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Abstract: Nutritional habits can have a significant impact on cardiovascular health and disease.
This may also apply to cardiotoxicity caused as a frequent side effect of chemotherapeutic drugs,
such as doxorubicin (DXR). The aim of this work was to analyze if diet, in particular creatine (Cr)
supplementation, can modulate cardiac biochemical (energy status, oxidative damage and antioxidant
capacity, DNA integrity, cell signaling) and functional parameters at baseline and upon DXR treatment.
Here, male Wistar rats were fed for 4 weeks with either standard rodent diet (NORMAL), soy-based
diet (SOY), or Cr-supplemented soy-based diet (SOY + Cr). Hearts were either freeze-clamped in situ
or following ex vivo Langendorff perfusion without or with 25 µM DXR and after recording cardiac
function. The diets had distinct cardiac effects. Soy-based diet (SOY vs. NORMAL) did not alter
cardiac performance but increased phosphorylation of acetyl-CoA carboxylase (ACC), indicating
activation of rather pro-catabolic AMP-activated protein kinase (AMPK) signaling, consistent with
increased ADP/ATP ratios and lower lipid peroxidation. Creatine addition to the soy-based diet
(SOY + Cr vs. SOY) slightly increased left ventricular developed pressure (LVDP) and contractility
dp/dt, as measured at baseline in perfused heart, and resulted in activation of the rather pro-anabolic
protein kinases Akt and ERK. Challenging perfused heart with DXR, as analyzed across all nutritional
regimens, deteriorated most cardiac functional parameters and also altered activation of the AMPK,
ERK, and Akt signaling pathways. Despite partial reprogramming of cell signaling and metabolism
in the rat heart, diet did not modify the functional response to supraclinical DXR concentrations in the
used acute cardiotoxicity model. However, the long-term effect of these diets on cardiac sensitivity to
chronic and clinically relevant DXR doses remains to be established.

Keywords: adenosine 5′-monopnophosphate-activated protein kinase; anthracyclines; creatine sup-
plementation; cardiac signaling; cardiotoxicity; doxorubicin; soy; vegetarian/vegan diet

1. Introduction

Nutritional habits are increasingly recognized for their impact on cardiovascular health
and disease, including prevention of cancer relapse or different comorbidities [1]. This is
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of particular interest for acute or chronic cardiotoxicity caused by anticancer chemother-
apeutics, in particular anthracyclines, such as doxorubicin (DXR; reviewed in [2–4]), for
which efficient preventive or therapeutic strategies are still lacking. Currently, cardiotoxic
side effects are minimized by limiting total drug dose, slow administration by infusion
rather than bolus injection, liposomal drug encapsulation, or co-administration of the
iron chelator dexrazoxane, a protective adjuvant only approved in the USA [5–7]. More
recent recommendations to patients have started to emphasize lifestyle changes, including
physical activity (exercise) and nutritional habits [1,8–12].

Creatine (Cr) is one of the most popular dietary supplements [13]. Humans synthesize
only about 50% of their daily Cr requirement in the kidney, pancreas, and liver [14] and
certain brain cells [15]. The remainder has to be taken up from Cr-containing non-vegan
nutrition, especially fish and meat [16]. Cr then enters cells, such as cardiomyocytes, via the
plasma membrane Cr transporter. Cr constitutes a cellular energy precursor, transformed
within the cell into the “energy-rich” phosphocreatine (PCr). Cr and PCr, together with
isoforms of creatine kinase (CK), confer bioenergetic advantages by providing an efficient
energy buffer and transfer system for cells and tissues with high and fluctuating energy
requirements, such as the heart [17]. Supplementation with chemically pure Cr shows
protective effects in different pathologies, such as cardiac ischemia and reperfusion injury
([18]; for a review, see [19]) or neurodegenerative and muscular disorders (reviewed in [16]).
Some protective effects were also observed with DXR-induced injury, including reduced
cardiac damage in DXR-treated animals [20], improved viability of DXR-treated cultured
cardiomyocytes and H9c2 cells [21,22], and protection against DXR-induced RNA damage
in non-cardiac cells [23]. CK overexpression in a murine model of DXR cardiotoxicity
improved myocardial energetics, contractile dysfunction, and survival [24]. Beyond the
bioenergetic functions of Cr and PCr, pleiotropic anti-oxidative and anti-apoptotic effects
were reported, including reduced mitochondrial ROS, increased oxidative stress defense,
and inhibition of mitochondrial permeability transition (reviewed by [16,25]). Cr and PCr
also interact with anionic membrane phospholipids, increasing phospholipid packing and
thus stabilizing and protecting biomembranes [26].

Cr supplementation is of particular interest in combination with vegetarian/vegan
diets that naturally do not contain Cr. Using soy-derived products (soy meal or soy protein
isolate) to replace meat- and fish-derived compounds as the main protein source yields a
Cr-free diet, which can serve as an experimental control for Cr supplementation. However,
soy-based products have been reported to also mediate protective metabolic effects on their
own, including on the cardiovascular system [27–30]. Some of the bioactive compounds in
soy-derived products are supposed to be isoflavones (genistein, daidzein, and equol) that
may act as phytoestrogens [28].

Here, we investigated whether a soy-based vegan chow (SOY) as compared to a
standard rodent chow (NORMAL), and a Cr-supplemented soy chow (SOY + CR) as
compared to SOY, can affect cardiac function, biochemistry, and cell signaling in general,
and the cardiac response to DXR in particular. In our case, NORMAL contained soy
meal and fish hydrolysate as protein sources, with the latter containing a variable amount
of naturally occurring Cr. SOY was entirely vegan, with soy products as the exclusive
protein source and entirely lacking Cr, while SOY + CR was supplemented with 2% (w/w)
chemically pure synthetic Cr monohydrate. Our data show that one month of being fed
the differential diet has modest but significant functional and biochemical effects on the
rat heart, in particular on specific cell signaling pathways. Some of them are potentially
relevant for cardiac health and the response to DXR, but they did not confer functional
improvement in the perfused heart model of acute DXR cardiotoxicity.

2. Materials and Methods
2.1. Materials

Doxorubicin hydrochloride (DXR) was purchased from Sigma (Saint Louis, MO, USA)
or Selleck Chemicals (Houston, TX, USA). A stock solution (10 mM) was prepared in
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water and kept frozen until use. Further dilutions were prepared in Krebs-Henseleit
buffer [31] just before heart perfusion. Protease inhibitor cocktail tablets were obtained
from Roche (Mannheim, Germany) and phosphatase inhibitor cocktail was obtained from
Pierce (Rockford, IL, USA). Creatine (creatine monohydrate, Creapure®) was a gift from
AlzChem Trostberg GmbH (Trostberg, Germany).

2.2. Animals

All procedures involving animals were approved by the Grenoble Ethics Committee
for Animal Experimentation (15_LBFA-U884-HD-01). Male Wistar rats initially fed a
standard chow for young rats (A03 reference U8200, Safe, Augy, France; 3237 kcal/kg)
were then differentially fed for 4 weeks starting from 2 months of age. One group of
animals continued to receive the standard chow for adult rats (NORMAL; A04 reference
U8220, Safe, Augy, France; 2791 kcal/kg) containing 4% (w/w) fish hydrolysate and 8%
(w/w) soy meal. The second group was fed a Cr-free soy-based chow (SOY; modified A04
reference U8220 version 149, Safe, Augy, France; 2711 kcal/kg) where fish hydrolysate
was replaced by the same percentage of soy isolate. The third group was fed the latter
chow supplemented with 2% (w/w) creatine (SOY + Cr, modified A04 reference U8220
version 150, Safe, Augy, France; 2711 kcal/kg). Diets were purchased from Safe, Augy,
France). After 4 weeks of the differential diets, animals were anaesthetized with sodium
pentobarbital (50 mg/kg i.p.), and hearts were freeze-clamped in situ (immediately after
thoracotomy of respirator-ventilated animals) or following ex vivo Langendorff perfusion
with or without 25 µM DXR (see the experimental scheme in Figure 1). Frozen hearts were
stored at −80 ◦C.
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Figure 1. Scheme of the experimental procedure (for details, see Material and Methods).

2.3. Rat Heart Perfusion

Perfusion experiments were essentially performed according to the protocol described
earlier [31–34]. Briefly, rats were anaesthetized with sodium pentobarbital (50 mg/kg
i.p.) and heparinized (1500 IU/kg i.v.). Hearts were quickly removed and perfused at
constant pressure in a non-circulating Langendorff apparatus with Krebs-Henseleit buffer,
first for 30 min for stabilization (baseline) with Krebs-Henseleit buffer alone, and then for
80 min either with Krebs-Henseleit buffer without (control) or with 25 µM DXR. The DXR
concentration was chosen on the basis of our previous studies [31–34]. During perfusion,
systolic pressure, end diastolic pressure, dp/dt and –dp/dt, and heart rate were recorded
every 10 min.

2.4. Metabolites, Oxidative Damage/Antioxidant Status, and DNA Integrity

Protein-free extracts were obtained by perchloric acid precipitation, and metabolites
were quantified using HPLC (AMP, ADP, ATP) or a spectrophotometric assay (Cr and PCr)
as described earlier [32,34]. Markers of oxidative damage and antioxidant status were
quantified in heart extracts prepared as described earlier [35]. Reduced thiol (SH) groups
were assayed according to [36]. N-acetyl cysteine (NAC) in the range of 0.125 to 1 mM
(prepared from a 100 mM stock solution) was used for calibration. Standards and heart
extracts were diluted in 50 mM phosphate buffer, 1 mM EDTA, pH 8, and 2.5 mM 5,5′-
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dithio-bis-(2-nitrobenzoic acid) (DTNB), and subsequently the absorbance was measured at
412 nm. Antioxidant status was evaluated using the ferric reducing ability power (FRAP)
assay [37]. Plasma thiobarbituric acid reactive substance (TBARS) concentrations were
assessed as described [38]. Total genomic DNA was isolated with the QIAamp DNA mini kit
(Qiagen) according to the manufacturer’s instructions. The final concentration and quality
of DNA were estimated both spectrophotometrically (DU-640; Beckman Instruments, Milan,
Italy) at 260 nm, and by agarose gel electrophoresis. Nuclear and mitochondrial DNA
damage were evaluated using a two-step strategy based on a long PCR and real-time PCR
as described in detail elsewhere [34].

2.5. Immunoblotting

SDS-PAGE separation of heart homogenates (40–50 µg) and immunoblotting were
performed according to standard procedures [34]. The transfer quality and equality
of loading were checked by Ponceau staining. The blots were developed with chemi-
luminescence reagent (ECL Prime, GE Healthcare) using a CCD camera (ImageQuant
LAS 4000, GE Healthcare). The quantification of signals was conducted using Image-
QuantTL software (GE Healthcare). Tubulin or total protein were used for normalization
for the phosphorylated proteins (probed on different membranes). The following primary
antibodies obtained from Cell Signaling (Beverly, MA) were used: anti-AMPKα (Cat#
2532, RRID:AB_330331), anti-P(Thr172)AMPKα Cat# 2535, RRID:AB_331250), anti-ACC
(Cat# 3662, RRID:AB_2219400), anti-P(Ser79)ACC (Cat# 3661, RRID:AB_330337), anti-Akt
(Cat# 4691, RRID:AB_915783), anti-P(Ser473)Akt (Cat# 4060, RRID:AB_2315049), anti-
P(Thr308)Akt (Cat# 13038, RRID:AB_2629447), anti-ERK-1/2 (Cat# 4695, RRID:AB_390779),
anti-P(Thr202/Tyr204)ERK-1/2 (Cat# 4370, RRID:AB_2315112), anti-tubulin (Cat# 2128,
RRID:AB_823664), anti-P(Ser/Thr)Akt Substrate Motif RXXS/T (Cat# 9614, RRID:AB_331810).

2.6. Data Analysis

Results are expressed as means ± SEM, if not stated otherwise. Depending on the
experimental design, statistical analysis was performed using one- or two-way ANOVA
(Sigma Plot; Systat Software, San Jose, CA, USA) or linear regression with dummy variables
and robust standard errors (Stata 13; Stata Corp., College Station, TX, USA) to deal with
the heterogeneity of variance. When appropriate, these were followed by the Student–
Newman–Keuls or Bonferroni test, respectively, for pairwise comparisons. The one-way
ANOVA P-values are not reported; the results of pairwise comparisons are reported in the
case of significant one-way ANOVA P-values. For two factorial analysis, we report signifi-
cance values for the effects of diet (PDiet, independent of DXR), DXR (PDXR, independent
of diet), and the interaction of both diet and DXR treatment (PDiet*DXR; indicating if the
effect of one factor depends on the level of the second factor), and the results of pairwise
comparisons (p). The P or p values are given in the graphs with 3 decimal places (and in
bold characters) if significant, and with 2 decimal places if not. A value of P or p < 0.05 (for
interaction P < 0.1) was considered statistically significant.

3. Results

The effects of the three nutritional regimens, standard rodent chow (NORMAL), soy-
based diet (SOY), and Cr-supplemented soy-based diet (SOY + Cr), on the heart under
control and DXR-challenged conditions were studied in a rat model (Figure 1). After one
month of the differential diet, there was no significant difference in animal body weight
(NORMAL 366 ± 6 g (n = 36), SOY 387 ± 12 g (n = 23), SOY + Cr 370 ± 11 g (n = 21)).
Biochemical parameters were determined both in hearts freeze-clamped in situ immediately
after thoracotomy, and after ex vivo Langendorff perfusion, consisting of a 30 min stabilization
period followed by 80 min of perfusion without (control group) or with 25 µM DXR (DXR
group). Functional parameters were measured ex vivo during Langendorff perfusion.
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3.1. Heart Function

Cardiac function was first determined in perfused hearts at baseline (after 30 min
of stabilization, Figure 2A), and then after 80 min of subsequent perfusion without or
with DXR (Figure 2B). Data at baseline are considered to reflect the in vivo situation. The
Cr-supplemented diet (SOY + Cr vs. SOY, Figure 2A) affected cardiac function, with a
slight increase in the cardiac developed pressure LVDP (p = 0.043) and contractility dp/dt
(p = 0.039). There was no significant effect of soy diet (SOY vs. NORMAL). DXR perfusion
impaired almost all cardiac functional parameters (PDXR < 0.001, Figure 2B) except heart
rate, with a time-course (Figure S1) consistent with previous studies [31–34]. A statistically
significant interaction between diet and DXR was only seen for diastolic pressure at the
end of perfusion (EDP; PDiet*DXR = 0.047, Figure 2B), increasing more in the group fed the
Cr-free soy chow (SOY vs. NORMAL, p = 0.002; SOY vs. SOY + Cr, p = 0.005).
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Figure 2. Heart function: effect of diet and DXR. Hemodynamic parameters: left ventricular devel-
oped pressure (LVDP), end-diastolic pressure (EDP), dp/dt, −dp/dt, heart rate (HR), and rate
pressure product (RPP) measured in Langendorff perfused hearts after 30 min of stabilization
(A) or after 30 min of stabilization followed by an additional 80 min of perfusion (B) without or
with 25 µM DXR (empty or hatched bars, respectively). EDP values are given only in (B), as during
the stabilization period shown in (A), EDP was adjusted to 5 mm Hg and thereafter the volume of
the balloon rest unchanged. Statistical analysis with linear regression followed by the Bonferroni
test for pairwise comparisons. For −dp/dt, HR, RPP in (A), and HR in (B), there are no statistically
significant differences between groups. Mean ± SEM, n = 11–28 (A), n = 4–14 (B).

3.2. Creatine and Adenylate Levels

Cellular Cr availability and energy state were studied by determination of the Cr and
adenylates in heart in situ and after ex vivo perfusion. A deteriorated energy state is often
observed in DXR cardiotoxicity [39]. The diets affected the free and total Cr content in situ
(Figure 3A) and also after ex vivo perfusion (PDiet = 0.019 and 0.058, respectively, Figure 3B).
As expected, 4 weeks of oral Cr supplementation (SOY + Cr vs. SOY) increased free and
total Cr (p = 0.036 and p = 0.028, respectively, in ex vivo perfused hearts).
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Figure 3. Energy metabolite levels: effect of diet and DXR. PCr, free Cr, total Cr, ATP, ADP/ATP, and
AMP/ATP ratios in hearts freeze-clamped in situ immediately after thoracotomy (A) or following ex
vivo Langendorff perfusion (B) without or with 25 µM DXR (empty or hatched bars, respectively).
Statistical analysis with linear regression followed by the Bonferroni test for pairwise comparisons.
For PCr, ATP, and AMP/ATP in (A) and PCr and ADP/ATP in (B), there are no statistically significant
differences between groups. Mean ± SEM, n = 3–6 (A), n = 4–16 (B).

Interestingly, standard chow-fed animals also showed increased Cr in comparison
to SOY (NORMAL vs. SOY), but the effect was seen only in the group used for ex vivo
perfusion (p = 0.016 for free Cr and strong tendency p = 0.08 for total Cr), possibly due
to a higher Cr content in the batch of NORMAL chow used here. Cardiac adenylate
levels and ADP/ATP and AMP/ATP ratios remained largely unchanged between the diets
(Figure 3A,B, lower rows), except for the soy chow, where the ADP/ATP ratio increased in
hearts clamped in situ (SOY vs. NORMAL, p = 0.002). DXR perfusion across all nutritional
regimens affected the ATP content and increased AMP/ATP ratios (PDXR = 0.027 and 0.012,
respectively, Figure 3B). No statistically significant interference was found between diet
and DXR (Figure 3B).

3.3. Cell Signaling Pathways

Nutrition can lead to sustained alterations in cell signaling, and this can also occur
with DXR treatment as we have shown earlier [31–34]. We therefore analyzed the activation
of specific key signaling pathways involved in stress and pro-survival responses: AMP-
activated protein kinase (AMPK; determined by phosphorylation of AMPK itself and
its substrate acetyl-CoA carboxylase, ACC), extracellular signal-regulated kinase (ERK,
determined by ERK phosphorylation), and Akt (determined by either Akt phosphorylation
or global phosphorylation of Akt substrates) in heart in situ (Figure 4A) and after ex vivo
perfusion (Figure 4B). Our experiments revealed a differential cardiac activation pattern
of these signaling pathways, dependent on the diet (Figure 4A,B). The soy-based diet
(SOY vs. NORMAL) almost doubled ACC phosphorylation (p = 0.004 in situ; p = 0.002
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after ex vivo perfusion), consistent with the above-described increase in the ADP/ATP
ratio. Changes in P-AMPK were similar but weaker and did not reach significance. The
addition of Cr to the soy-based diet (SOY + Cr vs. SOY) led to no further change in P-ACC
but activated ERK (p = 0.014 in situ) and Akt (p = 0.015 in situ; p < 0.001 after ex vivo
perfusion at Ser473, and a tendency with p = 0.08 at Thr308). Perfusion with DXR changed
the phosphorylation of AMPK, ACC, ERK, and Akt at Ser473 (PDXR = 0.022, PDXR = 0.003,
PDXR < 0.001, strong tendency with PDXR = 0.06, respectively, Figure 4B). This confirmed
our previous observations in animals fed a NORMAL diet [31,34], namely a DXR-induced
inactivation of AMPK signaling with a decrease of P-AMPK and P-ACC (tendencies of
p = 0.11 and 0.10, respectively), together with an activation of Akt (p = 0.005 at Ser473) as
one factor potentially involved in AMPK inactivation [34]. For phosphorylation of Akt at
Ser473, the interaction between diet and DXR was significant (PDiet*DXR = 0.09, Figure 4B),
with an increase only observed in the NORMAL group.
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Figure 4. Activation of signaling pathways: effect of diet and DXR. Activation of cardiac pro-survival
signaling pathways (AMPK, Akt, ERK) probed by immunoblot in total homogenates of hearts freeze-
clamped in situ immediately after thoracotomy (A) or following ex vivo Langendorff perfusion
(B) without or with 25 µM DXR. The P-ACC/ACC ratio and phosphorylated Akt substrates are a
readout for the activation of the AMPK and Akt pathways, respectively. The quantification of the
bands is given in the right panel; in (B), empty or hatched bars correspond to perfusion without
or with 25 µM DXR, respectively. For each protein, all signals originate from the same blot. Total
protein or tubulin signals were used for normalization. Statistical analysis with one-way (A) or
two-way (B) ANOVA followed by the Student–Newman–Keuls test for pairwise comparisons. For
P-AMPK/AMPK in (A), there is no statistically significant difference between groups. Mean ± SD,
n = 3–5.



Nutrients 2022, 14, 583 8 of 15

3.4. Oxidative Damage, Antioxidant Status, and DNA Integrity

Diet and DXR can affect the cellular oxidative/antioxidant balance. As a readout, we
determined peroxidized lipids (TBA reactive substances, TBARS) and antioxidant status
(reduced thiols; ferric reducing antioxidant power, FRAP), along with the integrity of
mtDNA and nDNA in hearts in situ (Figures 5A and 6A) and after ex vivo perfusion
(Figures 5B and 6B). In Situ, the soy-based diet diminished FRAP (SOY vs. NORMAL;
p = 0.032, Figure 5A). In the ex vivo perfused heart, the diets affected both TBARS and
FRAP (PDiet < 0.001 and 0.001, respectively, Figure 5B). Again, the soy-based diet reduced
both parameters (SOY vs. NORMAL; p < 0.001 for both; SOY vs. SOY + Cr; p = 0.023 also
for both, Figure 5B). Despite these differences, the integrity of nuclear and mitochondrial
DNAs was not affected by diet, neither in situ (Figure 6A) nor after perfusion (Figure 6B).
Oxidative and genotoxic stress are molecular hallmarks of DXR toxicity [34,40,41].
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Figure 5. Oxidative/antioxidant status: effect of diet and DXR. Reduced thiols, peroxidized lipids
(TBARS), and total antioxidant power (FRAP) measured in hearts freeze-clamped in situ immediately
after thoracotomy (A) or following ex vivo Langendorff perfusion (B) without or with 25 µM DXR
(empty or hatched bars, respectively). Statistical analysis with one-way (A) or two-way (B) ANOVA
followed by the Student–Newman–Keuls test for pairwise comparisons. For thiols, TBARS in (A) and
thiols in (B), there are no statistically significant differences between groups. Mean ± SEM, n = 5–6
(A), n = 4–7 (B).

After DXR perfusion, TBARS tended to increase as compared to the control (PDXR = 0.058,
Figure 5B), but the lower TBARS and FRAP values in the SOY group as compared to NOR-
MAL were preserved (Figure 5B). Consistent with our previous study in ex vivo Langen-
dorff perfused heart [34], DXR caused extensive mitochondrial and nuclear DNA damage,
but again, the extent of damage was unaffected by the three diet regimens (Figure 6B).
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Figure 6. DNA integrity: effect of diet and DXR. Integrity of nuclear and mitochondrial DNA
measured in hearts freeze-clamped in situ immediately after thoracotomy (A) or following ex vivo
Langendorff perfusion (B). The bars in (B) represent the ratio of amplification values of DXR-perfused
hearts to controls (perfusion without DXR) and are expressed as a percent. Statistical analysis with
one-way ANOVA. For any parameter, there is no statistically significant difference between groups.
Mean ± SD, n = 4–5.

4. Discussion

This study reveals nutrition-induced alterations in cardiac function, cell signaling,
and some biochemical markers after only 4 weeks of differential feeding of young male
rats. The Cr-free soy-based diet (SOY) as compared to standard rodent diet (NORMAL)
activated AMPK signaling as revealed by increased ACC phosphorylation, slightly in-
creased the ADP/ATP ratio, and lowered both lipid peroxidation and the total antioxidant
capacity. Supplementation of SOY with 2% Cr (SOY + Cr) as compared to SOY moderately
increased cellular Cr, predominantly affected signaling pathways by activating Akt and
ERK, and slightly increased cardiac developed pressure and contractility (LVDP and dp/dt)
at baseline. These alterations are, in principle, relevant for cardiac health and its response
to DXR, but they did not alleviate cardiac dysfunction induced by acute DXR challenge in
the perfused heart model applied here.

Three key signaling pathways with fundamental importance for cardiovascular health
were altered by diet: AMPK, ERK, and Akt. This may be critical to many functional
and biochemical changes detected in our study. AMPK is a central energy sensor and
regulator of the cell. During energy stress, it is activated allosterically by AMP and ADP,
favors catabolism, and maintains cellular energy homeostasis [42]. Soy-based diet (SOY)
as compared to standard chow (NORMAL) led to strong phosphorylation of ACC, an
AMPK substrate, reporting activation of this pathway in the heart, consistent with a
slightly reduced energy state in situ. Perfusion with DXR is known to induce a drop
in the cardiac energy state [39], but paradoxically, this often occurs without activation
of AMPK signaling, as reported by us [31,34] and others [43]. In the present study, we
also observed signs of bioenergetic impairment by DXR in perfused heart, together with
decreased AMPK activation. Only the SOY group maintained AMPK energy signaling
as seen at the level of P-AMPK and P-ACC. Indeed, some treatments known to activate
AMPK were shown to mitigate DXR cardiotoxic effects, including diet restriction [43,44].
Different soy components were implicated in AMPK activation in tissues other than heart,
such as phytoestrogens in rat [45], genistein in cultured cancer cells [46], and different types
of polyphenols [47,48]. The addition of Cr (SOY + Cr) did not (further) activate cardiac
AMPK, consistent with a study on skeletal muscle [49], and not supporting earlier data on
muscle cells [50].
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Phosphorylation and activation of the rather pro-anabolic Akt and ERK by diet in heart
in situ occurred rather inversely relative to AMPK. While the soy diet (SOY vs. NORMAL)
increased AMPK activity and left Akt activity unchanged or tended to diminish ERK
activity, the addition of Cr (SOY + Cr vs. SOY) led to activation of Akt and ERK, with
a trend of lower AMPK activity. This supports a negative cross-talk of these kinases as
described by us [34] and others [34,51–53], and by which AMPK is inhibited via Akt-
dependent phosphorylation in its catalytic α-subunit. This cross-talk can modulate AMPK
activity in the heart both under basal conditions in situ and during DXR perfusion [34].
The inhibitory effects of the soy-based diet on Akt and ERK could be mediated by genistein,
known to inhibit Tyr kinases (for a review, see [54]) and to have an anti-proliferative effect,
consistent with indirect AMPK activation [55–59]. The activation of Akt and ERK seen
with Cr supplementation was also reported for skeletal muscle [60,61] and suggested by
recent database meta-analysis [62]. Such rather pro-anabolic effects could mediate many
cytoprotective aspects of Cr supplementation, such as in cardioprotection [18,19], muscular
dystrophies, neuromuscular and neurodegenerative disorders [16,63], brain health [64],
or wound healing [65]. Notably, upregulation of Akt was shown to confer significant
cardioprotection in DXR-treated animals [66].

Slightly altered performance of the perfused heart was observed only after Cr sup-
plementation (SOY + Cr vs. SOY) under baseline conditions. Contractility (dp/dt) and
developed pressure (LVDP) were modestly increased, together with a trend of a decreased
heart rate, with the latter resulting in an unchanged rate pressure product (RPP). Beyond
bioenergetics, Cr enhances the expression of muscle myogenic regulatory factors as re-
ported for skeletal muscle [60,61,67,68] and affects signaling pathways, such as the Akt
activation mentioned above. An earlier study did not detect Cr-induced changes in cardiac
function [69], possibly because the reference diet plays an important role. Soy is not only
Cr-free but may itself have additional cardio-vascular effects not examined here, such as
blood pressure-lowering effects [70–74]. Moreover, the higher basal activity of the AMPK
pathway may potentiate Cr effects, since both are directed to improve cell energetics. Per-
fusion with DXR deteriorated cardiac function as expected, but diet did not modulate
the functional response, except for a lower increase in diastolic pressure in the SOY + Cr
vs. SOY group. Cr was also not effective in a perfused heart model for acute oxidative
stress [75]. Possibly, the acute insult at a supraclinical DXR dose is too strong, and long-term
exposure of animals to low clinical DXR doses would be more suitable for an analysis of
dietary effects.

A striking feature of the soy-based diet (SOY vs. NORMAL) was the low cardiac level
of both lipid peroxidation and total antioxidant capacity. This was most pronounced in
the ex vivo perfused heart, likely because of perfusion-associated oxidative stress. The
antioxidant properties of soy include the main soy isoflavone genistein [76] and other
phytoestrogens or polyphenolic compounds. They share a high reactivity as hydrogen or
electron donors, can stabilize unpaired electrons as polyphenol radicals, chelate transition
metal ions, modulate the expression of antioxidant defense genes, and activate signaling
pathways [77,78]. However, a general lipid-lowering capacity of soy could also reduce
detectable lipid peroxides [27,54,79], consistent with AMPK-induced reduction of lipid
anabolism and an increase of their catabolism. The combined reduction of both lipid
peroxidation and total antioxidant capacity may seem surprising, but the latter is likely
an adaptation to the lower oxidative stress levels in the SOY group, as also indicated
by literature data [80]. Cr supplementation had no such dramatic effects. Further, diet-
related differences in oxidative stress were not reflected in oxidative DNA lesions, because
these were either below the detection threshold, or they were rapidly removed by repair
systems. Thus, mt and nDNA are unlikely targets and/or mediators of the diet-related
effects described herein.

Regarding Cr, it should be emphasized that supplementation can only modestly
increase cardiac Cr levels, as observed here and in earlier studies [69]. With increasing
cellular Cr, a feedback mechanism downregulates the creatine transporter in charge of
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cellular Cr uptake [69]. Nevertheless, even this moderate increase in intracellular Cr was
sufficient to trigger some significant cardiac effects.

Finally, our study calls for a note of caution with respect to diets used in animal studies.
Already basic formulations likely contain ingredients with considerable biological activity.
In particular, the soy-derived products commonly used in rodent chow (soy meal or protein
isolate) must be considered as bioactive agents or even nutraceuticals [28]. The present
study used a soy-based diet as a genuine Cr-free control chow for Cr supplementation
studies. However, replacing 4% fish hydrolysate with 4% soy protein isolate already
generates a bio-active diet. Soy-derived products contain isoflavones (genistein, daidzein,
and equol) that are qualified as phytoestrogens due to their ability to act in the body as
estrogens or selective estrogen receptor modulators [72]. Thus, caution is advised when
translating results obtained with animals fed a high-soy diet directly to humans, especially
those consuming a traditional Western diet. The quantity of circulating phytoestrogens in
rats ingesting a soy-based diet may be comparable to Asian people who eat a soy-based
diet [28]. Even if soy dietary supplements became popular in vegetarian/vegan cuisine, the
overall benefit and/or safety of this diet is still a matter of debate (for a review, see [27–30]).
Obviously, phytoestrogens may negatively affect the reproduction system, mainly in males
and children [28]. In view of these controversies, the controlled use of soy or other bioactive
compounds in animal diets and the explicit analysis of their effects is highly desirable. In
this context, the choice of animal gender should also be considered. For example, practically
all animal studies on DXR cardiotoxicity were conducted with male animals and these are
then compared to human studies performed with both genders, although gender may affect
the cardiac response to DXR. Earlier literature suggested that female sex is a risk factor
for DXR cardiotoxicity [81–83], but most recent reports show that female sex hormones
may protect against DXR cardiotoxicity by reducing oxidative stress and proinflammatory
responses [84,85]. One may even ask whether phytoestrogens could successfully mimic
this effect.

5. Conclusions

In conclusion, a soy-based diet alone or supplemented with Cr, fed for four weeks
to rats, is sufficient to alter cardiac function, cell signaling, and biochemical markers of
the energy state and oxidative stress. These effects are relevant for cardiovascular health
but were not sufficient to alleviate cardiac dysfunction induced by a supraclinical DXR
concentration in the perfused rat heart model. However, whether these diets could affect
the long-term response to chronic and clinically relevant DXR doses in the rat model
described here, or in human patients treated with DXR, remains to be established.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu14030583/s1, Figure S1: Time course of DXR effect on heart function.

Author Contributions: Conceptualization and design, M.T.-S., U.S., T.W., L.K., P.S.; Investigation and
data acquisition, L.K., M.T.-S., L.P., I.H.-F., S.A., C.T., C.C., C.Z.; Data Curation, M.T.-S., L.K., I.H.-F.,
L.P.; Statistical analysis, M.T.-S., H.R.; Writing of Original Draft, M.T.-S., U.S., L.K.; Manuscript Review
& Editing, M.T.-S., U.S., L.K., P.S., T.W.; Project Administration, M.T.-S., U.S.; Funding Acquisition,
M.T.-S., U.S., C.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the EU FP6 and 7 Marie Curie Intraeuropean Fellowship
and Reintegration Grant (ANTHRAWES, 041870 and ANTHRAPLUS, 249202 to MTS.), the French
Agence Nationale de Recherche (“chaire d’excellence” to U.S.) and the Germaine de Stael Program
for Franco-Swiss collaboration (32771QE-to US and CZ).

Institutional Review Board Statement: The study was approved by the Grenoble Ethics Committee
for Animal Experimentation (15_LBFA–U884-HD-01).

Data Availability Statement: Data supporting the findings of this manuscript are available from the
corresponding authors upon reasonable request.

https://www.mdpi.com/article/10.3390/nu14030583/s1
https://www.mdpi.com/article/10.3390/nu14030583/s1


Nutrients 2022, 14, 583 12 of 15

Acknowledgments: The authors thank Mireille Osman for excellent technical assistance, and Séverine
Gratia and Kusumita Chuttor for experimental help.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jones, L.W.; Demark-Wahnefried, W. Diet, exercise, and complementary therapies after primary treatment for cancer. Lancet Oncol.

2006, 7, 1017–1026. [CrossRef]
2. Minotti, G.; Menna, P.; Salvatorelli, E.; Cairo, G.; Gianni, L. Anthracyclines: Molecular advances and pharmacologic developments

in antitumor activity and cardiotoxicity. Pharmacol. Rev. 2004, 56, 185–229. [CrossRef] [PubMed]
3. Eschenhagen, T.; Force, T.; Ewer, M.S.; de Keulenaer, G.W.; Suter, T.M.; Anker, S.D.; Avkiran, M.; de Azambuja, E.; Balligand, J.L.;

Brutsaert, D.L.; et al. Cardiovascular side effects of cancer therapies: A position statement from the Heart Failure Association of
the European Society of Cardiology. Eur. J. Heart Fail. 2011, 13, 1–10. [CrossRef] [PubMed]

4. Gianni, L.; Herman, E.H.; Lipshultz, S.E.; Minotti, G.; Sarvazyan, N.; Sawyer, D.B. Anthracycline cardiotoxicity: From bench to
bedside. J. Clin. Oncol. 2008, 26, 3777–3784. [CrossRef]

5. Sterba, M.; Popelova, O.; Vavrova, A.; Jirkovsky, E.; Kovarikova, P.; Gersl, V.; Simunek, T. Oxidative stress, redox signaling, and
metal chelation in anthracycline cardiotoxicity and pharmacological cardioprotection. Antioxid. Redox Signal. 2013, 18, 899–929.
[CrossRef]

6. Lipshultz, S.E.; Cochran, T.R.; Franco, V.I.; Miller, T.L. Treatment-related cardiotoxicity in survivors of childhood cancer.
Nat. Rev. Clin. Oncol. 2013, 10, 697–710. [CrossRef]

7. Lipshultz, S.E.; Karnik, R.; Sambatakos, P.; Franco, V.I.; Ross, S.W.; Miller, T.L. Anthracycline-related cardiotoxicity in childhood
cancer survivors. Curr. Opin. Cardiol. 2014, 29, 103–112. [CrossRef]

8. Jones, L.W.; Alfano, C.M. Exercise-oncology research: Past, present, and future. Acta Oncol. 2013, 52, 195–215. [CrossRef]
9. Jones, L.W.; Dewhirst, M.W. Therapeutic properties of aerobic training after a cancer diagnosis: More than a one-trick pony?

J. Natl. Cancer Inst. 2014, 106, dju042. [CrossRef]
10. Scott, J.M.; Koelwyn, G.J.; Hornsby, W.E.; Khouri, M.; Peppercorn, J.; Douglas, P.S.; Jones, L.W. Exercise therapy as treatment for

cardiovascular and oncologic disease after a diagnosis of early-stage cancer. Semin. Oncol. 2013, 40, 218–228. [CrossRef]
11. Scott, J.M.; Lakoski, S.; Mackey, J.R.; Douglas, P.S.; Haykowsky, M.J.; Jones, L.W. The potential role of aerobic exercise to modulate

cardiotoxicity of molecularly targeted cancer therapeutics. Oncologist 2013, 18, 221–231. [CrossRef] [PubMed]
12. Lipshultz, S.E.; Adams, M.J.; Colan, S.D.; Constine, L.S.; Herman, E.H.; Hsu, D.T.; Hudson, M.M.; Kremer, L.C.; Landy, D.C.;

Miller, T.L.; et al. Long-term cardiovascular toxicity in children, adolescents, and young adults who receive cancer therapy:
Pathophysiology, course, monitoring, management, prevention, and research directions: A scientific statement from the American
Heart Association. Circulation 2013, 128, 1927–1995. [CrossRef] [PubMed]

13. Kreider, R.B.; Stout, J.R. Creatine in Health and Disease. Nutrients 2021, 13, 447. [CrossRef] [PubMed]
14. Wyss, M.; Kaddurah-Daouk, R. Creatine and creatinine metabolism. Physiol. Rev. 2000, 80, 1107–1213. [CrossRef] [PubMed]
15. Hanna-El-Daher, L.; Braissant, O. Creatine synthesis and exchanges between brain cells: What can be learned from human

creatine deficiencies and various experimental models? Amino Acids 2016, 48, 1877–1895. [CrossRef] [PubMed]
16. Wallimann, T.; Tokarska-Schlattner, M.; Schlattner, U. The creatine kinase system and pleiotropic effects of creatine. Amino Acids

2011, 40, 1271–1296. [CrossRef] [PubMed]
17. Schlattner, U.; Tokarska-Schlattner, M.; Wallimann, T. Mitochondrial creatine kinase in human health and disease.

Biochim. Biophys. Acta 2006, 1762, 164–180. [CrossRef]
18. Lygate, C.A.; Bohl, S.; ten Hove, M.; Faller, K.M.; Ostrowski, P.J.; Zervou, S.; Medway, D.J.; Aksentijevic, D.; Sebag-Montefiore, L.;

Wallis, J.; et al. Moderate elevation of intracellular creatine by targeting the creatine transporter protects mice from acute
myocardial infarction. Cardiovasc. Res. 2012, 96, 466–475. [CrossRef]

19. Balestrino, M. Role of Creatine in the Heart: Health and Disease. Nutrients 2021, 13, 1215. [CrossRef]
20. Santos, R.V.; Batista, M.L., Jr.; Caperuto, E.C.; Costa Rosa, L.F. Chronic supplementation of creatine and vitamins C and E increases

survival and improves biochemical parameters after Doxorubicin treatment in rats. Clin. Exp. Pharm. Physiol 2007, 34, 1294–1299.
[CrossRef]

21. Caretti, A.; Bianciardi, P.; Sala, G.; Terruzzi, C.; Lucchina, F.; Samaja, M. Supplementation of creatine and ribose prevents apoptosis
in ischemic cardiomyocytes. Cell. Physiol. Biochem. 2010, 26, 831–838. [CrossRef] [PubMed]

22. Santacruz, L.; Darrabie, M.D.; Mantilla, J.G.; Mishra, R.; Feger, B.J.; Jacobs, D.O. Creatine supplementation reduces doxorubicin-
induced cardiomyocellular injury. Cardiovasc. Toxicol. 2015, 15, 180–188. [CrossRef] [PubMed]

23. Fimognari, C.; Sestili, P.; Lenzi, M.; Bucchini, A.; Cantelli-Forti, G.; Hrelia, P. RNA as a new target for toxic and protective agents.
Mutat. Res. 2008, 648, 15–22. [CrossRef] [PubMed]

24. Gupta, A.; Rohlfsen, C.; Leppo, M.K.; Chacko, V.P.; Wang, Y.; Steenbergen, C.; Weiss, R.G. Creatine kinase-overexpression
improves myocardial energetics, contractile dysfunction and survival in murine doxorubicin cardiotoxicity. PLoS ONE 2013, 8,
e74675. [CrossRef]

25. Sestili, P.; Martinelli, C.; Colombo, E.; Barbieri, E.; Potenza, L.; Sartini, S.; Fimognari, C. Creatine as an antioxidant. Amino Acids
2011, 40, 1385–1396. [CrossRef]

http://doi.org/10.1016/S1470-2045(06)70976-7
http://doi.org/10.1124/pr.56.2.6
http://www.ncbi.nlm.nih.gov/pubmed/15169927
http://doi.org/10.1093/eurjhf/hfq213
http://www.ncbi.nlm.nih.gov/pubmed/21169385
http://doi.org/10.1200/JCO.2007.14.9401
http://doi.org/10.1089/ars.2012.4795
http://doi.org/10.1038/nrclinonc.2013.195
http://doi.org/10.1097/HCO.0000000000000034
http://doi.org/10.3109/0284186X.2012.742564
http://doi.org/10.1093/jnci/dju042
http://doi.org/10.1053/j.seminoncol.2013.01.001
http://doi.org/10.1634/theoncologist.2012-0226
http://www.ncbi.nlm.nih.gov/pubmed/23335619
http://doi.org/10.1161/CIR.0b013e3182a88099
http://www.ncbi.nlm.nih.gov/pubmed/24081971
http://doi.org/10.3390/nu13020447
http://www.ncbi.nlm.nih.gov/pubmed/33572884
http://doi.org/10.1152/physrev.2000.80.3.1107
http://www.ncbi.nlm.nih.gov/pubmed/10893433
http://doi.org/10.1007/s00726-016-2189-0
http://www.ncbi.nlm.nih.gov/pubmed/26861125
http://doi.org/10.1007/s00726-011-0877-3
http://www.ncbi.nlm.nih.gov/pubmed/21448658
http://doi.org/10.1016/j.bbadis.2005.09.004
http://doi.org/10.1093/cvr/cvs272
http://doi.org/10.3390/nu13041215
http://doi.org/10.1111/j.1440-1681.2007.04717.x
http://doi.org/10.1159/000323992
http://www.ncbi.nlm.nih.gov/pubmed/21220914
http://doi.org/10.1007/s12012-014-9283-x
http://www.ncbi.nlm.nih.gov/pubmed/25253560
http://doi.org/10.1016/j.mrfmmm.2008.09.003
http://www.ncbi.nlm.nih.gov/pubmed/18840453
http://doi.org/10.1371/journal.pone.0074675
http://doi.org/10.1007/s00726-011-0875-5


Nutrients 2022, 14, 583 13 of 15

26. Tokarska-Schlattner, M.; Epand, R.F.; Meiler, F.; Zandomeneghi, G.; Neumann, D.; Widmer, H.R.; Meier, B.H.; Epand, R.M.; Saks, V.;
Wallimann, T.; et al. Phosphocreatine interacts with phospholipids, affects membrane properties and exerts membrane-protective
effects. PLoS ONE 2012, 7, e43178. [CrossRef]

27. Messina, M.; Messina, V. The role of soy in vegetarian diets. Nutrients 2010, 2, 855–888. [CrossRef]
28. Konhilas, J.P.; Leinwand, L.A. The effects of biological sex and diet on the development of heart failure. Circulation 2007, 116,

2747–2759. [CrossRef]
29. Sacks, F.M.; Lichtenstein, A.; Van Horn, L.; Harris, W.; Kris-Etherton, P.; Winston, M.; for the American Heart Association

Nutrition Committee. Soy protein, isoflavones, and cardiovascular health: An American Heart Association Science Advisory for
professionals from the Nutrition Committee. Circulation 2006, 113, 1034–1044. [CrossRef]

30. Erdman, J.W., Jr. AHA Science Advisory: Soy protein and cardiovascular disease: A statement for healthcare professionals from
the Nutrition Committee of the AHA. Circulation 2000, 102, 2555–2559. [CrossRef]

31. Tokarska-Schlattner, M.; Zaugg, M.; da Silva, R.; Lucchinetti, E.; Schaub, M.C.; Wallimann, T.; Schlattner, U. Acute toxicity of
doxorubicin on isolated perfused heart: Response of kinases regulating energy supply. Am. J. Physiol. Heart Circ. Physiol. 2005,
289, H37–H47. [CrossRef] [PubMed]

32. Tokarska-Schlattner, M.; Lucchinetti, E.; Zaugg, M.; Kay, L.; Gratia, S.; Guzun, R.; Saks, V.; Schlattner, U. Early ef-
fects of doxorubicin in perfused heart: Transcriptional profiling reveals inhibition of cellular stress response genes.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 2010, 298, R1075–R1088. [CrossRef] [PubMed]

33. Gratia, S.; Kay, L.; Michelland, S.; Seve, M.; Schlattner, U.; Tokarska-Schlattner, M. Cardiac phosphoproteome reveals cell signaling
events involved in doxorubicin cardiotoxicity. J. Proteom. 2012, 75, 4705–4716. [CrossRef] [PubMed]

34. Gratia, S.; Kay, L.; Potenza, L.; Seffouh, A.; Novel-Chate, V.; Schnebelen, C.; Sestili, P.; Schlattner, U.; Tokarska-Schlattner, M.
Inhibition of AMPK signalling by doxorubicin: At the crossroads of the cardiac responses to energetic, oxidative, and genotoxic
stress. Cardiovasc. Res. 2012, 95, 290–299. [CrossRef]

35. Hininger-Favier, I.; Benaraba, R.; Coves, S.; Anderson, R.A.; Roussel, A.M. Green tea extract decreases oxidative stress and
improves insulin sensitivity in an animal model of insulin resistance, the fructose-fed rat. J. Am. Coll. Nutr. 2009, 28, 355–361.
[CrossRef]

36. Faure, P.; Lafond, J.L. Measurement of plasma sulfhydryl and carbonyl groups as a possible indicator of protein oxydation. In
Analysis of Free Radicals in Biological Systems; Favier, A.E., Cadet, J., Kalnyanaraman, M., Fontecave, M., Pierre, J.L., Eds.; Birkäuser
Basel: Boston, MA, USA; Berlin, Germany, 1995; pp. 237–248.

37. Benzie, I.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP assay.
Anal. Biochem. 1996, 239, 70–76. [CrossRef]

38. Richard, M.J.; Portal, B.; Meo, J.; Coudray, C.; Hadjian, A.; Favier, A. Malondialdehyde kit evaluated for determining plasma and
lipoprotein fractions that react with thiobarbituric acid. Clin. Chem. 1992, 38, 704–709. [CrossRef]

39. Tokarska-Schlattner, M.; Zaugg, M.; Zuppinger, C.; Wallimann, T.; Schlattner, U. New insights into doxorubicin-induced
cardiotoxicity: The critical role of cellular energetics. J. Mol. Cell. Cardiol. 2006, 41, 389–405. [CrossRef]

40. Tokarska-Schlattner, M.; Wallimann, T.; Schlattner, U. Multiple interference of anthracyclines with mitochondrial creatine kinases:
Preferential damage of the cardiac isoenzyme and its implications for drug cardiotoxicity. Mol. Pharmacol. 2002, 61, 516–523.
[CrossRef]

41. Mousseau, M.; Faure, H.; Hininger, I.; Bayet-Robert, M.; Favier, A. Leukocyte 8-oxo-7,8-dihydro-2’-deoxyguanosine and comet
assay in epirubicin-treated patients. Free Radic. Res. 2005, 39, 837–843. [CrossRef]

42. Hardie, D.G. Sensing of energy and nutrients by AMP-activated protein kinase. Am. J. Clin. Nutr. 2011, 93, 891S–896S. [CrossRef]
[PubMed]

43. Kawaguchi, T.; Takemura, G.; Kanamori, H.; Takeyama, T.; Watanabe, T.; Morishita, K.; Ogino, A.; Tsujimoto, A.; Goto, K.;
Maruyama, R.; et al. Prior starvation mitigates acute doxorubicin cardiotoxicity through restoration of autophagy in affected
cardiomyocytes. Cardiovasc. Res. 2012, 96, 456–465. [CrossRef] [PubMed]

44. Mitra, M.S.; Donthamsetty, S.; White, B.; Latendresse, J.R.; Mehendale, H.M. Mechanism of protection of moderately diet restricted
rats against doxorubicin-induced acute cardiotoxicity. Toxicol. Appl. Pharm. 2007, 225, 90–101. [CrossRef] [PubMed]

45. Cederroth, C.R.; Vinciguerra, M.; Gjinovci, A.; Kuhne, F.; Klein, M.; Cederroth, M.; Caille, D.; Suter, M.; Neumann, D.; James, R.W.;
et al. Dietary phytoestrogens activate AMP-activated protein kinase with improvement in lipid and glucose metabolism. Diabetes
2008, 57, 1176–1185. [CrossRef] [PubMed]

46. Park, C.E.; Yun, H.; Lee, E.B.; Min, B.I.; Bae, H.; Choe, W.; Kang, I.; Kim, S.S.; Ha, J. The antioxidant effects of genistein are
associated with AMP-activated protein kinase activation and PTEN induction in prostate cancer cells. J. Med. Food 2010, 13,
815–820. [CrossRef]

47. Hawley, S.A.; Ross, F.A.; Chevtzoff, C.; Green, K.A.; Evans, A.; Fogarty, S.; Towler, M.C.; Brown, L.J.; Ogunbayo, O.A.; Evans, A.M.;
et al. Use of cells expressing gamma subunit variants to identify diverse mechanisms of AMPK activation. Cell Metab. 2010, 11,
554–565. [CrossRef]

48. Hardie, D.G. AMP-activated protein kinase: An energy sensor that regulates all aspects of cell function. Genes Dev. 2011, 25,
1895–1908. [CrossRef]

49. Eijnde, B.O.; Derave, W.; Wojtaszewski, J.F.; Richter, E.A.; Hespel, P. AMP kinase expression and activity in human skeletal
muscle: Effects of immobilization, retraining, and creatine supplementation. J. Appl. Physiol. 2005, 98, 1228–1233. [CrossRef]

http://doi.org/10.1371/journal.pone.0043178
http://doi.org/10.3390/nu2080855
http://doi.org/10.1161/CIRCULATIONAHA.106.672006
http://doi.org/10.1161/CIRCULATIONAHA.106.171052
http://doi.org/10.1161/01.CIR.102.20.2555
http://doi.org/10.1152/ajpheart.01057.2004
http://www.ncbi.nlm.nih.gov/pubmed/15764680
http://doi.org/10.1152/ajpregu.00360.2009
http://www.ncbi.nlm.nih.gov/pubmed/20053966
http://doi.org/10.1016/j.jprot.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22348821
http://doi.org/10.1093/cvr/cvs134
http://doi.org/10.1080/07315724.2009.10718097
http://doi.org/10.1006/abio.1996.0292
http://doi.org/10.1093/clinchem/38.5.704
http://doi.org/10.1016/j.yjmcc.2006.06.009
http://doi.org/10.1124/mol.61.3.516
http://doi.org/10.1080/10715760500042860
http://doi.org/10.3945/ajcn.110.001925
http://www.ncbi.nlm.nih.gov/pubmed/21325438
http://doi.org/10.1093/cvr/cvs282
http://www.ncbi.nlm.nih.gov/pubmed/22952253
http://doi.org/10.1016/j.taap.2007.07.018
http://www.ncbi.nlm.nih.gov/pubmed/17904602
http://doi.org/10.2337/db07-0630
http://www.ncbi.nlm.nih.gov/pubmed/18420492
http://doi.org/10.1089/jmf.2009.1359
http://doi.org/10.1016/j.cmet.2010.04.001
http://doi.org/10.1101/gad.17420111
http://doi.org/10.1152/japplphysiol.00665.2004


Nutrients 2022, 14, 583 14 of 15

50. Ceddia, R.B.; Sweeney, G. Creatine supplementation increases glucose oxidation and AMPK phosphorylation and reduces lactate
production in L6 rat skeletal muscle cells. J. Physiol. 2004, 555, 409–421. [CrossRef]

51. Petti, C.; Vegetti, C.; Molla, A.; Bersani, I.; Cleris, L.; Mustard, K.J.; Formelli, F.; Hardie, G.D.; Sensi, M.; Anichini, A. AMPK
activators inhibit the proliferation of human melanomas bearing the activated MAPK pathway. Melanoma Res. 2012, 22, 341–350.
[CrossRef]

52. Hawley, S.A.; Ross, F.A.; Gowans, G.J.; Tibarewal, P.; Leslie, N.R.; Hardie, D.G. Phosphorylation by Akt within the ST loop of
AMPK-alpha1 down-regulates its activation in tumour cells. Biochem. J. 2014, 459, 275–287. [CrossRef] [PubMed]

53. Esteve-Puig, R.; Canals, F.; Colome, N.; Merlino, G.; Recio, J.A. Uncoupling of the LKB1-AMPKalpha energy sensor pathway by
growth factors and oncogenic BRAF. PLoS ONE 2009, 4, e4771. [CrossRef]

54. Messina, M. A brief historical overview of the past two decades of soy and isoflavone research. J. Nutr. 2010, 140, 1350S–1354S.
[CrossRef] [PubMed]

55. Wei, H.; Bowen, R.; Cai, Q.; Barnes, S.; Wang, Y. Antioxidant and antipromotional effects of the soybean isoflavone genistein.
Proc. Soc. Exp. Biol. Med. 1995, 208, 124–130. [CrossRef] [PubMed]

56. Polkowski, K.; Mazurek, A.P. Biological properties of genistein. A review of in vitro and in vivo data. Acta Pol. Pharm. 2000, 57,
135–155.

57. Nakamura, Y.; Yogosawa, S.; Izutani, Y.; Watanabe, H.; Otsuji, E.; Sakai, T. A combination of indol-3-carbinol and genistein
synergistically induces apoptosis in human colon cancer HT-29 cells by inhibiting Akt phosphorylation and progression of
autophagy. Mol. Cancer 2009, 8, 100. [CrossRef]

58. Gong, L.; Li, Y.; Nedeljkovic-Kurepa, A.; Sarkar, F.H. Inactivation of NF-kappaB by genistein is mediated via Akt signaling
pathway in breast cancer cells. Oncogene 2003, 22, 4702–4709. [CrossRef]

59. El Touny, L.H.; Banerjee, P.P. Akt GSK-3 pathway as a target in genistein-induced inhibition of TRAMP prostate cancer progression
toward a poorly differentiated phenotype. Carcinogenesis 2007, 28, 1710–1717. [CrossRef]

60. Deldicque, L.; Theisen, D.; Bertrand, L.; Hespel, P.; Hue, L.; Francaux, M. Creatine enhances differentiation of myogenic C2C12
cells by activating both p38 and Akt/PKB pathways. Am. J. Physiol. Cell Physiol. 2007, 293, C1263–C1271. [CrossRef]

61. Hespel, P.; Derave, W. Ergogenic effects of creatine in sports and rehabilitation. Subcell. Biochem. 2007, 46, 245–259.
62. Bonilla, D.A.; Moreno, Y.; Rawson, E.S.; Forero, D.A.; Stout, J.R.; Kerksick, C.M.; Roberts, M.D.; Kreider, R.B. A Convergent

Functional Genomics Analysis to Identify Biological Regulators Mediating Effects of Creatine Supplementation. Nutrients 2021,
13, 2521. [CrossRef] [PubMed]

63. Kreider, R.B.; Kalman, D.S.; Antonio, J.; Ziegenfuss, T.N.; Wildman, R.; Collins, R.; Candow, D.G.; Kleiner, S.M.; Almada, A.L.;
Lopez, H.L. International Society of Sports Nutrition position stand: Safety and efficacy of creatine supplementation in exercise,
sport, and medicine. J. Int. Soc. Sports Nutr. 2017, 14, 18. [CrossRef] [PubMed]

64. Roschel, H.; Gualano, B.; Ostojic, S.M.; Rawson, E.S. Creatine Supplementation and Brain Health. Nutrients 2021, 13, 586.
[CrossRef] [PubMed]

65. Schlattner, U.; Mockli, N.; Speer, O.; Werner, S.; Wallimann, T. Creatine kinase and creatine transporter in normal, wounded, and
diseased skin. J. Investig. Dermatol. 2002, 118, 416–423. [CrossRef] [PubMed]

66. Taniyama, Y.; Walsh, K. Elevated myocardial Akt signaling ameliorates doxorubicin-induced congestive heart failure and
promotes heart growth. J. Mol. Cell. Cardiol. 2002, 34, 1241–1247. [CrossRef]

67. Eijnde, B.O.; Lebacq, J.; Ramaekers, M.; Hespel, P. Effect of muscle creatine content manipulation on contractile properties in
mouse muscles. Muscle Nerve 2004, 29, 428–435. [CrossRef]

68. Sestili, P.; Barbieri, E.; Martinelli, C.; Battistelli, M.; Guescini, M.; Vallorani, L.; Casadei, L.; D’Emilio, A.; Falcieri, E.; Piccoli, G.;
et al. Creatine supplementation prevents the inhibition of myogenic differentiation in oxidatively injured C2C12 murine myoblasts.
Mol. Nutr. Food Res. 2009, 53, 1187–1204. [CrossRef]

69. Boehm, E.; Chan, S.; Monfared, M.; Wallimann, T.; Clarke, K.; Neubauer, S. Creatine transporter activity and content in the rat
heart supplemented by and depleted of creatine. Am. J. Physiol. Endocrinol. Metab. 2003, 284, E399–E406. [CrossRef]

70. Mahn, K.; Borras, C.; Knock, G.A.; Taylor, P.; Khan, I.Y.; Sugden, D.; Poston, L.; Ward, J.P.; Sharpe, R.M.; Vina, J.; et al. Dietary soy
isoflavone induced increases in antioxidant and eNOS gene expression lead to improved endothelial function and reduced blood
pressure in vivo. FASEB J. 2005, 19, 1755–1757. [CrossRef]

71. Douglas, G.; Armitage, J.A.; Taylor, P.D.; Lawson, J.R.; Mann, G.E.; Poston, L. Cardiovascular consequences of life-long exposure
to dietary isoflavones in the rat. J. Physiol. 2006, 571, 477–487. [CrossRef]

72. Siow, R.C.; Mann, G.E. Dietary isoflavones and vascular protection: Activation of cellular antioxidant defenses by SERMs or
hormesis? Mol. Asp. Med. 2010, 31, 468–477. [CrossRef] [PubMed]

73. Si, H.; Liu, D. Genistein, a soy phytoestrogen, upregulates the expression of human endothelial nitric oxide synthase and lowers
blood pressure in spontaneously hypertensive rats. J. Nutr. 2008, 138, 297–304. [CrossRef] [PubMed]

74. Mozaffarian, D.; Appel, L.J.; Van Horn, L. Components of a cardioprotective diet: New insights. Circulation 2011, 123, 2870–2891.
[CrossRef]

75. Aksentijevic, D.; Zervou, S.; Faller, K.M.; McAndrew, D.J.; Schneider, J.E.; Neubauer, S.; Lygate, C.A. Myocardial creatine levels
do not influence response to acute oxidative stress in isolated perfused heart. PLoS ONE 2014, 9, e109021. [CrossRef]

76. Record, I.R.; Dreosti, I.E.; McInerney, J.K. The antioxidant activity of genistein. J. Nutr. Biochem. 1995, 6, 481–485. [CrossRef]

http://doi.org/10.1113/jphysiol.2003.056291
http://doi.org/10.1097/CMR.0b013e3283544929
http://doi.org/10.1042/BJ20131344
http://www.ncbi.nlm.nih.gov/pubmed/24467442
http://doi.org/10.1371/journal.pone.0004771
http://doi.org/10.3945/jn.109.118315
http://www.ncbi.nlm.nih.gov/pubmed/20484551
http://doi.org/10.3181/00379727-208-43844
http://www.ncbi.nlm.nih.gov/pubmed/7892286
http://doi.org/10.1186/1476-4598-8-100
http://doi.org/10.1038/sj.onc.1206583
http://doi.org/10.1093/carcin/bgm103
http://doi.org/10.1152/ajpcell.00162.2007
http://doi.org/10.3390/nu13082521
http://www.ncbi.nlm.nih.gov/pubmed/34444681
http://doi.org/10.1186/s12970-017-0173-z
http://www.ncbi.nlm.nih.gov/pubmed/28615996
http://doi.org/10.3390/nu13020586
http://www.ncbi.nlm.nih.gov/pubmed/33578876
http://doi.org/10.1046/j.0022-202x.2001.01697.x
http://www.ncbi.nlm.nih.gov/pubmed/11874479
http://doi.org/10.1006/jmcc.2002.2068
http://doi.org/10.1002/mus.10568
http://doi.org/10.1002/mnfr.200800504
http://doi.org/10.1152/ajpendo.00259.2002
http://doi.org/10.1096/fj.05-4008fje
http://doi.org/10.1113/jphysiol.2005.104125
http://doi.org/10.1016/j.mam.2010.09.003
http://www.ncbi.nlm.nih.gov/pubmed/20837051
http://doi.org/10.1093/jn/138.2.297
http://www.ncbi.nlm.nih.gov/pubmed/18203895
http://doi.org/10.1161/CIRCULATIONAHA.110.968735
http://doi.org/10.1371/journal.pone.0109021
http://doi.org/10.1016/0955-2863(95)00076-C


Nutrients 2022, 14, 583 15 of 15

77. Blokhina, O.; Virolainen, E.; Fagerstedt, K.V. Antioxidants, oxidative damage and oxygen deprivation stress: A review. Ann. Bot.
2003, 91, 179–194. [CrossRef]

78. Borras, C.; Gambini, J.; Gomez-Cabrera, M.C.; Sastre, J.; Pallardo, F.V.; Mann, G.E.; Vina, J. Genistein, a soy isoflavone, up-regulates
expression of antioxidant genes: Involvement of estrogen receptors, ERK1/2, and NFkappaB. FASEB J. 2006, 20, 2136–2138.
[CrossRef]

79. Zang, M.; Xu, S.; Maitland-Toolan, K.A.; Zuccollo, A.; Hou, X.; Jiang, B.; Wierzbicki, M.; Verbeuren, T.J.; Cohen, R.A. Polyphenols
stimulate AMP-activated protein kinase, lower lipids, and inhibit accelerated atherosclerosis in diabetic LDL receptor-deficient
mice. Diabetes 2006, 55, 2180–2191. [CrossRef]

80. Davies, K.J. Oxidative stress, antioxidant defenses, and damage removal, repair, and replacement systems. IUBMB Life 2000, 50,
279–289. [CrossRef]

81. Altieri, P.; Barisione, C.; Lazzarini, E.; Garuti, A.; Bezante, G.P.; Canepa, M.; Spallarossa, P.; Tocchetti, C.G.; Bollini, S.; Brunelli, C.;
et al. Testosterone Antagonizes Doxorubicin-Induced Senescence of Cardiomyocytes. J. Am. Heart Assoc. 2016, 5, e002383.
[CrossRef]

82. Green, D.M.; Grigoriev, Y.A.; Nan, B.; Takashima, J.R.; Norkool, P.A.; D’Angio, G.J.; Breslow, N.E. Congestive heart failure after
treatment for Wilms’ tumor: A report from the National Wilms’ Tumor Study group. J. Clin. Oncol. 2001, 19, 1926–1934. [CrossRef]

83. Lipshultz, S.E.; Lipsitz, S.R.; Mone, S.M.; Goorin, A.M.; Sallan, S.E.; Sanders, S.P.; Orav, E.J.; Gelber, R.D.; Colan, S.D. Female sex
and higher drug dose as risk factors for late cardiotoxic effects of doxorubicin therapy for childhood cancer. N. Engl. J. Med. 1995,
332, 1738–1743. [CrossRef]

84. Moulin, M.; Piquereau, J.; Mateo, P.; Fortin, D.; Rucker-Martin, C.; Gressette, M.; Lefebvre, F.; Gresikova, M.; Solgadi, A.;
Veksler, V.; et al. Sexual dimorphism of doxorubicin-mediated cardiotoxicity: Potential role of energy metabolism remodeling.
Circ. Heart Fail. 2015, 8, 98–108. [CrossRef]

85. Zhang, J.; Knapton, A.; Lipshultz, S.E.; Cochran, T.R.; Hiraragi, H.; Herman, E.H. Sex-related differences in mast cell activity and
doxorubicin toxicity: A study in spontaneously hypertensive rats. Toxicol. Pathol. 2014, 42, 361–375. [CrossRef]

http://doi.org/10.1093/aob/mcf118
http://doi.org/10.1096/fj.05-5522fje
http://doi.org/10.2337/db05-1188
http://doi.org/10.1080/15216540051081010
http://doi.org/10.1161/JAHA.115.002383
http://doi.org/10.1200/JCO.2001.19.7.1926
http://doi.org/10.1056/NEJM199506293322602
http://doi.org/10.1161/CIRCHEARTFAILURE.114.001180
http://doi.org/10.1177/0192623313482778

	Introduction 
	Materials and Methods 
	Materials 
	Animals 
	Rat Heart Perfusion 
	Metabolites, Oxidative Damage/Antioxidant Status, and DNA Integrity 
	Immunoblotting 
	Data Analysis 

	Results 
	Heart Function 
	Creatine and Adenylate Levels 
	Cell Signaling Pathways 
	Oxidative Damage, Antioxidant Status, and DNA Integrity 

	Discussion 
	Conclusions 
	References

