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A B S T R A C T

The O subfamily of forkhead (FoxO) 1 is a crucial regulator of cell metabolism in several tissues, including the
heart, where it is involved in cardiac regulation of glucose and lipid metabolic pathways, and endothelium,
controlling the levels of some relevant biomarkers in atherosclerotic process.

Despite the growing understanding of FoxO1 biology, the metabolic consequences of FoxO1 modifications
and its implication in CVD, atherosclerosis and T2DM are still not incompletely described.

In this review we discuss how FoxO1 affects cardiovascular pathophysiology and which of its effects should be
restrained or enhanced to preserve endothelial and heart functions.

1. Metabolomics as a tool to investigate cardiovascular
pathophysiology

Cardiovascular diseases (CVDs), a major cause of mortality in hu-
mans, have a complex aetiology. Multiple risk factors and pathological
mechanisms contribute to this disease, including metabolic perturba-
tions in cardiomyocytes and endothelial cells. A broad study of the
pathogenetic mechanisms of the CVD onset and progression has led to
focus the importance of endothelial dysfunction (ED) in these processes.
Moreover, imbalance occurring in in metabolic diseases, such as dia-
betes, directly impact cardiovascular metabolism. In fact, CVDs, in-
cluding atherosclerosis, are the primary cause of morbidity and mor-
tality in patients with Type 2 diabetes mellitus (T2DM) and other
established risk factors are of metabolic origin such hypercholester-
olemia or associated with significant metabolic derangements such as
hypertension (Ussher et al., 2016). In T2DM, energy metabolism is
greatly re-shaped, due to a deregulation of glucose and fatty acid me-
tabolism; furthermore, insulin resistance is recognized as an important
mechanism for cardiovascular dysfunction (Arneth et al., 2019; Qi
et al., 2013). Therefore, measurement of metabolic changes might have
a huge impact on the discovery of clinical and pharmacological bio-
markers.

Metabolomics profiling offers a potential tool for improving non-
invasive diagnostics and risk stratification in patients affected by car-
diovascular and metabolic disorders. In fact, metabolic changes in re-
sponse to environmental factors or endogenous stimuli are the final
effect of genomic, epigenetic, transcriptomic and proteomic

interactions and therefore the measurement of the metabolome in-
tegrate variations in the other omics. Due to new advances in “omics”
technologies, metabolomics and its application to cardiovascular dis-
eases continue to evolve rapidly, making it possible to perform new
comprehensive tests on metabolites that are crucial in the process of
CVD.

2. FoxO1 effects in the cardiovascular system

The O subfamily of forkhead (FoxO) 1 is a crucial regulator of cell
metabolism in several tissues, including the heart, where it is involved
in cardiac regulation of glucose and lipid metabolic pathways, and
endothelium, controlling the levels of some relevant biomarkers in the
atherosclerotic process (Puthanveetil et al., 2013; Furuyama et al.,
2004). Compartmentalization and activity of FoxO1 are regulated by
numerous post-translational modifications, such as phosphorylation,
methylation, glycosylation, acetylation and ubiquitination, capable of
influencing several functional properties of FoxO1 (Calnan and Brunet,
2008). Despite the growing understanding of FoxO1 biology, the me-
tabolic consequences of FoxO1 modifications and its implication in
CVD, atherosclerosis and T2DM are still incompletely described. The
identification of metabolic markers associated with different FoxO1
activated proteins, may extend knowledge on those processes re-
sponsible for development and progression of CVD and plaque activa-
tion such as inflammation, energy metabolism and tissue degradation.
Therefore, establishing a specific metabolite signature to understand
whether FoxO1 (or other transcription factors) may provide a powerful
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tool in clinical diagnosis and disease monitoring. Genetic impairment of
insulin signaling cascade in endothelial cells is associated with reduced
FoxO1 phosphorylation, resulting in an impaired insulin-stimulated NO
release, and suggesting that FoxO1 may contribute to the genetic pre-
disposition to develop endothelial dysfunction and cardiovascular dis-
ease (Federici et al., 2004). Moreover, hyperglycemia impairs en-
dothelial progenitor cells (EPC) differentiation, and this process can be
restored by benfotiamine administration, which affects FoxO1 activity
through tight posttranslational control of phosphorylation and acet-
ylation. This results in a better performance of the cell in physiological
requests, either regulation of cell cycle or oxidative stress sensing
(Marchetti et al., 2006). SIRT1, a nicotinamide adenine dinucleotide
(NAD+)-dependent histone deacetylase with important roles in con-
trolling energy metabolism (Potente et al., 2005). SIRT1 regulates
FoxO1 through its deacetylase activity, promoting effects on en-
dothelial angiogenesis, homeostasis and remodeling (Potente et al.,
2005, 2007; Menghini et al., 2009).

3. Use of metabolomics to discover the metabolic impact of FoxO1
in the endothelium

The overexpression of a constitutively nuclear form of FoxO1 (ADA-
FoxO1) in human umbilical endothelial cells (HUVECs) results in a
significant increase of dimethylarginine (SDMA and ADMA) levels,
compared to cells overexpressing the wild type form of FoxO1
(Menghini et al., 2015). In particular, ADMA represents an endogenous
inhibitor of eNOS and it has already been classified as a relevant bio-
marker in cardiovascular diseases. Increased serum levels of ADMA
promote endothelial dysfunction, leading to the occurrence of athero-
sclerosis and coronary artery disease (Koleva et al., 2013; Hsu et al.,
2012). Nuclear active form of FoxO1 suppresses, by direct promoter
binding, the transcription of DDAH1, the main gene involved in ADMA
degradation (Hu et al., 2011), thus confirming a direct molecular link
between FoxO1 and ADMA metabolic pathways in endothelial cells.
The relevance of this finding was confirmed by in vivo evidence, since
in atherosclerotic plaques the deregulation of DDAH1/ADMA system
was associated with increased FoxO1 activity, particularly highly al-
tered in patients with features of unstable atherosclerosis (Menghini
et al., 2015). Reduction of eNOS activity and NO production was also
supported by the increase in cellular level of arginine, urea and or-
nithine in ADA-FoxO1 HUVECs. Another metabolic marker of increased
FoxO1 is glutamine. Significantly reduced levels of glutamine have
been shown in ADA-FoxO1 cells compared to WT; interestingly, gluta-
mine starvation in endothelial cells is able to stimulate inflammatory
signaling with an increase in ROS production (Huang et al., 2017). The
lack of increase in glutathione (GSH) along with lower intracellular
ascorbate levels in the ADA-FoxO1 group may suggest that ADA allele
suppressed antioxidant defense in the cells. Overall, the over-expression
of nuclear FoxO1 in endothelial cells was associated with decreased NO
bioavailability, increased oxidative stress and inflammation, and de-
creased antioxidant defense implying pro-apoptotic effect (Menghini
et al., 2015).

The effect of nuclear FoxO1 overexpression on vascular metabolism
is controversial; in fact, expression of a constitutively nuclear form of
FoxO1 in mice endothelium resulted in proliferative metabolism and
increased cell size (Dharaneeswaran et al., 2014). However, another
study has shown that endothelial cell-directed deletion of FoxO1 in
adult mice induces excessive endothelial proliferation coupled with
reduced apoptosis (Paik et al., 2007), indicating FoxO1 as a suppressor
of endothelial growth and proliferation, or better as an inducer of a
quiescence state. In fact, in HUVECs the overexpression of a con-
stitutively nuclear FoxO1 form, through the repression of Myc, a driver
of anabolic metabolism and growth, led to an endothelial quiescent
phenotype, characterized by reduction in glucose uptake and glycolysis,
proliferation, oxidative metabolism and ROS formation (Wilhelm et al.,
2016). Interestingly, Myc mRNA levels are increased in high risk

symptomatic and vulnerable plaques, where metabolite signature is
consistent with an increased glucose utilization, a decreased fatty acid
oxidation (FAO) flux and an increased amino acid anaplerosis (Tomas
et al., 2018). Moreover, FoxO1 nuclear expression is increased in vul-
nerable plaques leading to the hypothesis that in atherosclerotic pla-
ques, the increase of FoxO1 nuclear may worsen their phenotype
through the regulation of Myc expression and metabolism (Menghini
et al., 2015). Since increase in endothelial cell (EC) metabolic activity,
associated with proliferation and migration, is necessary for a switch
from quiescent to an angiogenic phenotype, FoxO1 is supposed to be a
key regulator of angiogenic capacity through the converging actions of
controlling metabolic activity and angiogenic fate of the endothelium.
Endothelial FoxO1 (EC-FoxO1) deregulation coincides also with obe-
sity-associated metabolic disturbances, given that the activity of EC-
FoxO1 are correlated with adipose insulin resistance of obese subjects
(Karki et al., 2015). Endothelial cell FoxO1-deficiency in obese mice is
associated with vascular remodeling in the visceral adipose depot, a
healthier adipose tissue expansion and improved glucose tolerance
(Rudnicki et al., 2018). In contrast, EC-FoxO1 depletion induces a re-
latively modest expansion of skeletal muscle vasculature, suggesting
that tissue-restricted pattern of FoxO1-driven vascular growth is highly
dependent on the co-presence of angiogenic factors within local en-
vironment, which is in turn impacted by nutritional status. Therefore,
the ability to fine-tune FoxO1 transcriptional program, that has an
impact on cellular functions and is largely dependent on posttransla-
tional modifications including serine phosphorylation and lysine acet-
ylation, might be a target for an intervention to counteract endothelial
dysfunction.

Another metabolite which was found to be increased by ADA-FoxO1
overexpression in HUVECs is lysophosphatidic acid (LPA) (Menghini
et al., 2015), a lysophospholipid associated with atherosclerosis, which
stimulates adhesion molecule expression in endothelial cells (Shimada
and Rajagopalan, 2010), cytokine and chemokine secretion (Lin et al.,
2006), stress-fiber and gap-junctions formation (Siess et al., 1999),
endothelial-leukocyte interactions (Rizza et al., 1999), and which reg-
ulates endothelium permeability (van Nieuw Amerongen et al., 2000).

When endothelial cells are enriched in the acetylation defective
mutant FoxO1-KR many metabolites involved in glucose metabolism
are affected. FoxO1-KR is an isoform exhibiting both altered DNA
binding and gene expression control, due to constitutive deacetylation
(Qiang et al., 2010). In the extracellular environment of cells over-
expressing FoxO1-KR the content of glucose levels is increased while
glutamate levels significantly decreased suggesting that this FoxO1
state specifically shifts the energy source preference of cells, possibly
indicating a metabolic switch from glycolysis to glutaminolysis. This
speculated decrease in glycolysis is supported by a reduced release of
lactate and pyruvate from the cells and a decreased intracellular gly-
colytic intermediate, glucose 6-phosphate. Moreover, FoxO1-KR ex-
pression is related to a lower release of TCA intermediates, suggesting a
possible increase in mitochondrial biogenesis and function supporting
the proposed metabolic switch from glycolysis to glutaminolysis. This
evidence, combined with an increase of intracellular ATP, ADP, UTP
and NAD + levels, is consistent with an increase in mitochondrial re-
spiration (Menghini et al., 2015). The deacetylated form of FoxO1, in
human atherosclerotic plaques, is associated with reduced markers of
inflammation and cellular activation, and with the expression of Sirt1, a
marker of plaque stability (Menghini et al., 2009). Since the metabolic
signature in high risk plaque is consistent with an increased glucose
utilization (Tomas et al., 2018), this data strongly suggests that dea-
cetylated FoxO1 may promote a stable plaque phenotype, consistent
with the induction of a more quiescent metabolic phenotype. In parti-
cular, deacetylated FoxO1 is significantly decreased in plaques derived
from diabetic patients compared to control subjects, whereas phos-
phorylated form of FoxO1 acts inversely. Moreover, FoxO1 deacetyla-
tion is an important regulatory mechanism in cholesterol laden mac-
rophages, with the potential to uncouple inflammation from apoptosis
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(Tsuchiya et al., 2011). As these mechanisms underlie the progression
of atherosclerotic plaques from benign to unstable lesions, it can be
envisioned that the treatments promoting FoxO1 deacetylation will
favorably affect cardiovascular outcomes in type 2 diabetes.

4. Impact of FoxO1 post-translational status on heart metabolism

Cardiovascular diseases involve marked changes in myocardial
metabolism, and many studies have assessed the metabolic changes that
take place in the heart during the progression to heart failure, both in
animal models and in patients with cardiac hypertrophy and heart
failure (Wang et al., 2014). Cardiac fuel substrate selection is dynamic
and may differ according to prevailing physiological or pathophysio-
logical conditions. Several recent studies have shown that metabolic
therapy can be a potential and promising approach in dealing with IHD
and heart failure (Gorbunova and Vilkova, 2016). Glucose oxidation is
a major contributor to overall cardiac metabolism and myocardial
glucose oxidation is perturbed during the progression of a variety of
cardiovascular diseases, including ischemic heart disease, diabetic
cardiomyopathy, and heart failure (Jaswal et al., 2011; Zlobine et al.,
2016). Interventions promoting glucose oxidation have been shown to
enhance pathophysiology of these cardiovascular diseases (Ussher
et al., 2012).

A cardiac specific deletion of FoxO1 is able to attenuate cardio-
myopathy in mice, through a reduction of myocardial Pdk4 mRNA
expression, the major kinase phosphorylating and subsequently in-
activating PDH, the rate-limiting enzyme of glucose oxidation
(Battiprolu et al., 2012). In isolated working mouse heart FoxO1 in-
hibition increases glucose oxidation, whereas FoxO1 overexpression
reduces PDH enzymatic activity (Gopal et al., 2017). This is suggesting
that reduced FoxO1 activity may induce a shift of metabolic substrate
preference from fatty acids to glucose, a mechanism confirmed by the
evidence that mice lacking FoxO1 in the heart are resistant to cardiac
dysfunction induced by calorie excess (Qi et al., 2015). The divergent
effect of FoxO1 deletion from inhibition might be interpreted that the
complete loss of FoxO1 might reduce some positive actions which rely
on the post-transcriptional status of the transcription factor. In fact,
FoxO1 actions also display cardioprotective effects on myocardial
function by dampening oxidative stress and exerting antioxidant ef-
fects, through the regulation of mitochondrial metabolism. This parti-
cular effect of FoxO1 has been found to play a protective role in is-
chemic heart disease (Sengupta et al., 2011).

In diabetes, alteration of lipids and glucose levels may lead to ir-
reversible morphological and functional defects in the heart. In this
context, loss of a proper regulation of FoxO1 may be associated with an
increased risk of diabetic cardiomyopathy (Kandula et al., 2016). In

cardiomyocytes, activation of FoxO1, induced by insulin resistance and
hyperglycemia, is involved in myocardial mitochondrial biogenesis and
cardiac homeostasis, and promotes cardiac contractile dysfunction at
least in part by increasing expression of beta myosin heavy chain gene,
a marker of heart failure (Qi et al., 2015). Accordingly, enhanced car-
diac FoxO1 activation has been found in diabetic mice (Battiprolu et al.,
2012), and cardiac-specific FoxO1-deficient mice are protected against
diabetic cardiomyopathy which may depend from the reduction in
Pdk4 expression and the consequent increase in glucose metabolism,
suggesting again for FoxO1 the role of a key mediator of cardiac me-
tabolic flexibility with a switch from fatty acid to glucose oxidation
(Chistiakov et al., 2017). Moreover, FoxO1 is involved in lipids accu-
mulation in cardiomyocytes via enhanced fatty acid flux, a condition
associated with obesity, dyslipidemia and diabetes (Puthanveetil et al.,
2011).

FoxO1 post-translational modifications have been shown to be in-
volved also in cardiac remodeling and metabolic modulation, and may
play a crucial role in maintaining the activity of FoxO1 in equilibrium
between its cardioprotective and cardiotoxic role. In fact, FoxO1 dea-
cetylation by Sirt1 results in the activation of specific autophagic
pathway in cardiomyocytes, playing a protective role against cardiac
hypertrophy, and extending longevity in the heart through activation of
catalase (Hariharan et al., 2010). In mice, FoxO1 acetylation in the
heart is increased by ischemia and diabetes, and the overexpression of a
constitutively deacetylated variant of FoxO1 after myocardial infarction
results in a significant improved cardiac phenotype (Kappel et al.,
2016).

After ischemia posttranslational modification of cardiac FoxO1
differs between non-diabetic and diabetic mice, and that active post-
translational modulation of FoxO1 is able to alter the cardiac outcome
in a mouse model of post-ischemic heart failure. Our findings therefore
suggest that posttranslational modification of FoxO1 contribute to
cardiac remodeling processes after ischemia via regulation of pathways
involving collagen and protein metabolism. Therefore, posttranslational
modifications of FoxO1 could be an option to target remodeling pro-
cesses in post-ischemic heart failure.

Overall it becomes evident that FoxO1 factor acts to integrate
growth, nutrient and environmental stimuli to coordinate an appro-
priate metabolic response for cells and tissues, depending on which of
the stimuli is dominating. Therefore, depending on the stimulus and cell
type, FoxO1 is able to promote apoptosis versus proliferation or cellular
activation/inflammation versus resistance to oxidative stress, or glu-
cose production versus lipid consumption (Fig. 1).

Since selective inhibitors of FoxO1-dependent glucose production
have been recently identified (Langlet et al., 2017), it is tempting to
speculate that other tissue or cell specific modulators might help to

Fig. 1. FoxO1-ADA and FoxO1-FR exert different functions in the cardiovascular system.
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preserve FoxO1 positive effects, and to dial out its adverse effects on
cardiovascular cells.
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