co-culture of
cardiomyocytes and fibroblasts. (A) Number of Ki67-positive nuclei in cardiomyocytes and fibroblasts, in mono- and co-cultures. The
results are expressed as mean and standard deviation. For an evaluation of statistical significance, the Student’s t-test was used. (B) Cell cycle
progression in the co-culture of cardiomyocytes and fibroblasts compared to the monocultures. The graph presents mean percentage (from 3
independent experiments) of the cells in a given phase of the cell cycle. Representative histograms from one experiment are also shown. (C)
Changes in Hif-1a-related fluorescence in fibroblasts cultured alone and with HL-1 cells. The percentage frequency (“cumulative distribution”)
plot was created with GraFit program. For statistical analysis the two sample Kolmogorov—Smirnov test was used. RFU — Relative
Fluorescence Units. A noticeable increase of anti-HIF-1a staining was observed in nuclei fibroblasts co-cultured with HL-1 cells, as compared
monoculture (D=0.81, p<0.001). In HL-1 cells, co-culturing with fibroblasts induced decrease of HIF-1a-related fluorescence in nuclei (D=0.85,
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p<0.001). (D) Changes in fluorescence of the active (Y216-P) and inactive (S9-9) form of GSK3 in nuclei cells, in mono- and co-cultures. The
percentage frequency (“cumulative distribution”) plot was created with GraFit program. For statistical analysis the two sample Kolmogorov—
Smirnov test was used. RFU — Relative Fluorescence Units. A decrease of Y216-P (D=0.45, p<0.001) and increase of S9-P (D=0.53, p<0.001)
was observed in cardiomyocytic nuclei in co-cultures, compared to monocultures. In turn, in the fibroblasts’ nuclei, the amount of Y216-P
increased (D=0.64, p<0.001) and S9-P decreased (D=0.8, p<0.001) in co-cultures. (E) Changes in the studied proteins localization/expression
were independent on physical contacts between the two cell types. During the course of the study we tested different densities of HL-1—
fibroblasts co-cultures and obtained the same results. Below, FBP2 (white) disappears from HL-1 cells nuclei and accumulates in nuclei of
fibroblasts in the co-cultures, regardless of intercellular contacts. Actin is counterstained green (phalloidin-Alexa 488), nuclei — blue (DAPI).
Arrows point to some nuclei.
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Supplementary Table

Supplementary Table 1. The list of antibodies used in the experiments.

Antigen Animal host Catalog number Vendor/Reference Dilution
Primary antibodies

Fructose 1,6-bisphosphatase (FBP) rabbit - [1] 1:800
C-terminal peptide of . . ]
phosphoglucomutase 2 (PGAM2) goat NB100-774 Novus Biologicals 1:1000
Aldolase A rabbit - [2] 1:300
Hexokinase 2 rabbit AB3279 Sigma-Aldrich 1:400
Glycogen synthase kinase-3 beta L )
(GSK3, total protein) mouse 610201 BD Biosciences 1:300
GSK3 phospho-Ser9 rabbit 04-1075 Merck 1:250
GSK3 phospho-Tyr216 mouse 612612 BD Biosciences 1:150
Hypoxia-inducible factor 1-alpha . . )
(HIF-1 alpha) rabbit bs-0737R Bioss 1:500
Proliferation marker protein Ki67 rabbit 301107 Novocastra 1:100
Phosphofructokinase muscle form rabbit HPA002117 Atlas Antibodies 1:200
(PFKM)

Pyruvate kinase muscle form (PKM) goat R1108 Acris 1:400
Lactate dehydrogenase A (LDHA) rabbit NBP1-48336 Novus Biologicals 1:200
Lactate dehydrogenase B (LDHB) rabbit ab75167 Abcam 1:400
Monocarboxylate transporter 1 MCT1 )
(SLC16A1) mouse abh90582 Abcam 1:100
Monocarboxylate transporter 2 MCT2 . . )
(SLC16A7) rabbit bs-3995R Bioss 1:100
Monocarboxylate transporter 4 MCT4 . — )
(SLC16A3) rabbit HPA021451 Atlas Antibodies 1:50
TP53-induced glycolysis and apoptosis . . . )
regulator (TIGAR) rabbit PRS4051 Sigma-Aldrich 1:400
Glucose transporter 1 (GLUT1) mouse ab40084 Abcam 1:50
Secondary antibodies

anti-rabbit Alexa 633-conjugated goat A21070 ThermoFisher 1:400
anti-goat FITC-conjugated rabbit F9012 Sigma-Aldrich 1:200
anti-mouse TRITC-conjugated goat T6528 Sigma-Aldrich 1:200

1. Gizak A, Dzugaj A. FBPase is in the nuclei of cardiomyocytes. FEBS Lett. 2003; 539:51-5. https://doi.org/10.1016/s0014-
5793(03)00183-2; PMID: 12650925

2. Mamczur P, Dzugaj A. Nuclear localization of aldolase A in pig cardiomyocytes. Histol Histopathol. 2004; 19:753-8.
https://doi.org/10.14670/HH-19.753. PMID: 15168337
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